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Preface

Up until recently, our understanding of the chemistry resulting from the combina-

tion of Lewis acids and bases had not evolved much since Lewis’ time. In large part,

the formation of Lewis acid–base adducts drew little interest as these systems were

with a few notable exceptions perceived as thermodynamic sinks. However in 2006,

we learned that certain combinations of Lewis acids and Lewis bases could coexist

in solution and provide the possibility of new, synergistic reactions in which both

reagents participate in the activation of H2. This “archetypical” reaction was first

demonstrated with Lewis pairs in which adduct formation was sterically frustrated.

Subsequently we learned that such “frustrated Lewis pairs” (FLPs) could also be

derived from weak electronic attractions between the acid and base, and that this

notion was not limited to group 13/15 combinations.

The discovery of this seemingly simple concept led to the unprecedented

application of FLPs in metal-free catalytic hydrogenations. Although the early

developments were summarized in our 2010 review in Angewandte Chemie, the

area has grown rapidly since then. Indeed, a number of creative and insightful

contributions have broadened the range of FLP systems and led to dramatic devel-

opments including the activation of a variety of small molecules such as alkenes,

alkynes, CO2, N2O, and NO, among others. Theoretical studies have provided

insight and understanding of this evolving area and exciting applications of FLPs

in synthetic chemistry and catalysis continue have begun to emerge.

These two volumes are a compilation of the state-of-the-art research concerning

“FLPs” as of mid-2012. Over 20 researchers from around the globe have contrib-

uted chapters, detailing their inventive and astute contributions to this new and

exciting area of the chemistry. These works cover a broad range of studies including

synthetic chemistry, theoretical treatments, spectroscopic examinations, and cata-

lytic applications. This breadth demonstrates the broad impact this work has had but

furthermore speaks to the enormous potential for the future.

It has been our great pleasure to have acted as editors for these volumes. It is our

hope that this collection will not only highlight the amazing growth of this area in

only a few years, but will moreover influence others to take up the task of exploring

or exploiting FLPs in their own chemistry.

Toronto, ON, Canada Douglas W. Stephan

Münster, Germany Gerhard Erker
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Keywords Alkynes � B–H bond activation � C–F bond activation � CO2 activation �
Frustrated Lewis pairs � Heterolytic activation of disulfide � Heterolytic cleavage

of dihydrogen � N2O activation � Olefins � Ring-openings

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1 Discovering Metal-Free Hydrogen Activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2 Frustrated Lewis Pairs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.3 Scope of Chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Heterolytic H2 Activation by Intermolecular FLPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1 Phosphine/Borane FLPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 Carbene/Borane FLPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Nitrogen Bases/Boranes FLPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.4 Mechanistic Considerations and Literature Precedent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3 FLP Activation of Olefins and Alkynes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1 Boranes with Pendent Olefins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.2 Activation of Dienes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.3 Activation of Alkynes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4 FLPs in Ring-Opening Reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.1 FLP Ring-Opening of THF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.2 FLP Ring-Opening of Dioxane and Thioxane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.3 FLP Ring-Opening and Contraction of Lactone and Lactide . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.4 FLP Ring-Opening of Cyclopropanes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

5 FLP Activation of Greenhouse Gases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

5.1 FLP Capture of CO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

D.W. Stephan (*)

Department of Chemistry, University of Toronto, 80 St. George Street, Toronto, ON,

Canada M5S 3H6

e-mail: dstephan@chem.utoronto.ca

mailto:dstephan@chem.utoronto.ca


5.2 FLPs in Stoichiometric Reduction of CO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

5.3 FLP Capture of N2O . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

5.4 FLP Capture of SO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

6 Additional Miscellaneous Reactions of FLPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

6.1 Heterolytic Cleavage of Disulfides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

6.2 FLP Activation of Catechol Borane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

6.3 Heterolytic NH Activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

6.4 Heterolytic CH Activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

6.5 Heterolytic CF Activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

Abbreviations

HOMO Highest occupied molecular orbital

Idipp ((C6H3iPr2)N)2C3H2

ItBu (tBuN)2C3H2

LUMO Lowest unoccupied molecular orbital

Me Methyl ¼ CH3

Mes Mesityl ¼ 2,4,6-trimethylphenyl

NHC N-Heterocyclic carbene

Ph Phenyl ¼ C6H5

PMP 1,2,2,6,6-Pentamethylpiperidine

THF tetrahydrofuran

TMP 2,2,6,6-Tetramethylpiperidine

1 Introduction

The classification of molecules as electron donors and electron acceptors was first

put forth by Gilbert Lewis in 1923 in his classic work entitled Valence and the
Structure of Atoms and Molecules [1]. For this reason, such electron acceptors and

donors are commonly referred to as “Lewis acids and bases.” An illustration of this

concept, the combination of ammonia and borane to form the classical Lewis

acid–base adduct H3B(NH3) 1, is often a component of the undergraduate laboratory

experience. Putting the concept of Lewis acidity and basicity in terms of molecular

orbitals, Lewis acids are molecules that have a low lying LUMO while Lewis bases

possess a high energy HOMO. This concept extends well beyond simple main group

chemistry and indeed is now considered a fundamental axiom of our understanding

of many reactions in inorganic, coordination and organic chemistry.

It was in 1942 that Brown and co-workers [2] described one of the first apparent

exceptions to Lewis’ axiomwhen they reported that the combination of lutidine (2,6-

dimethylpyridine) and BMe3 failed to form a Lewis acid–base adduct. The authors

noted that this stood in marked contrast to the analogous reaction of lutidine and BF3
which resulted in the classical adduct (C5H3Me2N)BF3 2 (Scheme 1). The divergent

behavior was attributed to the steric congestion resulting from the methyl groups on

both the Lewis acid and base. This oddity was noted and left unexplored.

2 D.W. Stephan



Subsequently other researchers discovered that such steric congestion between

Lewis acids and bases can result in unexpected chemical ramifications. For example,

Wittig and Benz [3] described how the combination of PPh3 and BPh3 in the

presence of benzyne showed no evidence of the Lewis acid–base adduct but instead

led to the o-phenylene-linked zwitterionic phosphonium-borate (C6H4)(PPh3)

(BPh3) 3 (Scheme 2). Some years earlier, the corresponding reaction of trityl

anion with (THF)BPh3 led not to a facile base displacement reaction but rather to

the attack of trityl on the borane-bound THF effecting ring-opening and formation of

the salt Na[Ph3C(CH2)4OBPh3] 4 (Scheme 2) [4]. In related work in the 1960s,

Tochtermann [5] described the addition of trityl anion and BPh3 to butadiene

+

BH3 + NH3 H3B(NH3)

Lewis acid + Lewis base Lewis acid-base adduct

BF3 + C5H3Me2N

C5H3Me2N

C5H3Me2N(BF3)

BMe3 + C5H3Me2N(BMe3)

1

2

Scheme 1 Reaction of Lewis acids and bases

Ph3C
O

BPh3Ph3B(THF)
Na[Ph3C] Na

4

BPh3
BPh3

3

[Ph3C]Na

BPh3
Ph3C

BPh3
Na

5

PPh3
PPh3

BF(C6F5)2
Δ

Ph3P

Ph
FF

F F

B(C6F5)3
+

Ph3PCH(Ph)

6

Scheme 2 Non-conventional reactions of Lewis acids and bases
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yielding Na[Ph3CCH2(BPh3)CHCH2] 5 (Scheme 2) despite expectations that the

anion would either initiate anionic polymerization of the butadiene or form a Lewis

acid–base adduct with the borane. The observation of this unusual reactivity

resulting from this combination of a Lewis acid and base prompted Tochtermann

[5] to dub this an “antagonistisches Paar”. In related chemistry, the reactions of

sterically encumbered amines with a trityl cation did not yield an adduct but rather

the trityl cation abstracts hydride from a carbon alpha to nitrogen affording an

iminium cation [6]. Similarly, reactions of trityl cation with pyridine did not yield

quaternization of N as expected on the basis of Lewis acid–base theory, but rather

pyridine was thought to attack the carbon para to the carbocation [7] although this

claim was disputed [8].

Other examples of the non-conventional behavior of Lewis acids and bases have

continued to emerge. One such example emerged in the 1990s when Erker and

co-workers [9] described the reactivity of B(C6F5)3 [10] and the ylide Ph3PC(H)Ph.

Combination of this Lewis acid and base resulted in a classical Lewis acid–base

adduct at room temperature; however, upon heating a rearrangement proceeds in

which the ylide dissociates from boron and effects nucleophilic attack of the para-
carbon with concurrent fluoride transfer to boron to give the zwitterionic salt

Ph3PCH(Ph)(C6F4)B(F)(C6F5)2 6 (Scheme 2).

In subsequent work [11, 12], we described the reactions of sterically demanding

tertiary phosphines with B(C6F5)3. The steric congestion precludes the formation of a

classical P–B dative bond. Instead these reactions afforded a series of zwitterions,

R3P(C6F4)B(F)(C6F5)2 7 (R ¼ tBu, iPr, Cy) (Scheme 3) resulting from the attack at

the para-carbon of one of the fluoro-arene rings with concurrent migration of fluoride

to boron. Related zwitterionic species can also be prepared from phosphine-borane

adducts under thermal duress [13, 14]. In this fashion, tertiary and secondary

phosphine-borane adducts rearrange to give the air and moisture stable zwitterions

[R3P(C6F4)BF(C6F5)2] 7 (R ¼ Ph, Et, Cy, nBu, p-CF3C6H4, o-(MeO)C6H4) and

[R2PH(C6F4)BF(C6F5)2] 8 (R ¼ C6H2Me3, tBu, Cp, Cy, R2 ¼ tBu(Ph), tBuMes)

[13, 14].

In related chemistry, sterically unencumbered phosphines such as PMe3 react

with trityl cation to give the classical Lewis acid–base phosphonium salt

[Ph3CPMe3]X. However, sterically demanding tertiary phosphines cannot form

P–C bonds between the phosphine and the central cationic carbon of the trityl

[B(C6F5)4]CHPh2R3P[B(C6F5)4]
[Ph3C]

[B(C6F5)4]
Ph2C

H

PR3

(C6F5)3B

FF

F F

R2PH

7

R3P

109

BF(C6F5)2 BF(C6F5)2R2HP

FF

F F

R3P
R3P

8

Scheme 3 Synthesis of 7–10
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cation. Rather, attack at a para-carbon of a phenyl substituent generates the

intermediate [R3P(C6H5)C(C6H5)2]
+ 9, which proceeds via hydride migration to

the formerly cationic carbon, yielding the phosphonium cations of the form

[R3P(C6H4)CH(C6H5)2]
+ 10 (Scheme 3) [15]. In several cases the intermediate 9

has been isolated and spectroscopically characterized.

1.1 Discovering Metal-Free Hydrogen Activation

The above precedents illustrate that steric demands can have a dramatic impact on

the course of the reaction depending on the different combinations of Lewis acids

and bases utilized. In 2006 we became interested in the possibility of using

zwitterionic species 8 as precursors to anionic phosphine ligands. Indeed, while

preliminary work showed that treatment of such species with bases could result in

deprotonation and the formation of anionic phosphine donors, it was some years

later that we explored the utility of these zwitterions as ligand precursors for

transition metal complexes [16]. We were distracted from this course of study by

far more intriguing findings described below.

In the course of examining the reactivity of 8, we discovered that 8 reacts cleanly

with Me2Si(H)Cl to exchange hydride for fluoride yielding the phosphonium-

hydridoborate salts [(C6H2Me3)2P(H)(C6F4)B(H)(C6F5)2] (11) [12] (Fig. 1,

Scheme 4). This species was shown to be remarkably robust and air stable despite

containing protic and hydridic fragments. This latter aspect was surprising as we had

anticipated loss of H2 and the subsequent oligomerization of the resulting phosphine-

borane. Nonetheless, species 11 was shown to lose H2 upon heating up to 150 �C.
Contrary to expectations, the resulting deep orange-red phosphino-borane Mes2P

(C6F4)B(C6F5)2 12 appeared to be monomeric in solution. It is interesting to note

that related reactions of PH and BH fragments have been employed by Manners and

co-workers to effect the loss of H2 from phosphine-borane adducts R2PH(BH3). The

products in these cases are not sterically encumbered and thus oligomerization via

Fig. 1 Molecular Structure of 11

Discovery of Frustrated Lewis Pairs: Intermolecular FLPs for Activation of. . . 5



dative phosphorus–boron bonding affords cyclic and polymeric phosphinoboranes

[17, 18]. Presumably the color of 12 arises from p-donation from phosphorus to the

electron deficient arene and acceptance by boron, similar to that described for

acetylene-based phosphino-borane Ph2PC�CBMes2 13 [19, 20]. In addition, the

monomeric nature of 12 is attributed to the sterically demanding substituents on

phosphorus and boron. While 12 could not be crystallized in a fashion suitable for

single-crystal X-ray diffraction studies, the structure of the corresponding THF adduct

(Mes)2P(C6F4)B(C6F5)2(THF) 14 (Scheme 4) was crystallographically confirmed.

Compound 12 was also generated by the reaction of 10 with a Grignard reagent [12].

The evolution of H2 from 11 was not surprising since the molecule contains

both protic and hydridic hydrogens. However, given that this had to be driven

thermally, we probed the reverse reaction and discovered that simply placing 12

under an atmosphere of H2 at 25
�C resulted in the rapid and facile reformation of

11 [12]. This finding represents the first reversible activation of H2 by a non-metal

system. Perhaps most surprising is the remarkably facile nature in which the

hydrogen–hydrogen bond is heterolytically split to generate a hydride and proton.

Moreover and perhaps most strikingly, this finding stands in sharp contrast to the

generally held dogma of the day that the activation of dihydrogen requires the use

of a transition metal species. In addition, it is also important to note that Lewis

acid–base adducts were generally perceived as unreactive or thermodynamic

“dead-ends” and well understood. Thus, combinations of Lewis acids and bases

were not deemed worthy of further study. This discovery provides an important

new dimension both in the chemistry of dihydrogen and main group systems.

In considering this reactivity, it appears that the key feature of 12 that allows for the

activation of hydrogen is the unquenched Lewis acidity and Lewis basicity that

permits the polarization of dihydrogen. It was indeed fortuitous that this study

began with an examination of 11 whereas the analog where the C6H2Me3 groups

are replaced by tBu failed to liberate dihydrogen at 150 �C. This suggests that the
greater basicity of the phosphorus in this derivative inhibits proton release and thus

Mes2P B
(C6F5)2H

F

Mes2P B(C6F5)2

Mes2P B
(C6F5)2H

H

BrMgR

Me2SiHCl

10
11

12

H2 25 °C150 °C

F F

F F

F F

F F

F F

F F

Mes2P B(C6F5)2

F F

F F

THF

14

THF

Scheme 4 Synthesis of 10–14
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precludes protonation of the borohydride. However, the acidity of the phosphonium

center for species 11 is sufficient to allow for dihydrogen release resulting in a bulky

phosphine incapable of forming a classical Lewis acid–base adduct and thus is

available to act in concert with the borane to split dihydrogen heterolytically.

Given that the steric congestion and basicity/acidity of the phosphine and borane

were perceived as the critical factors for such reactivity, we were immediately

prompted to examine the reactions of simple sterically encumbered phosphines and

boranes with dihydrogen. Thus, bulky phosphines such as R3P (R ¼ tBu,
C6H2Me3) were combined with B(C6F5)3 [21] and shown to exhibit no evidence

of adduct formation by multi-nuclear NMR studies. However, on exposure of these

solutions to dihydrogen (1 atm) at room temperature, a spontaneous reaction

afforded the precipitation of the phosphonium-hydridoborate salts [R3PH][HB

(C6F5)3] 15 (R ¼ tBu 15a, Mes 15b) (Fig. 2, Scheme 5). This heterolytic cleavage

of dihydrogen was remarkably facile [21] and was confirmed with a crystallo-

graphic study of 15a. While the structure of the salt is as anticipated, it does reveal

that the cation and anion are oriented in the solid state with the BH and PH units

towards each other, with a BH-HP separation of 2.75 Å (Fig. 2). In a similar

fashion, the combination of Mes3P and B(C6F5)3 reacts with dideuterium to give

[Mes3PD][DB(C6F5)3] 16 (Scheme 5) [21]. Interestingly, in contrast to 11, heating

the salts 15 or 16 to 150 �C does not liberate dihydrogen or dideuterium,

respectively.

Fig. 2 Molecular structure of 15a

[R3PH]
[HB(C6F5)3]

[Mes3PD]
[DB(C6F5)3]

16

B(C6F5)3

15

H2 D2
+R3P

Scheme 5 Synthesis of 15 and 16
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Probing the range of Lewis acidity and basicity was initially investigated via the

reaction of dihydrogen with tBu3P and BPh3. While the species [tBu3PH][HBPh3]
17 was obtained, the low yield is attributable to the reduced Lewis acidity of the

borane [21]. In a similar fashion, variation in the Lewis acidity and basicity as in the

combinations of Mes3P and BPh3, (C6F5)3P and B(C6F5)3, or tBu3P and BMes3
resulted in no apparent reaction with or without H2. These observations further

support the notion that while a critical aspect appears to be a combination of acid

and base that do not form a strong adduct, there also appears to be a threshold of

combined Lewis acidity and basicity that is necessary for dihydrogen activation.

1.2 Frustrated Lewis Pairs

We had come from a background in organometallic chemistry and thus our discovery

of the ability of sterically encumbered phosphines and boranes to activate dihydrogen

made us curious about the reactivity of such combinations with other small molecules.

It was this curiosity that prompted the investigation of the reaction of the combination

of tBu3P and B(C6F5)3 with ethylene. This reaction resulted in the immediate

formation of the zwitterionic addition product [tBu3P(C2H4)B(C6F5)3] 18 (Fig. 3,

Scheme 6) [22]. Similarly, the terminal olefins propene or hexene gave the analogous

products [tBu3P(CH(R)CH2B(C6F5)3] 19 (R ¼ CH3, C4H9) (Scheme 6). In a related

example, the phosphines incorporating a pendant olefinic fragment CH2¼CH

(CH2)3PR2 (R ¼ tBu, Mes) also reacted with B(C6F5)3 to give the cyclic phospho-

nium borate [R2PCH(C3H6)CH2B(C6F5)3] 20 (R ¼ tBu,Mes) (Scheme 6) [22]. In all

of these additions, the boron added to the terminal carbon while the phosphorus added

to the secondary carbon center.

Fig. 3 Molecular structure of 18
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The reactivity of the combination of unquenched Lewis acids and bases above

for dihydrogen and olefins is unprecedented. Moreover the requirement for steric

congestion to frustrate the formation of a classical dative bond prompted us to

describe the combinations of such bulky acids and bases as “frustrated Lewis pairs”

(FLPs) [22]. Now, 6 years later, the term “frustrated Lewis pairs” has been accepted

to describe the general situation where steric demands prevent the quenching of

Lewis acidic and basic centers via adduct formation allowing them to act on a

substrate.

1.3 Scope of Chapter

“Frustrated Lewis pairs” can be used to activate a variety of small molecules

achieved with intermolecular and intramolecular combinations of Lewis acidic

and basic centers. Moreover, the notion of FLPs has developed well beyond the

initially discovered boron/phosphorus pairs, to include a range of main group

elements and transition metals. In addition, while FLP chemistry began with

reactions of dihydrogen and olefins, these substrates continue to be of much

interest. Nonetheless, the range of substrates examined in FLP chemistry has also

expanded dramatically. The contents of this chapter reflect this burgeoning breadth

including intramolecular FLPs, metal-based FLPs, and all carbon based systems.

While several reviews have detailed a broader discussion of the chemistry of FLPs

[23–26], this first chapter of this volume of Topics in Current Chemistry is limited

to a description of the discovery and current state of reactivity of intermolecular

FLP systems specifically.

2 Heterolytic H2 Activation by Intermolecular FLPs

The use of FLPs in the activation of dihydrogen has spurred the development

of metal-free hydrogenation catalysts. A number of studies exploring the substrate

scope and the impact of catalyst modification have been reported. In addition,

elegant applications in asymmetric hydrogenations have also advanced the field.

R

C2H4

PR2

P
R2

B(C6F5)3
B(C6F5)3

R3P + B(C6F5)3R3P B(C6F5)3 R3P

R

B(C6F5)3

H2C=CHR

18 19

20
C6H2Me3, tBu=

Scheme 6 Reactions of FLPs with olefins
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The discussion of hydrogen activation in the present chapter is limited to intermo-

lecular systems that effect dihydrogen activation. Discussion of work focused on the

development and evaluation of hydrogenation catalysts as well as computational

studies of the mechanism of dihydrogen activation are deferred to other chapters.

2.1 Phosphine/Borane FLPs

Shortly after our initial reports described above, Erker and co-workers [27]

described the FLP derived from 1,8-bis(diphenylphosphino)-naphthalene [28] and

B(C6F5)3. This diphosphine contains sterically crowded phosphorus donors and is

structurally analogous to a proton sponge. Thus it acts as a base binding proton

between the two phosphorus centers. The combination with the Lewis acid

generates an FLP which reacts with dihydrogen to give the phosphonium

hydridoborate salt [C10H6(PPh2)2H][HB(C6F5)3] 21 (Scheme 7) [27]. 31P NMR

spectral data for 21 show rapid proton exchange between the two phosphine sites

which slows on cooling to low temperature. Similar to 15, in the solid state the

phosphonium cation and hydridoborate anion are oriented towards each other with

a P–H···H–B approach of 2.08 Å. This salt liberates dihydrogen under mild

conditions of heating to 60 �C [27], a feature that is attributable to the acidity of

the cation.

In probing the impact of phosphine substituents, the reactions of ferrocenyl

phosphines in FLP chemistry was also examined [29]. To this end the mono-
and bis-ferrocenyl-phosphine derivatives (Z5-C5H4PtBu2)Fe(C5Ph5) 22 and

(Z5-C5H4PtBu2(C6F4)BH(C6F5)2)Fe(Z
5-C5H4PtBu2) 23 were shown to react with

dihydrogen in the presence of B(C6F5)3 to give the respective phosphonium borate

salts 24–25 (Scheme 8). The related ferrocene-phosphine derivative CpFe

(C5H4CHMePMes2) 26 was shown by Erker and colleagues to react with

B(C6F5)3 and H2. The corresponding phosphonium borate salt was generated,

however a further reaction results in the elimination of the borane adduct

(Mes2PH)B(C6F5)3 with hydride delivery to the ferrocenyl species generating

CpFe(C5H4CH2Me) 27 (Scheme 8) [30, 31]. The closely related [3]ferrocenophane

system 28 [31] reacts with B(C6F5)3 and D2 in a similar fashion to give the

organometallic phosphonium/hydridoborate salt 29 (Scheme 8). In related chemis-

try zirconocene derivative (Mes2PC5H4)2ZrCl2 30 reacts in combination with

Ph2P PPh2

B(C6F5)3
+

+ H2 , 25 °C

- H2 (+60 °C)

Ph2P PPh2

21

H
[HB(C6F5)3]

Scheme 7 Reversible H2 binding by 21
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B(C6F5)3 to split dihydrogen heterolytically under very mild conditions affording

[(Mes2P(H)C5H4)2ZrCl2][HB(C6F5)3]2 31 [32, 33].

One unique variant in the phosphorus base that has been demonstrated is the use

of the diphosphine tBu4P2. This species in combination with B(C6F5)3 and H2 [34]

leads to the generation of the salt [tBu2P(PHtBu2)][HB(C6F5)3] 32 (Scheme 9).

One early variation in the Lewis acids partners involved the seemingly trivial

modification of the borane to B(p-C6F4H)3 33 [35, 36]. This borane offers the

advantage over B(C6F5)3 in that it is not susceptible to para-attack by Lewis bases.
This feature permits the use of a broader range of phosphines in the formation of

FLPs. Combination of 33 with PR3 (R ¼ tBu, Cy, o-C6H4Me) under an atmosphere

of H2 at 25
�C affords the phosphonium hydridoborates [R3PH][HB(p-C6F4H)3] 34

Fe

PtBu2(C6F4)BH(C6F5)2

PtBu2

Fe

Pt Bu2

PhPh

Ph Ph
Ph

H2

B(C6F5)3 Fe

PHt Bu2

PhPh

Ph Ph
Ph [HB(C6F5)3]

23 [HB(C6F5)3]
Fe

PtBu2(C6F4)BH(C6F5)2

PHtBu2 25

2422

H2

B(C6F5)3

Fe

PMes2 PMes2

CH3
B(C6F5)3 Fe CH3

H

Fe
CH3

H H

Mes2PH
+ B(C6F5)3

27

H2

Fe

P(C6H2Me3)2

B(C6F5)3

Fe

P(C6H2Me3)2
D 29

[DB(C6F5)3]
D2

26

28

[HB(C6F5)3]

Scheme 8 Phosphino-ferrocenes in FLP activation of dihydrogen

tBu2P Pt Bu2 + B(C6F5)3
H2 [tBu2P PHtBu2]

[HB(C6F5)3]
32

Scheme 9 Reaction of the diphosphine tBu4P2 with B(C6F5)3 and H2
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(Scheme 10). The salt [(o-C6H4Me)3PH][HB(p-C6F4H)3] was found to release H2

slowly by simple application of vacuum at 25 �C [35, 36]. After 9 days the FLP was

regenerated in 85% yield. On the other hand, loss of H2 was complete at 80 �C in

12 h (Scheme 10). This observation stands in sharp contrast to the resistance to

losing H2 by 15 and is attributed to the diminished Lewis acidity of B(p-C6F4H)3.

2.2 Carbene/Borane FLPs

In 2007, Bertrand and coworkers [37] demonstrated the activation of H2 by

alkylamino-carbenes (e.g., iPr2NtBu) affording the amine iPr2NCH2tBu. This was
attributed in part to the strong Lewis basicity and acidity localized at the carbene

carbon. It is noteworthy that the analogous behavior does not proceed with

N-heterocyclic carbenes (NHCs). However, combinations of sterically hindered

NHCs and B(C6F5)3 were reported to effect the FLP activation of H2 simulta-

neously by the research groups of Stephan [38, 39] and Tamm [40]. In this work, it

was shown that the NHC Idipp forms a strong adduct with B(C6F5)3, but the

combination of NHC ItBu with B(C6F5)3 forms an FLP at low temperature. This

pair reacts with H2 to give the imidazolium hydridoborate, [ItBuH][HB(C6F5)3] 35

(Scheme 11) resulting from heterolytic cleavage of H2. Tamm and co-workers also

showed that at room temperature the combination of ItBu and B(C6F5)3 affords the

“abnormal” carbene adduct ItBu(B(C6F5)3) 36 (Scheme 11).

2.3 Nitrogen Bases/Boranes FLPs

In early 2008 we reported that the stoichiometric reaction of the imine tBuN¼CPh(H)

and B(C6F5)3 and H2 gives the amine–borane adduct tBu(PhCH2)NH(B(C6F5)3) 37

[(o-C6H4Me)3PH]

[HB(p-C6F4H)3]

H2

Vac
34

(o-C6H4Me)3P + B(p-C6F4H)3

Scheme 10 Reactions of B(C6F4H)3 with phosphine and H2

N N
tButBu

H

[HB(C6F5)3]

H2

-60°CB(C6F5)3

(tBuN)2C3H2
N N

tButBu

H

(C6F5)3B

20°C

36

35

+

Scheme 11 Reactions of NHCs with B(C6F5)3
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(Scheme 12) [41]. Mechanistically this presumably proceeds via an FLP heterolytic

cleavage of dihydrogen to give an iminium hydridoborate. This is followed by hydride

transfer to the iminium carbon affording the amine-borane adduct. Further warming to

80 �C for 1 h under H2 (4–5 atm) effects the thermal dissociation of the adduct and a

further heterolytic activation of H2 affording [tBuNH2(CH2Ph)][HB(C6F5)3] 38

(Scheme 12). Interestingly the proposed reaction sequence is supported by the

corresponding reaction of the highly sterically encumbered imine (C6H3iPr2)N¼CMe

(tBu) with B(C6F5)3 under H2. In this case, the activation of dihydrogen gives the

iminium salt [(C6H3iPr2)N(H)¼CMe(tBu)][HB(C6F5)3] 39 (Scheme 12). Presumably

the steric congestion precludes hydride transfer to the iminium carbon [41].

Rieger, Repo and co-workers [42] reported that combinations of the amine

iPr2NEt with B(C6F5)3 gave 50:50 mixtures of the salts [iPr2NHEt][HB(C6F5)3]

40 and iPr2N¼CHCH2B(C6F5)3 41while the corresponding reaction of iPr2NH gave

[iPr2NH2][HB(C6F5)3] 42 and iPrNH¼C(CH3)(CH2)B(C6F5)3 43 (Scheme 13). The

former species 40 and 42 arise from the effective addition of dihydrogen while the

latter species 41 and 43 arise from the dehydrogenation of the amines. On the other

hand, exposure of mixtures of iPr2NH or TMP with B(C6F5)3 and H2 gives the salts

[iPr2NH2][HB(C6F5)3] 42 and [TMPH][HB(C6F5)3] 44, respectively (Scheme 13).

N
iPr

H

43

C

CH3

B(C6F5)3C
H2
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i Pr

i Pr
NHEt [HB(C6F5)3] +
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iPr 40

B(C6F5)3
N

iPr

iPr
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H
C

B(C6F5)3C
H2

[HB(C6F5)3]
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B(C6F5)3

H2

H
N H2

N
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iPr

iPr
NH2 [HB(C6F5)3] +

iPr
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B(C6F5)3

Scheme 13 Reactions of amines with B(C6F5)3 and H2
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H
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C6H3iPr2
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Scheme 12 Reactions of imines with B(C6F5)3 and H2

Discovery of Frustrated Lewis Pairs: Intermolecular FLPs for Activation of. . . 13



The corresponding mixtures with BPh3 resulted in no reaction, inferring the Lewis

acidity is a key factor although Rieger et al. suggested that CF–HN interactions

between the amine and borane were necessary for activation of H2 [42].

Similar to the metallocene-phosphine derivatives described above, Erker et al.
described the reaction of the group 4 metallocene-amine derivative [(C5H4CH2NH

(C6H3iPr2))2ZrCl2] with B(C6F5)3 and H2 under ambient conditions (2 bar, 25 �C) to
give the salts [(C5H4CH2NH(C6H3iPr2))(C5H4CH2NH2(C6H3iPr2))ZrCl2][HB
(C6F5)3] 45 and [(C5H4CH2NH2(C6H3iPr2))2ZrCl2][HB(C6F5)3]2 46 (Scheme 14) [32].

Pyridines form classical Lewis acid–base adducts with B(C6F5)3 [43, 44],

although the early work of Brown [2] demonstrated that steric congestion can

prevent adduct formation of lutidine and BMe3. Building on this observation, we

described reactions of the combination of 2,6-lutidine and B(C6F5)3. The initial

mixture presents as an equilibrium between the free Lewis acid and base and the

corresponding adduct (2,6-Me2C5H3N)B(C6F5)3 47 (Scheme 15) [45, 46]. Cooling

the solution favors the adduct as evidenced by 19F NMR spectroscopy and indeed

the adduct can be isolated and structurally characterized. The variable temperature

data infer that DH and DS for this equilibrium are �42(1) kJ/mol and �131

(5) J/mol K, respectively. The access to the free Lewis acid and base is also

evidenced by the reaction of this mixture with H2 (1 atm, 2 h) which provides the

pyridinium salt [2,6-Me2C5H3NH][HB(C6F5)3] 48 (Scheme 15) [45, 46]. This work

emphasizes the relationship between a classical Lewis acid–base adduct and the

ZrCl2

CH2NH(C6H3iPr2)

CH2NH(C6H3iPr2)

ZrCl2

CH2NH2(C6H3i Pr2)

CH2NH(C6H3iPr2)

ZrCl2

CH2NH2(C6H3iPr2)

CH2NH2(C6H3iPr2)

2 [HB(C6F5)3]

B(C6F5)3 2B(C6F5)3

45 46

[HB(C6F5)3]

H2H2

Scheme 14 Amino-borane reactions H2

N

+
B(C6F5)3

N B(C6F5)3
H2

NH

[HB(C6F5)3] 47
48

Scheme 15 Classical and FLP behavior of lutidine/B(C6F5)3
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corresponding FLP. Rather than the previously held perception that classical and

FLP reactivity are mutually exclusive reaction pathways, this work demonstrates

that these reactivities are extremes of a continuum. This finding begs questions

about the possible untapped reactivity of the vast number of known classical Lewis

acid–base adducts. This exciting possibility as classical Lewis acid–base adducts

stands in contrast to the previous perception of Lewis acid–base adducts as “ther-

modynamic dead-ends.”

2.4 Mechanistic Considerations and Literature Precedent

The activation of dihydrogen by the FLP systems described above is challenging to

explore experimentally due to the rapidity of the reaction. Indeed, efforts to monitor

the activation in solution even at temperatures as low as�80 �C were unsuccessful.

Computational studies examining the mechanism of the activation of H2 have

revealed the formation of an “encounter complex” intermediate and such studies

are described by Rokob and Pápai [128] and Schirmer and Grimme [129].

In the context of experimental evidence regarding mechanistic questions, it is

important to point out the insight provided by literature precedent. Indeed, it was in

the late 1990s, almost 10 years prior to work on FLPs, that Piers and coworkers

described the B(C6F5)3 catalyzed hydrosilylation of ketones and imines [47–50]. In

the case of ketone hydrosilylation, Piers et al. showed conclusively that this

reaction proceeds by activation of the silane by the strong Lewis acid B(C6F5)3
[51–55] rather than by Lewis acid activation of the carbonyl species [56, 57]. The

“activated hydride” is then transferred from silicon to boron with concomitant

addition of the carbonyl transient silicenium ion affording the hydrosilylation

product [49, 50, 58–64]. Piers and coworkers also proposed similar mechanisms

for the conversion of imines to amines and for hydrosilylation of silyl enol ethers

[65], while Gevorgyan et al. [66–71] suggested that the hydrosilylation of olefins

proceeds via a transient b-silyl-stabilized carbocation, to which hydride is deliv-

ered by [HB(C6F5)3]
�. In subsequent work, Oestreich et al. [72–75] studied the

B(C6F5)3-mediated hydrosilylation of acetophenone with “Oestreich-silane,” an

optically highly enriched chiral silane. In this fashion it was unambiguously

demonstrated that the reaction proceeds with inversion of the configuration at

silicon, thus ruling out involvement of a free silicenium ion. Thus, this observation

is a consistent SN2-type process (Scheme 16).

While these mechanistic aspects of hydrosilylation are particularly relevant to

the mechanism of FLP-based hydrogenations described in the subsequent chapters

in this volume (see below), the activation of silane by B(C6F5)3 clearly parallels the

dihydrogen activation described herein. In this regard, it is also important to point

out that Piers exploited the reaction of B(C6F5)3 with Et3SiH to prepare HB(C6F5)2
[54, 55], suggesting the possibility of a related pathway for B(C6F5)3/H2 activation.

That being said, our efforts to directly detect a borane-dihydrogen interaction by

NMR methods were unsuccessful.
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3 FLP Activation of Olefins and Alkynes

The initial report of the reactions of phosphines and boranes with simple olefins was

the first to use the term “frustrated Lewis pairs.”[22] The reactions of related

intermolecular FLPs with olefinic substrates have been expanded with a view to

probing both mechanistic information and to broadening the synthetic utility.

Similarly the extension of such additions to alkynes was also probed.

3.1 Boranes with Pendent Olefins

The interactions of olefinic substrates and boranes have been probed employing the

borane with a pendent olefinic fragment CH2¼CH(CH2)nB(C6F5)2 49. 2D
1H-19F

NOESY experiments were consistent with a weak “van der Waals complex” [76].

This species reacts with phosphines to effect phosphine-borane addition to the olefin

affording cyclic phosphonium borates R3PCH2CH(CH2)nB(C6F5)2 50 (Scheme 17).

The inference of a van der Waals interaction suggests a sequential reaction with

phosphines. This stands in contrast to the theoretical studies by Pápai et al. [77]
which conclude that the reaction of tBu3P/B(C6F5)3 and ethylene occurs via an

antarafacial asynchronous concerted 1,2-addition process [78]. It is noteworthy that

older matrix isolation studies [79] as well as computational studies [80, 81] have

supported the notion of van der Waals interactions.

The generality of this reactivity is demonstrated with the electrophilic

alkoxyborane, B(C6F5)2(OC(CF3)2CH2CHCH2) 51 [82]. This species reacts in a simi-

lar fashion with phosphines including tBu3P or Me3P to give the phosphonium cyclic

borate species B(C6F5)2(OC(CF3)2CH2CHCH2)(PR3) 52 (R ¼ tBu, Me). Moreover,

addition of other nucleophiles such as 2,6-lutidine or 2,2,6,6-tetramethylpyperidine

gave B(C6F5)2(OC(CF3)2CH2CHCH2)(NR2) 53 (NR2 ¼ C5H3Me2N, NHC5H6Me4).

In contrast to 52, the formation of 53 proceeds via addition of the nucleophile to the

terminal carbon of the olefinic unit. The carbon-based nucleophiles, pyrroles, carbenes,

and benzylidene triphenylphosphorane also give zwitterions B(C6F5)2(OC

(CF3)2CH2CHCH2)(R”) 54–56 (Scheme 18) providing new C–C bonds. Hydride

R3SiH
+

B(C6F5)3
R3Si H B(C6F5)3

δ-δ+

Ar

H

R'

O
SiR3

Si

Pri

H B(C6F5)3
Si

Pri

OPh

CH3
H

(SiR,R) dr 74:26

ArR'C = O

PhMeC=O

a

b

Scheme 16 Hydrosilylation of ketones mediated by B(C6F5)3
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addition to the olefin is effected by reaction of 51 with PMP with a catalytic amount

of B(C6F5)3 and H2, affording [HPMP][B(C6F5)2(OC(CF3)2CH2CH2CH2)] (PMP ¼
1,2,2,6,6-pentamethylpiperidine) 57 (Scheme 18) [82].

3.2 Activation of Dienes

The reactions of FLPs with olefins also prompted us to probe the corresponding

reactions with dienes. Combination of tBu3P and B(C6F5)3 with butadiene,

2,3-diphenylbutadiene, 2,3-dimethylbutadiene, and 1,3-cyclohexadiene gave the

corresponding 1,4-phosphonium borates 58 and 59 (Scheme 19) [35]. The isolated
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Scheme 17 “van der Waals complex” en route to cyclic phosphonium borates
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yields in these cases were 50–60%, which suggested the possibility of byproducts

that could arise from 1,2 addition. These minor species could not be isolated nor

spectroscopically confirmed.

3.3 Activation of Alkynes

The reactions of FLPs with alkynes seemed like a logical extension given the

reactivity with olefins. Thus, this aspect was also probed [83–85]. Our initial efforts

described the reaction of B(C6F5)3 or (PhMe)Al(C6F5)3 and tBu3P with PhC�CH.

These reactions resulted in deprotonation of the alkyne and isolation of the phos-

phonium alkynylborate salts [tBu3PH][PhC�CE(C6F5)3] 60 (E ¼ B, Al)

(Scheme 20). Interestingly reduction of the basicity of the phosphine prompted an

alternative reaction pathway. For example, the corresponding reactions using the

less basic phosphine (o-C6H4Me)3P gave rise to the 1,2-addition products E-(o-
C6H4Me)3PC(Ph)¼C(H)E(C6F5)3 (E ¼ B, Al) 61 (Scheme 20).

In a follow-up full paper [85] the generality of the scope of the reactions of FLPs

with alkynes was broadened to include a variety of alkynes affording the salts

[tBu3PH][RC�CB(C6F5)3] 62 (R ¼ Ph, tBu, Me3Si, CpFe(C5H4)) (Scheme 21).

The analogous reaction of 1,4-diethynylbenzene with excess tBu3P/B(C6F5)3 gave

[tBu3PH]2[(C6F5)3BC�C(C6H4)C�CB(C6F5)3] 63 (Scheme 21), while the weaker

Lewis acids PhB(C6F5)2 and BPh3 were shown to give the analogous deprotonation

products [tBu3PH][PhC�CBAr3] 64. Interestingly, the corresponding reaction of

Me3SiC�CSiMe3 with tBu3P/B(C6F5)3 afforded [tBu3PSiMe3][Me3SiC�CB

(C6F5)3] 65 (Scheme 21).

[tBu3PH]

Ph E(C6F5)3

tBu3P

E(C6F5)3

HPh (o- tol)3P (o-tol)3P

Ph

H

E(C6F5)3
+

60
E = B, Al

61
E = B, Al

Scheme 20 Reactions of alkynes with FLPs

B(C6F5)3
+

tBu3P

R

R
R

R

tBu3P

B

R = H, Me, Ph

(C6F5)3

tBu3P

B(C6F5)3

H

59 58

Scheme 19 Reactions of FLPs with dienes
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The alternative reaction pathway of addition to the alkyne was also observed for

less basic phosphines for a variety of alkynes affording the species trans-R3P(R
1)

C¼C(H)EAr3 66 (R ¼ Ph, o-tol R1 ¼ Ph, CpFe(C5H4), EAr3 ¼ B(C6F5)3, PhB

(C6F5)2, Al(C6F5)3) (Scheme 22) [85]. It was perhaps surprising that even though

Ph3P forms the strong Lewis acid–base adduct Ph3P·B(C6F5)3, the addition reactions

with alkyne proceeds. In a similar fashion, variations in the alkyne, phosphine or

borane afforded the species trans-Ph3P(Ph)C¼C(Me)B(C6F5)3 67, trans-R2PH(Ph)

C¼C(H)B(C6F5)3 68 (R ¼ Ph, Mes), and trans-(C6H3tBu2)PH2(Ph)C¼C(H)B

(C6F5)3 69 (Scheme 22) [85]. Most recently, related addition reactions of

phenylacetylene and B(C6F5)3 have been further extended to include the

phosphinites and chlorophosphines, tBu(C20H12O2)P, tBuPCl2, and (C6H3(2,4-

tBu2)O)3P [86].

More elaborate structures are accessible using these FLP addition reactions. For

example, employing our original phosphine-borane, Mes2PC6F4B(C6F5)2, the addi-

tion of phenylacetylene afforded the 2 + 2 macrocyclic species [(H)C¼C(Ph)

R3P

R1

H

E(C6F5)2R2

Ph3P

Ph

Me

B(C6F5)3

66
R = Ph, o- tol; R1 = Ph, CpFe(C5H4),

E R2 = C6F5, Ph

67

R2PH

Ph

H

B(C6F5)3

68
R = Ph, Mes

(C6H3tBu2)PH2

Ph

H

B(C6F5)3

69

R3P
+

EAr3

RCCHRCCH

PhCCH PhCCMe

= B, Al,

Scheme 22 Generalized reactions of alkynes with FLPs
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2 [tBu3PH]
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65

Me3SiCCSiMe3(C6F5)3B

Scheme 21 More reactions of alkynes with FLPs
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Mes2PC6F4B(C6F5)2]2 70 (Scheme 23). A chain-like structure results from the

reaction of Ph2PCH2CH2PPh2 with alkyne and borane. In this fashion, the mono-

and bis-addition products trans-Ph2PCH2CH2PPh2(Ph)C¼C(H)B(C6F5)3 71 and

trans-(CH2PPh2(Ph)C¼C(H)B(C6F5)3)2 72 were prepared (Scheme 23) [85]. On

the other hand, employing differing phosphine-borane combinations allows the

control of the reaction sequence. Thus initial reaction of 1,4-diethynylbenzene

with Ph3P·B(C6F5)3 gave trans-HC�CC6H4C(PPh3)¼C(H)B(C6F5)3 73 via FLP

addition. Subsequent reaction with tBu3P and B(C6F5)3 effected deprotonation of

the remaining alkyne fragment affording the salt [tBu3PH][(C6F5)3BC�CC6H4C

(PPh3)¼C(H)B(C6F5)3] 74 [85] demonstrating both avenues of FLP reactivity with

alkynes in a single molecule.

In a related and more recent study, we have also reacted the alkynyl-linked phos-

phine borane tBu2PC�CB(C6F5)2 with 1-hexene affording the species (tBu2PC�CB

(C6F5)2)2(BuCH2CH2) 75 [87]. In the presence of excess 1-hexene the dimeric species

[(tBu2PC�CB(C6F5)2)(BuCH2CH2)]2 76was obtained (Scheme 24). Thermolysis of 75

at 80 �C for 10 hwas shown to give a rather unusual molecular rearrangement affording
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B(C6F5)3

PhCCH

71

PPh2

Ph

H
(C6F5)3B Ph2P
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Scheme 23 Reactions of alkynes with FLPs
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two diastereomers of (tBu2P)C6F4BF(C6F5)C4B(C6F5)2(BuCH2CH)(PtBu2) 77

(Scheme 24) [88], a di-zwitterion incorporating discrete phosphonium-borate

fragments and a cumulene linkage.

These FLP reactions with alkynes are not limited to phosphines as the bases.

Indeed, nitrogen, carbon, and sulfur donors can be used. For example, reaction of

PhCH2NMe2 with PhC�CH and B(C6F5)3 gave an 84:16 mixture of [PhCH2NMe2H]

[PhC�CB(C6F5)3] 78 and PhCH2NMe2(Ph)C¼C(H)B(C6F5)3 79, while the

corresponding reaction of the imine (tBu)N¼CRPh gave the salt [(tBu)HN¼CRPh]

PhCH2Me2N
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+
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+
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Scheme 25 Further reactions of alkynes and FLPs
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[PhC�CB(C6F5)3] 80 (R ¼ H, Ph) (Scheme 25) [85]. Similarly, the N-heterocyclic
carbene ItBu reacts with B(C6F5)3 and PhC�CH to effect deprotonation of the alkyne

generating [ItBuH][PhC�CB(C6F5)3] 81. In contrast, the softer sulfur donor R2S

reacts with borane and alkyne to give trans-R2S(Ph)C¼C(H)B(C6F5)3 82 (R ¼ Me,

PhCH2) (Scheme 25). The formation of these latter specieswas shown to be reversible,

effecting exchange upon addition of a stronger donor.

Berke and coworkers [89] have also exploited these FLP reactions with alkynes

to expand the breadth of systems. For example, reactions of B(C6F5)3 with TMP,

tBu3P or lutidine and the alkynes HC�CH, PhC�CH or SC4H3C�CH gave either

deprotonation or addition products [89]. In the case of the reactions involving

HC�CH and TMP the salt [TMPH][(C6F5)2BC(C6F5)¼C(H)B(C6F5)3] 83 was

formed (Scheme 26). This finding pointed the way to the further elaboration of

1,1-carboborations by the Erker research group [90–92].

Lutidine and tBu3P gave principally the addition products (C5H3Me2N)

CH¼CHB(C6F5)3 84 and tBu3PCH¼CHB(C6F5)3 85 (Scheme 26), although

minor amount of the corresponding salt of the anion [(C6F5)2BC(C6F5)¼C(H)B

(C6F5)3], analogous to 83, was also seen in the latter case. The corresponding

reactions of the alkynes PhC�CH and SC4H3C�CH afforded the deprotonation

products [(Base)H][RC�CB(C6F5)3] 86 (Base ¼ C5H6Me4NH, tBu3P, R ¼ Ph,

SC4H3) (Scheme 26). The reaction of lutidine, B(C6F5)3, and PhC�CH gave the

analogous product, whereas the corresponding combination including thiophene-

alkyne afforded the olefinic addition product [(SC4H3)(C5H3Me2N)C¼C(H)B

(C6F5)3] 87 (Scheme 26) [89].
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Scheme 26 Berke’s reactions of alkyne and FLPs
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Since this work we have further applied these reactions employing a carbon

based nucleophile derived from an enamine to effect C�C bond formation [84]. In

this fashion, reaction of 1-morpholinocyclohexene, B(C6F5)3 and phenylacetylene

gave a mixture of the two products derived from deprotonation and addition

pathways, [C6H9N(CH2CH2)2O][RC�CB(C6F5)3] 88 (R ¼ Ph, CpFe(C5H4)) and

C6H9(2-PhC¼C(H)B(C6F5)3)(N(CH2CH2)2O) 89 (Scheme 27). The corresponding

reactions of ethynylferrocene gave only the analog of the deprotonation product 88.

Pyrrole derivatives also provide carbon-based nucleophiles. Thus, reaction of

pyrrole or methylpyrrole with phenylacetylene and B(C6F5)3 gave the corresponding

addition products, RNC4H4(2-PhC¼C(H)B(C6F5)3) 90 (R ¼ H, Me). The

corresponding reaction of N-methylpyrrole gave a 3:2 mixture of the addition products

in which substitution occurred at the 2- and 3- positions of the pyrroles 90 and 91a [84].

Interestingly, substitution at the 2-position was avoided by the use of the bulky N-tert-
butylpyrrole, as reaction with PhC�CH and B(C6F5)3 gave exclusively tBuNC4H4(3-

PhC¼C(H)B(C6F5)3) 91b (Scheme 28). This reaction was also tolerant of variations in

the aryl alkynes as well as modification of the Lewis acid to BPh(C6F5)2 and the base to

1,2,5-trimethylpyrrole. In the latter case, the products MeNC4H2(2, 5-Me2)(3-RC¼C

(H)B(C6F5)3) 92 (R ¼ Ph, p-C6H4Br, m-C6H4Cl, p-C6H4CF3, CpFe(C5H4))

(Scheme 28) were readily deprotonated with tBu3P to give the salts [tBu3PH]
[tBuNC4H3(PhC¼C(H)B(C6F5)3)] 93 (Scheme 28).

Interestingly, the addition products above rearrange affording tBuNC4H4(3-RC¼C

(H)(C6F5)B(C6F5)2) 94 (R ¼ Ph, CpFe(C5H4)) (Scheme 29) [84]. These species also

react with Et3PO, which mediates proton transfer liberating the adduct Et3PO·B

(C6F5)3 and giving the corresponding vinyl pyrroles tBuNC4H3(3-RC¼CH2) 95a

(R ¼ Ph, p-C6H4Br, m-C6H4Cl, p-C6H4CF3) and MeNC4H2(2,5-Me2)(3-RC¼CH2)

95b (R ¼ Ph, p-C6H4Br, m-C6H4Cl, p-C6H4CF3) (Scheme 29) [84].

4 FLPs in Ring-Opening Reactions

FLPs can also be employed to effect the ring-opening of ethers, lactides, and

cyclopropanes. Such reactions have appeared in the older literature, although of

course these reactions were not described as FLP chemistry at that time. For

example, in 1950 Wittig reported that the reaction of Ph3CNa with THF(BPh3)

[4] effects ring-opening to give the borate anion [Ph3C(CH2)4OBPh3]
� 96

N

O

RCCH
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N
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+
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Scheme 27 Reactions of an enamine with alkyne and B(C6F5)3
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(Scheme 30). This could be regarded as the action of a Lewis acid and a Lewis base,

an FLP, effecting the ring-opening of THF. In a similar sense, we described the

action of ZrCl4(THF)2 with PCy3 on THF affording the di-zwitterionic dimer

[Cl4Zr(m-O(CH2)4PCy3)]2 97 (Scheme 30) [93]. Again, this ring-opening can be

described as resulting from the action of sterically congested combinations of a

Lewis acidic metal center and a bulky phosphine on THF. Indeed, similar ring-

opening reactions are documented for a number of Lewis acids including U [94,

95], Sm [96], Ti [97], Zr [93, 98, 99], carborane [100], Te- [101, 102], and alane

species [103], in combination with either N or P-based Lewis donors (Scheme 30).

4.1 FLP Ring-Opening of THF

More closely related to the FLP systems described above are the reactions of the

FLP combinations of boranes, phosphines, and THF [104]. For example, the

reactions of (THF)B(C6F5)3 with sterically encumbered phosphines proceed to

give the zwitterions R2PH(CH2)4OB(C6F5)3 98 (R ¼ tBu, C6H2Me). In a similar

fashion we also observed the reaction of lutidine/borane with THF yielded the

zwitterionic species 2,6-Me2C5H3N(CH2)4OB(C6F5)3 99 (Scheme 31) [46] while

Tamm and coworkers observed the reactions of carbene/borane FLPs with THF

affording [ItBu(CH2)4OB(C6F5)3] 100 (Scheme 31) [40]. These reactions have

been generalized to some extent with the use of variations in the Lewis acids and

bases. For example, reaction of tBu2PH and B(p-C6F4H)3 in THF gives tBu2(H)P
(CH2)4OB(p-C6F4H)3 101 [105], while a series of amine bases react with a THF

solution of B(C6F5)3 to give the THF-ring-opened species (base)(CH2)4OB(C6F5)3
102 (base ¼ C6H5CH2NMe2, Me2NC6H4NMe2, Me3N, Et3N, Me2N(CH2)2NMe2
tBuHN(CH2)2NHtBu) (Scheme 31). The analogous reaction of (tBu2PC�CB

(C6F5)2)2(BuCHCH2) 75 with THF yields the macrocyclic zwitterionic alkynyl-

phosphonium borate (tBu2PC�CB(C6F5)2)(BuCHCH2)(tBu2PC�CB(C6F5)2)(O

(CH2)4) 103 (Scheme 31) [87], while reaction of the parent tBu2PC�CB(C6F5)2,

with THF gives the macrocycle [(tBu2PC�CB(C6F5)2)(O(CH2)4)]2 104

(Scheme 31).
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(CH2)4

O BPh3Na[Ph3C] + Ph3B
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Scheme 30 Examples of THF ring-openings with donors and acceptors
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Most recently we have reported the reactions of the bis-borane 1,2-C6H4(BCl2)2
[106, 107] with PtBu3. This results in the 1:1 adduct 1,2-C6H4(BCl2)2•(PtBu3) 105.
Despite the formation of this adduct, this species reacts with THF to effect ring-

opening yielding 1,2-C6H4(BCl2)2(O(CH2)4PtBu3) 106 (Scheme 32). This species

was confirmed to exhibit a unique bridging alkoxide between the boron centers [108].
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4.2 FLP Ring-Opening of Dioxane and Thioxane

Other examples of ring-opening reactions are exhibitedwith the reactions ofB(C6F5)3,

1,4-dioxane, and an appropriate base. In this fashion the species (base)(CH2)2O

(CH2)2OB(C6F5)3 107 (base ¼ tBu3P, C6H5CH2NMe2, (ItBu), Me2NC6H4NMe2,

C5H3Me2N) were obtained (Scheme 33) [105]. Similarly ring-opening of thioxane

gave ring-opened products (base)(CH2)2S(CH2)2OB(C6F5)3 108 (base ¼ tBu3P,
C6H5CH2NMe2, Me2NC6H4NMe2, C5H3Me2N) (Scheme 33) [105].

4.3 FLP Ring-Opening and Contraction of Lactone and Lactide

The B(C6F5)3 adducts with d-valerolactone and rac-lactide react with phosphine or
N-bases [109]. In the case of the lactone, ring-opening yields the zwitterionic

species L(CH2)4CO2B(C6F5)3 109 (L ¼ tBu3P, Cy3P, C5H3Me3N, PhNMe2,

C5H6Me4NH) (Scheme 34). The corresponding reaction of rac-lactide leads to a

ring-contraction giving the salts [LH][OCCHMeCO2(CMe)OB(C6F5)3] 110

(L ¼ tBu3P, Cy3P, C5H3Me2N, C5H6Me4NH) (Scheme 34). This latter reaction

results from deprotonation of lactide adduct, prompting ring contraction [109].
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4.4 FLP Ring-Opening of Cyclopropanes

Cyclopropanes also react with FLPs. For example the cyclopropanes PhC3H5 and

Ph2C¼CCHC3H5 are ring-opened in the presence of the FLP tBu3P/B(C6F5)3
affording the phosphonium borates tBu3PCH(R)CH2CH2B(C6F5)3 111 (R ¼ Ph,

CH¼CPh2) (Scheme 35) [110]. In contrast the corresponding reaction of the species

O

O

B(C6F5)3

O

O

B(C6F5)3Base

109
base = Bu3P, Cy3P,

C5H3Me3N, PhNMe2,
C5H6Me4NH

base

B(C6F5)3

O
O

O

O

O
O

O O

B(C6F5)3Base

[BaseH]

110
base = tBu3P, Cy3P,

C5H2Me2N, C5H6Me4NH

t

Scheme 34 Reactions of lactone and lactide with FLPs
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Ph
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[tBu3PH]

Ph

(C6F5)3B

PtBu3

113

+
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R = Ph, Ph2C = CH
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Scheme 35 Ring-opening reactions of cyclopropanes
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PhHC¼CHCHC3H5 gives rise to a 1:1.3 mixture of two ring-opened products 112

and 113 derived from 1,3 and 1,5 additions, respectively (Scheme 35) while

analogous treatment of H2C¼CHCHC3H3Ph2 with B(C6F5)3 and tBu3P gave the

salt [tBu3PH][Ph2C¼CHCH¼CHCH2B(C6F5)3] 114. These results suggest that

sterically demanding substitution on the cyclopropanes inhibits attack by the

base, resulting instead in deprotonation followed by rearrangement to the

butadiene-borate anion [110].

5 FLP Activation of Greenhouse Gases

The ability of FLPs to react with small molecules prompted questions about the

interactions of these combinations with CO2, N2O, and SO2. Each of these is a gas

of some concern from an environmental standpoint and these new approaches to

sequestration or to new reactivity patterns are of general interest.

5.1 FLP Capture of CO2

CO2 is renowned as a greenhouse gas and thus strategies to capture it are of much

interest. Therefore it was topical when it was found that the FLP tBu3P/B(C6F5)3
reacts with CO2 to give the species tBu3PCO2B(C6F5)3 115 (Scheme 36) [111].

This species evolves CO2 above 70 �C. Subsequent treatment with either THF

prompts loss of CO2 and complexation of THF while exposure to H2 also results in

loss of CO2 and activation of H2. While these observations suggest the binding of

CO2 by this FLP is weak, it is noteworthy that this species is significantly more

stable than the corresponding system derived from the intramolecular FLP

Mes2PCH2CH2B(C6F5)2, (see below) [111]. Analogous reactions of other intermo-

lecular FLPs have been extended to obtain the species R3P(CO2)B(C6F4H)3 116

(R ¼ iPr, tBu) and tBu3P(CO2)BR(C6F5)2 117 (R ¼ hexyl, Cy, (norbornyl), Cl,

Ph) [112].

In a similar fashion the species tBu3P(CO2)B(C6F5)2Cl 118 was prepared and it

proved sufficiently stable to react with Me3SiOSO2CF3 to generate tBu3P(CO2)B

(C6F5)2(OSO2CF3) 119 [113]. Similarly, Lewis acid exchange reactions between

118 and Al(C6F5)3 and [Cp2TiMe][B(C6F5)4] affording the products, tBu3P(CO2)

Al(C6F5)3 120 and [tBu3P(CO2)TiCp2Cl][B(C6F5)4] 121 (Scheme 37) [113].

In an effort to effect stronger binding to CO2, the utility of bis-boranes in FLP

activation of CO2 was explored. To this end, O(B(C6F5)2)2 was reacted with CO2

and PtBu3. The product was formulated as O(B(C6F5)2)2(O2CPtBu3) 122

(Scheme 38) [114] as the spectroscopic data were consistent with a symmetric

structure. Nonetheless, an X-ray study revealed dissymmetric binding, consistent

with rapid exchange of the B–O bonds in solution. In a similar fashion the bis-
boranes Me2C¼C(BR2)2 (R ¼ Cl, C6F5) also reacted with CO2 and PtBu3 although
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in these cases the symmetric cyclic products Me2C¼C(BR2)2(O2CPtBu3) 123

(Scheme 38) were obtained [114]. Despite this chelation, all of these bis-borane
derivatives lose CO2 above 15

�C.

5.2 FLPs in Stoichiometric Reduction of CO2

In a communication Ashley and O’Hare [115] described the use of the FLP derived

from TMP and B(C6F5)3 in reaction with CO2/H2. Mass spectral data reveal that

upon heating for 6 days at 160 �C, this mixture effects the conversion of CO2 to

tBu3P + B(C6F5)3
−CO2, + 70°C

P
C O

B(C6F5)3tBu3

O 115

CO2

3P + B(C6F5)2R
(C6F5)2RB

O PR1
3

O

CO2

117

norbornyl, Cl, Ph

R1

R1

3P + B(C6F4H)3
(C6F4H)3B

O PR1
3

O

CO2

116
R = iPr, tBu

=R hexyl, Cy,

Scheme 36 Reactions of CO2 with FLPs
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118

-B(C6F5)2Me
Al(C6F5)3
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methanol in 24% yield. This extremely important result of metal-free reduction of

CO2 has prompted a further examination of related systems.

In the case of phosphine-borane FLPs the salts [tBu3PH][RBH(C6F5)2]

(R ¼ hexyl, Cy, norbornyl) were shown to react with CO2 affording the formyl

derivatives [tBu3PH][((C6F5)2BR)2(m-HCO2)] 124. This observation infers a path-

way for the commencement of the reduction. The related formate derivative

[tBu3PH][(C6F5)2BR(O2CH)] 125 was also obtained via the reaction of the

corresponding phosphine/borane FLPs with formic acid (Scheme 39) [112]. Similar

results have been reported using N-bases [116].

The bis-borane 1,2-C6H4(BCl2)2 in combination with tBu3P acts as an FLP to

bind CO2. This product formulated as 1,2-C6H4(BCl2)2(O2CPtBu3) 126 is remark-

ably stable [108]. It does not undergo loss of CO2 even upon heating to 80 �C for

24 h. The stability prompted efforts to reduce the bound CO2. Treatment with the

amine-borane Me2NHBH3 for 15 min followed by quenching with D2O led to the

generation of methanol-d1 in 34% yield (Scheme 40). In a similar fashion, reaction

R2B BR2

R2B BR2

O O

PtBu3

PtBu3

CO2

123
R = Cl, C6F5

O
(C6F5)2B B(C6F5)2

O
(C6F5)2B B(C6F5)2

O O

PtBu3

122

Scheme 38 Reactions of CO2 with bis-boranes
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+
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[HPtBu3]
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O

H

O

[HPtBu3]
124

R = Cy, Norbornyl
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R = (CH2)5CH3, Cy, Norbornyl

BR(C6F5)2

HCO2H

Scheme 39 Reductions of CO2 with FLPs
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with [C5H6Me4NH2][HB(C6F5)3] gave methanol in 15% yield after stirring for 24 h

and subsequent treatment with D2O. Interestingly, modification of the ammonium

borate salt to [C5H6Me4NH2][HB(C6F5)2(C7H11)] resulted in an increased yield of

methanol to 57% after 1 h (Scheme 40) [108].

An alternative strategy to CO2 reduction was uncovered by the study of the

phosphine/alane FLPs derived from PMes3 and AlX3 (X ¼ Cl, Br, I). Reaction with

CO2 afforded the facile formation of Mes3P(CO2)(AlX3)2 127 (Scheme 41) [117].

Subsequent treatment with H3NBH3 effected the generation of Al-methoxide spe-

cies which upon hydrolysis gave methanol in an overall yield of 50%.

An alternative reduction pathway was observed upon prolonged (18 h) exposure

of 127 to CO2. In this case the reaction products were identified as Mes3P(CO2)

(AlX2)2(OAlX3) 128, [Mes3PX][AlX4] 129, and CO (Scheme 41) [118]. The

Cl2
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Scheme 40 Reductions of CO2 with bis-borane/phosphine FLPs
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liberation of CO was confirmed spectroscopically and by stoichiometric capture as

a Ru complex.

5.3 FLP Capture of N2O

N2O is another greenhouse gas that is 300 times more potent than CO2, albeit much

less abundant. Thus it was of interest to find that the FLP derived from tBu3P and B

(C6F5)3 reacts with N2O to give tBu3P(NNO)B(C6F5)3 130 (Scheme 42) [119]. The

P–N¼N–O–B is oriented such that the tBu3P and OB(C6F5)3 fragment occupy

transoid positions on the N¼N double bond. The compound 130 evolves N2 on

heating to 135 �C for 44 h resulting in the formation of (tBu3P¼O)B(C6F5)3 131

(Scheme 42). In the same vein 131 is obtained from photolysis of 130 [119].

Efforts to modify the FLP system using less basic phosphines were unsuccessful.

Indeed, one of the few alternative systems that was viable employed Cy3P and B

(C6F4-p-H)3 to capture N2O affording Cy3P(N2O)B(C6F4-p-H)3 132 (Scheme 42)

[120]. This species was less stable than 130 as it lost N2 in a facile manner avoiding

the phosphine oxide-borane adduct.

While the phosphine could not be varied dramatically, N2O binding proved to be

more tolerant of lesser Lewis acidic boranes including B(C6F5)2R (R ¼ Ph, Mes,

OC6F5) and BR3 (R ¼ Ph, C6F4-p-H, C6H4-p-F). Similarly, use of the bisborane
(C6F5)2B(C6F4)B(C6F5)2 with tBu3P afforded the product C6F4[(C6F5)2B(ON2)

PtBu3]2 133 (Scheme 42) [120]. The tolerance for weaker Lewis acids allows the

use of tBu3P(NNO)B(C6H4-p-F)3 134 in exchange reactions. Thus treatment of 134

with B(C6F5)3 affords an alternative route to 130. In the same vein reaction of 134

with [Ph3C][B(C6F5)4] afforded [tBu3P(N2O)CPh3][B(C6F5)4] 135 (Scheme 42).

A mechanistic study of these exchange reactions provided the activation parameters

DH{ ¼ 71.2(9) kJ mol�1 and DS{ ¼ 32(3) J mol�1 K�1 [120]. These data are

consistent with a B–O linkage that is weakened prior to the binding of the incoming

Lewis acid. Similar exchange reactions allow the transfer to transition metal

species. For example, reaction with [Cp2ZrOMe][MeB(C6F5)3] gave [tBu3P(N2O)

ZrCp2OMe] [MeB(C6F5)3] 136 (Scheme 42) [120]. Similarly, the Ti analog was

prepared [120], while reaction of 134with Zn(C6F5)2 [121] afforded the isolation of

tBu3PN2OZn(C6F5)2]2 137, (tBu3PN2OZn(C6F5)2)2Zn(C6F5)2 138, and tBu3PN2O

(Zn(C6F5)2)2 139.

5.4 FLP Capture of SO2

Another gas that is of environmental concern is SO2. In probing ability of FLPs to

capture such gases, the intermolecular FLP tBu3P and B(C6F5)3 was shown to react

with SO2 at room temperature to give the zwitterion tBu3P(S(O)O)B(C6F5)3 140

[122]. This compound structurally resembles the CO2 compound 115 in a general
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sense; however in contrast to the planar carbon atom in 115, the sulfur center of 140

is pseudo-pyramidal (Scheme 43). Closely related intramolecular FLP derivatives

have also been characterized (see below).
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6 Additional Miscellaneous Reactions of FLPs

The study of FLPs has also revealed a variety of other reactions that result in the

heterolytic activation of other bonds. In these cases the reactions have not been

extensively studied but perhaps foreshadow other potential useful chemistry. Such

reactions are described below.

6.1 Heterolytic Cleavage of Disulfides

The analogy between the heterolytic cleavage of H2 and that of disulfides prompted

investigation of the reactions of FLPs with disulfides. To this end, diphenyl disulfide

was reacted with 12 to afford the zwitterion phosphonium borate [tBu2P(SPh)(C6F4)

B(SPh)(C6F5)2] 141 (Scheme 44).[123] In the same vein, the FLP tBu3P/B(C6F5)3
reacts with RSSR to give [tBu3P(SR)][(RS)B(C6F5)3] 142 (R ¼ Ph, p-tolyl, iPr)
(Scheme 44). In an interesting contrast, the reaction of BnSSBn yields a 1:1:1 mixture

of tBu3P¼S, Bn2S, and B(C6F5)3, presumably a result of a further reaction of the

corresponding salt [tBu3P(SBn)][(BnS)B(C6F5)3] [123].

6.2 FLP Activation of Catechol Borane

Reaction of phosphine/borane FLPs with catecholborane were shown to prompt the

formation of the salts [(tBu2RPBO2C6H4)][HB(C6F5)3] 143 (Scheme 45) [124].

These reactions are thought to proceed via initial coordination of phosphine to

catecholborane. Subsequent hydride abstraction results in the heterolytic cleavage.

In this case, DFT computational studies infer that the three coordinate B cation

ligated by O-donors [125] has a localized positive charge that resides on phospho-

rus atom, prompting the preferred description as a borylphosphonium cation rather

than a phosphine stabilized borenium cation.

tBu3P + B(C6F5)3
SO2

tBu3P

S O

B(C6F5)3

O 140
*

Scheme 43 Reactions of intermolecular FLP with SO2
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6.3 Heterolytic NH Activation

The combination of ItBu with (NH3)B(C6F5)3 or (RR’NH)B(C6F5)3 (R ¼ H,

R’ ¼ Ph, R’ ¼ R ¼ Ph) results in the heterolytic cleavage of the N–H bond

affording the imidazolium amidoborates [(tBuN)2C3H3][RR’NB(C6F5)3] 144

(Scheme 46) [38, 39]. The related reactions of alkylamine adducts (RR’NH)B

(C6F5)3 (R ¼ H, R’ ¼ Et, tBu, R’ ¼ R ¼ Et) proceed in an analogous fashion,

although the imidazolium cation protonates a fluoroarene ring liberating C6F5H and

an amidoborane RR’NB(C6F5)2 145 (Scheme 46). This reaction allows for the

O
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B H
PtBu2R
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Scheme 45 B–H activation by an FLP
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catalytic formation of the alkylamidoborane from the alkylamine adducts using

5 mol% of the NHC as catalyst [41]. It should be noted that NHCs do not react with

amines on their own, in contrast to the reactivity of mono-amino carbenes described

by Bertrand [37].

6.4 Heterolytic CH Activation

The FLP derived from tBu3P and Al(C6F5)3 reacts with isobutene to give the

phosphonium salt [tBu3PH][((C6F5)3Al)2((CH2)2CMe)] 146, in which the planar

allyl fragment links two Al centers via sigma interactions [126]. This is a very rare

example of C–H activation by non-metal reagents under mild conditions. The

species 146 reacts further with ethylene to give ethylene insertion in the Al–C

bond, thus forming CH2¼C(Me)(CH2)3Al(C6F5)2 147 together with the byproduct

[tBu3PH][Al(C6F5)4] 148 (Scheme 47) [126].

6.5 Heterolytic CF Activation

The FLP derived from B(C6F5)3 and sterically demanding phosphines have been

shown to activate alkylfluorides to give phosphonium fluoroborate salts

(Scheme 48) [127]. In the same vein, treatment of B(C6F5)3/alkylfluorides with

the salts [tBu3PH][HB(C6F5)3] or [tBu3PSPh][PhSB(C6F5)3] gives the alkane and

the salt byproducts [tBu3PH][FB(C6F5)3] 149 or [tBu3PSPh][FB(C6F5)3] 150,

respectively [127]. B(C6F5)3 also catalyzes the conversion of fluoroalkanes to the

analogous alkanes in the presence of Et3SiH [127].

Al
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C6F5

tBu3P + 2 Al(C6F5)3

[tBu3PH][Al(C6F5)4]

147Al(C6F5)3

(C6F5)3Al

[tBu3PH]

146

C2H4

60 °C

148

+

Scheme 47 C–H activation by an FLP
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7 Conclusion

This chapter has reviewed the initial discovery of FLPs. Herein we have focused on

intermolecular FLP systems that allow for three component reactions. These

systems provide new strategies for the activation of a variety of small molecules,

including H2, olefins, alkynes, and greenhouse gases among others. Such activations

have spurred much interest in the potential utility of metal-free systems. While

commercial applications are perhaps for the future, the intriguing discovery

challenges the commonly held chemistry dogma regarding the requirement of

transition metals for small molecule activation. These findings have helped to stir

interest in main group reactivity.
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27. Wang HD, Fröhlich R, Kehr G, Erker G (2008) Heterolytic dihydrogen activation with the

1,8-bis(diphenylphosphino)-naphthalene/B(C6F5)3 pair and its application for metal-free

catalytic hydrogenation of silyl enol ethers. Chem Commun 5966

28. Jackson RD, James S, Orpen AG, Pringle PG (1993) 1,8-Bis(diphenylphosphino)naphthalene

– a rigid chelating, diphosphine analog of proton sponge. J Organomet Chem 458:C3

29. Ramos A, Lough AJ, Stephan DW (2009) Activation of H2 by frustrated Lewis pairs derived

from mono- and bis-phosphinoferrocenes and B(C6F5)3. Chem Commun 1118

30. Liptau P, Neumann M, Erker G, Kehr G, Frohlich R, Grimme S (2004) Responsive iron

neighboring group participation in amino-substituent-stabilized [3]ferrocenophane alpha-

carbenium ions: a combined theoretical and experimental study. Organometallics 23:21
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33. Unverhau K, Lübbe G, Wibbeling B, Fröhlich R, Kehr G, Erker G (2010) Frustrated Lewis

pair reactions at the [3]ferrocenophane framework. Organometallics 29:5320

34. Geier SJ, Gilbert TM, Stephan DW (2008) Activation of H2 by phosphinoboranes R2PB

(C6F5)2. J Am Chem Soc 130:12632

35. Ullrich M, Lough AJ, Stephan DW (2009) Reversible, metal-free, heterolytic activation of H2

at room temperature. J Am Chem Soc 131:52

36. Ullrich M, Lough AJ, Stephan DW (2010) Dihydrogen activation by B(p-C6F4H)3 and

phosphines. Organometallics 29:3647

37. Frey GD, Lavallo V, Donnadieu B, Schoeller WW, Bertrand G (2007) Facile splitting of

hydrogen and ammonia by nucleophilic activation at a single carbon center. Science 316:439

38. Chase PA, Gille AL, Gilbert TM, Stephan DW (2009) Frustrated Lewis pairs derived from

N-heterocyclic carbenes and Lewis acids. Dalton Trans 7179

39. Chase PA, Stephan DW (2008) Hydrogen and amine activation by a frustrated Lewis pair of a

bulky N-heterocyclic carbene and B(C6F5)3. Angew Chem Int Ed 47:7433

40. Holschumacher D, Bannenberg T, Hrib CG, Jones PG, Tamm M (2008) Heterolytic

dihydrogen activation by a frustrated carbene-borane Lewis pair. Angew Chem Int Ed

47:7428

41. Chase PA, Jurca T, Stephan DW (2008) Lewis acid-catalyzed hydrogenation: B(C6F5)3-

mediated reduction of imines and nitriles with H2. Chem Commun 1701

40 D.W. Stephan
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Intramolecular Frustrated Lewis Pairs:

Formation and Chemical Features

Gerald Kehr, Sina Schwendemann, and Gerhard Erker

Abstract Intramolecular vicinal and geminal frustrated Lewis pairs (FLPs) featuring

bulky substituents at phosphorus or nitrogen and strongly electron-withdrawing bulky

pentafluorophenyl substituents at boron undergo a variety of addition and/or activation

reactions with small molecules. A number of examples of such reactions are presented

and discussed, among them the FLP activation of dihydrogen to give zwitterionic

phosphonium (or ammonium)/hydridoborate zwitterions. Intramolecular FLPs

also add to organic carbonyl compounds (including carbon dioxide), to alkenes

and alkynes (including conjugated dienes, diynes or enynes), to heterocumulenes, to

azides, and to nitric oxide.

Keywords FLP addition reactions � Small molecule activation � Synergistic

reactions � Vicinal and geminal frustrated Lewis pairs
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Abbreviations

Bu Butyl

CP Cross polarization

DABCO 1,4-Diazabicyclo[2.2.2]octane

DEAD Diethyl azodicarboxylate

DFT Density functional theory

equiv. Equivalent(s)

Et Ethyl

FLP Frustrated Lewis pair

gem. Geminal

h Hour(s)

HAA Hydrogen atom abstraction

i-Pr iso-Propyl
LA Lewis acid

LB Lewis base

MAS Magic angle spinning

Me Methyl

Mes Mesityl, 2,4,6-trimethylphenyl

min Minute(s)

NMR Nuclear magnetic resonance

Ph Phenyl

Pr Propyl

r.t. Room temperature

s-Bu sec-Butyl

THF Tetrahydrofuran

t-Bu tert-Butyl
vic. Vicinal

1 Introduction

Lewis acids (LA) and Lewis bases (LB) usually undergo strong adduct formation

when brought together in solution. The ubiquitous Lewis acid/base adduct forma-

tion [1] is analogous to the neutralization reaction in Brønsted acid/base chemistry

[2]. The resulting LA/LB adducts may have very interesting properties in them-

selves, e.g., as is found in the chemistry of ammonia borane (H3NBH3) [3, 4], but

they have lost the typical chemical features of their original components. Lewis

acid/Lewis base adduct formation can effectively be hindered or even completely

suppressed by steric and/or electronic means. Placing very bulky aryl or alkyl

substituents at, e.g., phosphorus or nitrogen or even carbon based Lewis bases

and combining them with, e.g., strongly electrophilic R-B(C6F5)2 type Lewis acids

has often resulted in situations of co-existent pairs of active Lewis acids and Lewis

bases in solution. Sometimes they appeared to be independent of each other,
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sometimes they were found to be in equilibrium with their respective LA/LB

adducts, sometimes they were weakly interacting. Such frustrated Lewis pairs

(FLPs) [5–16] can, of course, show reactions of their separate LA and LB

components, but they are special in that they have the potential to have the Lewis

acid/Lewis base components reacting synergistically with added substrates. There

are indications that weak interactions between the Lewis acid/Lewis base

components of a frustrated Lewis pair might favor synergistic reaction behavior,

maybe it is even mandatory in some cases. Intramolecular FLPs, where active

Lewis acid and Lewis base components are closely connected by sufficiently

flexible bridges, may be advantageous to introduce and control typical frustrated

Lewis pair behavior. Here we report about a selection of intramolecular FLPs,

mostly, but not exclusively, originating from our research group in Münster and our

collaborating partners, which may serve to illustrate some of the remarkable and

extraordinary features that such reactive bifunctional main group element

compounds may exhibit.

2 Vicinal Phosphorus/Boron FLPs and Their Reaction

with Dihydrogen

We first reacted the bulky starting material dimesitylvinylphosphane (1a) with

Piers’ borane [HB(C6F5)2] [17–21]. The system forms a Lewis acid/Lewis base

adduct (2a, Scheme 1) at low temperature. However, this has only a fleeting

existence, since the 1a/HB(C6F5)2 reaction mixture undergoes a rapid

hydroboration reaction of the vinyl substituent at room temperature with the

usual anti-Markovnikov orientation to yield the intramolecular FLP 3a [22].

The spectroscopic data indicate that 3a is a weakly interacting intramolecular

FLP system. In solution it features NMR shifts of the heteronuclei [31P: d 20.6, 11B:
d 8.5, 19F: d �128.8 (o), �157.0 (p), �163.6 (m)] that are intermediate between a

phosphane/phosphonium, and borane/borate character. A detailed solid state MAS

NMR analysis confirmed this [23]. Among other parameters the 11B NMR

quadrupolar coupling constant of 3a pointed to a P···B interacting system with a

boron center deviating only slightly from a trigonal planar BC3 coordination sphere

and a tentative P···B distance of ca. 2.2 Å. The DFT analysis of 3a gave a similar

result. According to this computational analysis the weak internal adduct 3a

equilibrated with a pair of open isomers 3a’ which were of slightly higher energy.

One had the two functional groups oriented gauche to each other, whereas the other

showed them in an anti-periplanar conformational arrangement [22].

Compound 3a reacts rapidly with dihydrogen under mild conditions. It was one

of the most active metal-free dihydrogen activations at the time when it was first

studied. It splits dihydrogen at close to normal conditions (r.t., 1.5 bar H2 pressure,

pentane solution) within minutes. The pale yellow solution of 3a turns colorless

and the zwitterionic phosphonium/hydridoborate product 4a precipitates from

the solution. It was characterized by X-ray diffraction (Fig. 1) and by spectroscopy
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[1H NMR: d 7.87 (1JPH ~ 490 Hz), 31P: d�6.5 [P–H], 11B: d�20.1 (1JBH ~ 90 Hz)

[B–H]]. The reaction was also carried out with dideuterium which confirmed the

heterolytic dihydrogen splitting by observing the corresponding [B]-D and [P]-D

signals in 4a-D2 (Scheme 1 and Fig. 1) [22].

Compound 4a is able to catalyze the hydrogenation of a variety of enamines 5 or

imines 6 to the corresponding amine products 7 (Scheme 2) [24, 25] (Axenov, 2009,

unpublished results).

Many FLPs have been shown to be quite reasonable catalysts for the metal-free

catalytic hydrogenation of electron-rich unsaturated substrates such as enamines

and dienamines (Scheme 2) [22, 24, 25] (Axenov, 2009, unpublished results), in

addition to silyl enolethers [26], of a variety of imines and some aziridines [27–32].

P
HB(C6F5)2

2
P

2

B(C6F5)2

H

1a 2a

HB(C6F5)2

3a Mes2P

B(C6F5)2

3a´

H2

(D2) Mes2P

B(C6F5)2

4a
H (4a-D2)

H

(D)

(D)

B(C6F5)2Mes2P

Scheme 1 Formation of the FLP 3a and its reaction with dihydrogen

Fig. 1 Molecular structure of the zwitterionic phosphonium/hydridoborate product 4a
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D. W. Stephan recently showed that even the arene rings in some aniline derivates

can be hydrogenated by FLP systems to yield cyclohexylamines [33]. We showed

that FLP catalyzed reactions can provide sufficiently mild conditions for reactions

with rather sensitive organometallic substrates [14, 25, 34–38] (Axenov, 2009,

unpublished results). All these developments posed the question of whether FLP

induced hydrogenation of carbon–carbon double or triple bonds bearing strongly

electron-withdrawing substituents could be achieved. For that purpose we treated

the conjugated ynone 8a with the zwitterionic H2-activation product 4a. We

observed a rapid transfer of the H+/H� pair at room temperature with formation

of the cis-enone cis-9. Unfortunately, in this case the liberated FLP 3a reacted faster

with the ynone substrate 8a to give 10a (Scheme 3). As a result, this FLP induced

hydrogenation of the electron-poor carbon–carbon triple bond in 8a remained

stoichiometric [39].

We prepared a variety of analogs of the ethylene-bridged P/B FLP 3a by

hydroboration of a series of substituted dimesitylalkenylphosphanes with [HB

(C6F5)2]. The cyclohexenylphosphane derived FLP 3b is a typical example [40].

Hydroboration of 1bwith Piers’ borane gave the P/BFLP 3b in good yield.Compound

3b is chiral; it contains two chiral centers. Due to the fixed cis-[B]-H addition, the

stereochemistry of the underlying hydroboration reaction, these chiral centers are

dependent on each other. Only the rac-trans-diastereoisomer was formed. It is

5

7b

H2

R2

NR2

R1

H2C CH

R2

NR2

R1

R2
N

R1 R

H2

H

R2
NHR

R1

7a

6 B(C6F5)2
Mes2P

H

H

4a

Scheme 2 H+/H- transfer from 4a

Ph
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+
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H
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Scheme 3 Reaction of 4a with ynone
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characterized by having the bulky phosphanyl- and boryl-substituents trans-1,2-
attached at the cyclohexane framework. Compound 3b was characterized by X-ray

diffraction (Fig. 2). In the crystal the cyclohexane ring of compound 3b adopts a chair

conformation with the C1-P and C2-B vectors oriented trans-bis-equatorially. There
are two crystallographically independent molecules in the unit cell. Both show P···B

interactions, although the P···B distance at 2.188(5) Å (molecule A) and 2.206(5) Å

(molecule B) is at the long end of phosphane/borane interactions [41–47].

In solution we observed the 19F NMR signals corresponding to a pair of

diastereotopic C6F5 groups at boron at low temperatures, due to the tetracoordination

at boron. Opening of the P–B linkage would result in the formation of a planar-

tricoordinate boron center in the reactive intermediate 3b’; its pair of C6F5 substituents

would, consequently, be homotopic. This feature allowed us to determine the activation

energy of the reversible P–B bond cleavage in 3b by temperature dependent dynamic
19F NMR spectroscopy. From the coalescence of the respective pairs of ortho-F
resonances of the diastereotopic C6F5 groups at boronwe obtained the Gibbs activation

energy of phosphane–borane dissociation in 3b at DGdis
6¼ (298 K) ¼ 12.1 � 0.3

kcal mol�1. Thus, the FLP 3b is a weak internal phosphane–borane adduct. It opens

rapidly with a P–B bond dissociation energy of<12 kcal mol�1.

Consequently, the FLP 3b reacts very rapidly with dihydrogen. H2 is

heterolytically cleaved by 3b at �20 �C with formation of the zwitterionic

[P]+-H/[B]�-H product 4b (Scheme 4 and Fig. 3) [40].

We prepared a variety of related bridge-substituted vicinal P/B FLPs analo-

gously by hydroboration of the respective alkenyldimesitylphosphanes with Piers’

borane [HB(C6F5)2], the compounds 3c–e being typical examples (Scheme 5) [48].

Their NMR spectra indicated internal P–B coordination. Due to the presence of a

chiral carbon center in the bridge, each of these compounds features pairs of

Fig. 2 Molecular structure of the P/B FLP 3b
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Fig. 3 Molecular structure of the H2-cleavage product 4b

Mes2P B(C6F5)2

3c
[11.7 (280 K)]

Me

Mes2P B(C6F5)2

3d
[12.6 (303 K)]

Ph

Mes2P B(C6F5)2

3e
[11.8 (298 K)]

SiMe3

[DG¹ (T) ± 0.4 kcal mol-1]dis

Scheme 5 Examples of FLPs 3 and their activation barriers for P···B dissociation

PMes2

P

B

H

H
C6F5

C6F5

Mes

Mes

PB

H

H C6F5

C6F5
Mes

Mes

HB(C6F5)2
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Scheme 4 Formation of the FLP 3b and its reaction with dihydrogen
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diastereotopic C6F5 substituents at boron. From the coalescence of their respective
19F NMR features we have determined the activation barrier of P–B bond dissocia-

tion (DGdis
6¼) for each of these compounds (Scheme 5). They are similar in

magnitude as found for 3b (see above). Compound 3c splits dihydrogen under

our typical mild reaction conditions (2.5 bar H2, r.t.), whereas the more bulky

compounds 3d,e were unreactive even at 60 bar H2 pressure at r.t. [48].

Hydroboration of di-tert-butylphosphinopropyne (11a) with [HB(C6F5)2] gave the

unsaturated FLP 12a. It slowly splits dihydrogen under more forcing conditions

(60 bar) to give the zwitterion 13a (Scheme 6) [24]. The dimesitylphosphino-

substituted FLPs 12b,cwere prepared analogously by hydroboration of the respective

Mes2P-substituted alkynes 11b,c. These systems were themselves inert toward H2

under our typical conditions, but they rapidly accepted the H+/H� pair from the

saturated FLP hydrogen activation product 4a. This hydrogen transfer reaction was

developed into a protocol for the formation of the products 13b,c with dihydrogen

catalyzed by the 3a/4a FLP/FLP-H2 pairs [24]. Both the products 13b,c were

characterized by X-ray diffraction (Fig. 4 for 13b). The FLP 13b was used as

a selective catalyst for the hydrogenation of an enamine using ammonia borane

(H3NBH3) as a hydrogen source [49, 50].

The related unsaturated vicinal cis-FLPs 14 were prepared in different ways.

Originally, such compounds were obtained by treatment of alkynylborates (e.g., 15)

with R2PCl reagents [51–55]. The reaction proceeds with aryl migration from boron

to the adjacent carbon atom and might be regarded as an early precursor of the

1,1-carboboration reaction [56, 57]. Grobe, Würthwein et al. [58] recently reported

a remarkable related formation of an example of this by means of the intermediate

formation of 16. These cis-14 systems do not seem reactive towards H2 but some of

these bifunctional FLP-like compounds undergo interesting reactions with a variety

of metal complexes (as do D. Bourissou’s related phenylene-bridged FLP

derivatives 17) [59–62] (Scheme 7).

We have developed a convenient new synthetic pathway to the unsaturated P/B

systems 14 by making use of the recently discovered advanced variants of the

1,1-carboboration reaction ([63]; see also [64–68]). For this purpose we treated,

t -Bu2P Me
H

Met-Bu2P

B(C6F5)2

HB(C6F5)2

11a 12a
H

Met-Bu2P

B(C6F5)2
13a

H2
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r.t.

H

H

Mes2P R
H

RMes2P

B(C6F5)2
11b (R = CH3)
11c (R = Ph) 12b,c

H

RMes2P

B(C6F5)2

13b,c

H

H

cat. [4a]

HB(C6F5)2 H2

Scheme 6 Hydroboration of 11 with Piers’ borane
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e.g., the dimesitylphosphinoacetylene derivative 11d (Scheme 8) with B(C6F5)3
[69, 70] at room temperature in pentane. Under these conditions B(C6F5)3 adds to

the alkyne and initiates migration of the Mes2P moiety along the acetylenic carbon

framework. After 30 min reaction time we isolated the product 18 [71]. The X-ray

crystal structure analysis of 18 revealed the presence of the unsaturated cationic

three-membered heterocycle to which the borate counter anion is bonded (Fig. 5).

PR2

Ph2
B

PhPh

BAr2

R1

R2P

Ar
Cl R1 C C BAr2

Ar
15

+

14a

Na[BPh4]

+

Ph Ph

hn
Na

Ph2PCl BPh2

Ph

Ph2P

Ph

14b

BR2

PR2

17

16
- NaCl

Scheme 7 Formation of the systems 14

Fig. 4 Molecular structure of compound 13b
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This class of compounds exhibits very characteristic NMR features [71, 72];

compound 18 shows, e.g., a 31P NMR resonance at d �137.8 and a 11B NMR

signal at d �16.5. In the phosphirenium-borate 18 the dimesitylphosphino group

had migrated about half way across the acetylenic C�C bond. Heating to 105 �C
was necessary to complete the 1,1-carboboration reaction to eventually give the

product 14c. Compound 14c shows heteronucleic NMR resonances at d 14.6 (31P)

and d 0 (11B), respectively. The X-ray crystal structure analysis revealed a

Mes2P p-tol
r.t.

pentane

B(C6F5)3

Mes2
P

p-tol(C6F5)2B

F

F

F

F

F D (105 °C)
6 h

toluene

C6F5 p-tol

11d 18 14c

(C6F5)2B PMes2

Scheme 8 Pathway to compound 14c

Fig. 5 A view of the molecular structure of the zwitterionic phosphirenium-borate betaine 18
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pronounced B–P interaction between the (C6F5)2B- and Mes2P-substituents which

are cis-oriented at the bridging unsaturated C2-framework (Fig. 6).

We prepared a variety of differently substituted P/B systems 14 by this advanced

1,1-carboboration method [73] and used them for an in depth analysis of the

bonding between phosphorus and boron in such systems by solid state NMR

techniques [23]. Both the 11B NMR isotropic chemical shifts and the nuclear

electric quadrupolar coupling parameters were found to serve as sensitive experi-

mental measures. In addition the large 31P-11B scalar spin–spin coupling of 1J � 50

Hz, obtained from the 31P{1H}-CPMAS NMR experiments, gave further evidence

for the covalent P–B bonding component in such compounds.

3 Intramolecular N/B FLPs

Repo, Rieger et al. prepared the C3-bridged N/B FLP 19 by a conventional route

involving metalation. The N/B system 19 is an active frustrated Lewis pair that

heterolytically cleaves dihydrogen to yield 20 ([74, 75]; see also [76]). The [N]+-H/

[B]�-H zwitterion 20 was thoroughly characterized, including a neutron diffraction

Fig. 6 Molecular structure of 14c
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study [77]. The system is special since it is one of the rare examples of reversible

H2-addition (and activation) by a frustrated Lewis pair [5, 26] (Scheme 9).

We prepared a series of vicinal N/B FLPs by enamine hydroboration [78]. A

typical example is the reaction of the acetophenone derived enamine 5a with [HB

(C6F5)2] which gave the phenyl substituted vicinal N/B FLP 21a in good yield.

Compound 21a features a heterocyclic four-membered ring structure. The phenyl

substituted bridge-carbon atom C1 is a chiral center. Therefore, we observed
1H/13C NMR signals of the diastereotopic methylene groups of the piperidino

substituent. The C6F5 groups at boron are also diastereotopic in 21a (at 298 K),

which indicated N–B coordination. The related compound 21b was obtained by

[HB(C6F5)2] hydroboration of the enamine piperidino cyclohexene (Scheme 10).

The X-ray crystal structure analysis showed N–B coordination. Compound 21b

contains a heterocyclic four-membered ring structure (Fig. 7).

The N–B bond in compound 21a is weak. This becomes evident from the

dynamic 19F NMR spectra. The system shows signals of pairs of diastereotopic

C6F5 groups below ca. 320 K (Fig. 8). Warming leads to coalescence of both pairs

of p-C6F5 and m-C6F5 signals, indicating rapid reversible N–B bond rupture and

equilibration with the (invisible) reactive intermediate 21a’ on the 19F NMR time

scale. From the dynamic 19F NMR spectra we estimate a barrier for the N–B

opening in 21a of DGdis
6¼ (318 K) ¼ 13.8 � 0.2 kcal mol�1 (Fig. 8). A similar

value was found for the ring opening process of the N/B FLP 21b (Scheme 10).

It appears that the intramolecular boron Lewis acid interaction with the

tert-amine Lewis base in the FLPs 21 is slightly stronger than with the

tert-phosphanes in 3. However, the B–N bonds in the systems 21 must still be

regarded as being weak (bond dissociation energies <13 kcal mol�1). These

LA–LB bonds open and close rapidly. Both the N/B FLPs 21a and 21b react readily

with dihydrogen to yield the ammonium/hydridoborate zwitterions 22a and 22b,

respectively. Both were characterized by X-ray diffraction (22a, Fig. 9) and by

spectroscopy [22a: 11B NMR: d –22.8 (d, 1JBH ~80 Hz), 1H NMR: d 3.08

(br, 1:1:1:1 q, [B]-H), d 7.46 ([N]-H)] (Scheme 11).
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H H
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Scheme 9 Formation of the N/B FLP 19 and its reaction with dihydrogen
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Fig. 7 Molecular structure of the N/B FLP 21b (N–B ¼ 1.824(6) Å)
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Scheme 10 Formation and ring opening of the FLPs 21a and 21b
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We prepared a variety of such vicinal N/B FLPs by means of the enamine

hydroboration reaction (Scheme 12). The compounds 21c,d did not react with

dihydrogen under our typical conditions.

The nitrogen containing FLP 21b shows a chemical peculiarity that appears

upon its treatment with aldehydes or ketones. It is well known that B(C6F5)3 is able

Fig. 8 Temperature dependent dynamic 19F NMR spectra of the N/B FLP 21a

Fig. 9 A view of the molecular structure of the ammonium/hydridoborate H2-activation product 22a
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to abstract hydride anion from the a-position of tertiary amines [37, 79–84]. In

the case of the N/B FLP 21b this could lead, e.g., to the formation of the

iminium/hydridoborate zwitterion 23a (Scheme 13). Without added reagents we

did not observe its formation. However, added benzaldehyde or benzophenone
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H H H2

(2.5 bar)
r.t.
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H H
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Scheme 11 Dihydrogen splitting with N/B FLPs 21a,b
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Scheme 13 Reactions of the FLP 21b with organic carbonyl compounds
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resulted in the formation of the respective trapping products, namely the zwitter-

ionic systems 23b and 23c, respectively [78].

Previously, Piers reported the synthesis of a phenylene-bridged N/B system 25.

The separate addition of hydride followed by protonation may have generated the

ammonium/hydridoborate system 27, which was labile with regard to rapid H2

elimination (Scheme 14) ([85]; see also [86]).
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The monomeric phosphido-boranes R2P–B(C6F5)2 28 (R ¼ cyclohexyl or tert-
butyl) show a related FLP behavior. They react slowly at 60 �C with dihydrogen to

give the phosphane–borane adducts R2HP–BH(C6F5)2 29. In contrast, the dimeric

phosphido–boranes [R2P–B(C6F5)2]2 30 did not react with H2 under these

conditions (Scheme 15) [87, 88].

Stephan and coworkers have recently shown that boron-amidinates HC(RN)2B

(C6F5)2 31 (R ¼ i-Pr, t-Bu) react with benzaldehyde to give 32 (R ¼ i-Pr, t-Bu). In
addition, these species were also found to react withMeCN to give 33. These reactions

are thought to proceed via the ring opening of the boron-amidinate, although this could

not be confirmed spectroscopically. However, this proposition was supported by

thermolysis of the boron-amidinate which gave 34 (Scheme 16) [89].

The systems 31 were also shown to insert CO and isonitriles into the B–N bond

to yield the respective five-membered heterocycles 35 and 36. Typically, 31 also

reacts with a carbodiimide to give 37 and with carbon dioxide to yield the product

38 [89] (Scheme 17).
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Scheme 18 Olefin addition reactions to the FLP 3a
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Fig. 10 Molecular structure of compound 39

Fig. 11 A view of the framework of the molecular structure of 40
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4 FLP Reactions with p-Systems and More

FLPs often add to olefinic carbon–carbon p-systems [7, 36, 38, 90–92]. A typical

example is the reaction of the intramolecular FLP 3a with ethylvinylether. The

frustrated Lewis pair adds to the electron-rich carbon–carbon double bond

regioselectively to yield the six-membered heterocyclic product 39 (Scheme 18)

[90]. The product was characterized by X-ray diffraction (Fig. 10) and was shown

to exhibit a typical chair-like conformation of the central framework [93].

The FLP 3a adds cleanly to the norbornene C¼C double bond to give selectively

the exo-2,3-P/B addition product 40. Although only this product was observed,

2

41

[6+4]

cyclo-
addition

42

B(C6F5)2Mes2P
3a

43

P
[B]

Mes2

[B] : B(C6F5)2

Scheme 19 Trapping of a fulvene dimer by FLP 3a

Fig. 12 A projection of the framework structure of compound 43
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another possible rearranged product was calculated to be thermodynamically slightly

favored. The selective formation of 40 without any of the typical norbornyl cation

rearrangement products is in accord with the result of a computational study that

indicated an asynchronous concerted 1,2-P/B FLP addition pathway of 3a to

norbornene from the exo-face (Fig. 11 for the structure of compound 40) [90, 93].

A similar reaction was observed upon treatment of the FLP 3a with 6,6-

dimethylpentafulvene (41) in a 1:2 molar ratio. In this case the frustrated Lewis

pair trapped the (otherwise unobserved) [6+4] fulvene dimer 42 by 1,2-P/B addition

to one of its C¼C double bonds (Scheme 19 and Fig. 12) to yield 43 [94].
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H
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Scheme 20 Reaction of an aminofulvene with FLP 3a
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Scheme 21 Reaction of FLP 3a with activated alkenes
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6-Dimethylamino-6-methylpentafulvene (44) undergoes a curious reaction with

the FLP 3a [95]. It readily forms the product 46 by a sequence that involves B–C

bond cleavage. We had to assume that a retro-hydroboration reaction took place

along the favored pathway (Scheme 20) that eventually was completed by addition

of the in situ generated [HB(C6F5)2] reagent to the substituted fulvene derivate 45.

The FLP 3a reacts with dimethylfumarate by 1,2-P/B addition to the activated

carbon–carbon double bond to give the six-membered heterocycle 47 that features

the pair of –CO2Me substituents in trans-1,2-positions. The same product is

obtained from the reaction of 3a with dimethylmaleate, which indicates a conven-

tional step-wise reaction mechanism (Scheme 21 and Fig. 13). A closely related

reaction takes place upon treatment of 3awith diphenylbutendione (48), only in this

case O–B bond formation is favored over C–B bond formation in the second step to

yield the product 49 (Scheme 21) [96].

In the formation of the product 49 we see the involvement of the carbonyl

functionality. This is often observed in FLP reactions. Typical examples are the

1,2-carbonyl addition reactions of 3a to reactive aldehydes, such as benzaldehyde

Fig. 13 A view of the molecular structure of compound 47

B(C6F5)2Mes2P
OH

Ph

B(C6F5)2Mes2P

3a

PhCHO

50

Ph

CHO

B(C6F5)2Mes2P
OH

51

Ph

Scheme 22 Reaction of FLP 3a with aldehydes
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(to give 50) [97]. In a direct competition the addition of 3a to the –CH¼O group in

trans-cinnamaldehyde forming compound 51 is strongly favored over any addition

to the conjugated carbon–carbon double bond (Scheme 22) [90].

The situation which arises upon reacting the intramolecular P/B FLP 3a with

acetylenic esters 52 or conjugated ynones 8 is more subtle. The acetylenic ester 52a

itself was not reactive enough to allow for a clean product formation upon treatment

with the intramolecular FLP 3a. However, by preactivating 52a with B(C6F5)3 the

B(C6F5)2Mes2P

3a

Me
OMe

O

52a

[B(C6F5)3]
B(C6F5)2Mes2P

Me CO2Me
53

B(C6F5)2Mes2P

Me

54

Me
Ph

O

8b

D

Ph
O

Scheme 23 Reaction of FLP 3a with ynones
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55 CH2H

Ph

Scheme 24 1,4-Addition of FLP 3a to the ynone 8c
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O
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R
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Scheme 25 1,4-Addition of FLP 3a to non-enolizable conjugated ynones
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reaction proceeded to give the 1,2-addition product (53) of 3a to the C�C triple

bond of the substrate 52a [96]. The more reactive conjugated ynone 8b did not

require any extra activation to react with 3a. It formed the six-membered addition

product 54 when heated under reflux (Scheme 23) [39].

However, the formation of the six-membered products is an exception in the

addition reaction of an intramolecular vicinal FLP to conjugated ynone substrates.

Usually the formation of eight-membered heterocyclic compounds involving

participation of the carbonyl oxygen atom is thermodynamically favored [39].

A typical example arose when the FLP 3a was reacted at room temperature with

the ynone 8c to give the eight-membered addition product 55. Apparently, 55 is

Fig. 14 A view of the molecular structure of the product 10a (R ¼ t-Bu)
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R R
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H
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B(C6F5)2Mes2P

59a,b

· ·R R

Me

Scheme 26 Cyclic cumulene formation form FLP 3a
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formed in a two step reaction sequence involving a tautomerization step before

finally closing the medium sized ring by B–O bond formation (Scheme 24).

We also reacted a series of non-enolizable conjugated ynones 8a,d,e with the

intramolecular P/B FLP 3a. They all directly gave the respective eight-membered

heterocyclic allenic boron enolate products 10 (Scheme 25 and Fig. 14) [39].

The chemistry of these compounds turned out to be important for our ongoing

development of FLP-derived catalysts for the metal-free hydrogenation of electron-

poor alkynes and alkenes [39].

Conjugated enynes seem to react similarly with FLPs [98, 99]. Treatment of

2-methyl-1,3-butenyne with Mes2PCH2CH2B(C6F5)2 (3a) at room temperature

gave a ca. 1:2 mixture of the products 56 and 57 (Scheme 26). Compound 56 is a

very typical reaction product of FLPs with terminal acetylenes (for further

examples see below). The medium ring-sized heterocyclic allene 57 is a remarkable

compound, formed by a 1,4-FLP addition reaction to the conjugated p-system of the

enyne reagent [98]. The X-ray crystal structure analysis of 57 (Fig. 15) revealed that

this compound contains an almost regular allene unit – the angle between its

substituents planes at the allene termini amounts to ca. 75�, i.e., not too far away

from the 90� angle of an ideal allene structure. The central carbon atom of the

cumulated C¼C¼C unit shows a typical allene 13C NMR resonance (d 204.5 ppm).

A similar reaction took place when the intramolecular FLP 3a was reacted with

conjugated diynes 58a,b (Scheme 26). We isolated the corresponding 1,4-FLP

addition products 59a,b. The X-ray crystal structure analysis of 59b (Fig. 16)

Fig. 15 A view of the molecular structure of the eight-membered heterocyclic allene 57
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confirmed the formation of the substituted 1,2,3-butatriene substructure inside the

strained eight-membered heterocyclic ring system. It exhibits some deviation of the

C¼C¼C¼C moiety from linearity featuring a pair of C–C–C angles of 161.1(2)�

and 165.0(2)�. The P–CH2–CH2–B unit shows a dihedral angle of �129.8(2)�. This
unit does not conformationally equilibrate at r.t. on the NMR time scale. Conse-

quently, we observed pairs of diastereotopic C6F5 substituents at boron and mesityl

groups at phosphorus [98].

FLPs very often react with terminal acetylenes by means of deprotonation

followed by boron–acetylide bond formation. The formation of compound 60 is a

Fig. 16 Molecular structure of the heterocyclic cumulene 59b
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H Ph
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Ph
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Scheme 27 Reactions of FLPs with 1-alkynes
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Fig. 17 Molecular structure of the PhNO addition product 67
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typical example [90]. The N/B FLPs often undergo analogous H+ abstraction

reactions with 1-alkynes, e.g., 21a!61 (Scheme 27) [78].

The FLP 3a reacts with a variety of heteroatom containing substrates. Typical

examples are the reactions with strong donor reagents such as nitriles (e.g., 62),

isonitriles, or pyridine. In all these cases the intramolecular P···B interaction is lost

with formation of the respective donor adducts to the borane functional group

(Scheme 28) [97]. The N/B FLPs react similarly to form, e.g., 63 [78].

The heterocumulene phenylisocyanate adds to the intramolecular FLP 3a via its

reactive C¼O functionality (64) [40, 97], as does the phenylene-bridged P/B system

17a described by Bourissou et al. (65) (Scheme 29). The latter also adds to the

–N¼N– bond of DEAD ([59, 100]; see also [101]).
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Ph N3 B(C6F5)2Mes2P
N

N
N
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68

NO

B(C6F5)2Mes2P N

O
H

70

B(C6F5)2Mes2P N

O· 69

0.5

-0.5

Scheme 30 Reactions of FLP 3a with phenylazide and with nitric oxide

Fig. 18 Molecular structure of compound 68
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In a related study it was shown that Mes2PCH2CH2B(C6F5)2 (3a) adds to the

–N¼O function of nitrosobenzene to yield the six-membered heterocyclic product

67 (Scheme 29 and Fig. 17) [97].

Some FLPs react cleanly with organic azides. The formation of the five-

membered heterocyclic product 68 obtained by N,N-addition of 3a to phenylazide

is a typical example. In the crystal compound 68 features an alternating N–N¼N

bond sequence (1.374(2) Å/1.254(2) Å) (Scheme 30 and Fig. 18) [97].

The intramolecular FLP 3a reacts readily with nitric oxide (NO) by N,N-

addition to give the five-membered FLPNO• radical 69 in high yield. Compound

69 is the parent of a novel type of persistent aminoxyl radicals. It undergoes H-atom

abstraction (HAA) reactions with a variety of hydrocarbon substrates to form the

diamagnetic FLPNOH product 70 (Scheme 30). The FLPNO• radical 69 was

characterized by X-ray diffraction (Fig. 19) [102, 103]. A detailed description of

the chemistry of these new FLP derived nitroxide radicals is provided within

this Topics Curr. Chem. volume by a separate contribution by T. W. Warren and

G. Erker on “Radical Frustrated Lewis Pairs”.

There is great interest in the binding and chemical conversion of carbon dioxide.

Frustrated Lewis pair chemistry has made some contributions to this field [104, 105].

We have observed that the intramolecular FLP 3a is able to bind carbon dioxide rapidly

under suitable conditions to form the 1,2-P/B addition product 71 (Scheme 31) [106].

Fig. 19 Molecular structure of the FLPNO• aminoxyl radical 69

B(C6F5)2Mes2P

3a

CO2
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O
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Scheme 31 Reactions of FLP 3a with carbon dioxide
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The compound precipitated in high yield as a white solid upon exposure of a pentane

solution of 3a to carbon dioxide at ambient temperature. When brought back into

solution the adduct 71 rapidly lost CO2 at temperatures above ca. �20 �C. Low
temperature spectroscopy characterized the new compound (e.g., 13C(C¼O):d
160.5 ppm). Crystallization at �36 �C gave single crystals of 71 suited for the X-ray

crystal structure determination (Fig. 20). A detailed DFT analysis indicated that the

addition reaction of the P/B FLP 3a to a C¼O bond of carbon dioxide is probably a

concerted reaction. According to this analysis both the newly formed P–C and the B–O

interactions have become almost equally established in the (rather symmetrical) transi-

tion state of this reaction [106].

Fig. 20 Molecular structure of the FLP-CO2 addition product 71
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Scheme 32 Formation and reactions of the geminal P/B FLP 73
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5 Geminal FLPs

In the literature one can find a variety of geminal P/B systems. Some of these were

used as ligands in coordination chemistry (see for example [107–109]) whereas

others were employed as Lewis acid catalysts [110, 111].

We have used weakly Lewis basic pentafluorophenyl substituted phosphane

building blocks to construct electronically modified intramolecular FLPs. For that

purpose we prepared the (C6F5)2P-vinyl reagent and treated it with the HB(C6F5)2
hydroboration reagent. The ensuing hydroboration reaction proved to be regio-

unselective, yielding a 2:1 mixture of the vicinal and geminal P/B-FLPs [112].

Introduction of a directing substituent resulted in regioselective geminal FLP

formation. The (C6F5)2P-propenyl (72) system added the HB(C6F5)2 reagent

regioselectively to give the geminal FLP 73 in good yield (Scheme 32). NMR

(C6F5)2P B(C6F5)2
73

H

+

(C6F5)2P B(C6F5)2

H

N N
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H

N NN Mes
MesN3

Scheme 33 Addition of mesitylazide to the geminal FLP 73

Fig. 21 A view of the molecular structure of compound 77
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spectroscopy indicated an open P/B FLP with no appreciable direct P···B interac-

tion. This was evident from the 11B NMR resonance of 73 (d 71) and its 19F NMR

features (Ddmp ¼ 15.1). Compound 73 did not activate dihydrogen under our

typical conditions but reacted readily with a variety of unsaturated substrates by

1,2-addition, e.g., ethene, p-tolyl isocyanate, or 1-pentyne to yield 74, 75, and 76,

respectively [100–112].

The geminal P/B FLP 73 reacted with mesitylazide by 1,3-addition to give the

six-membered heterocyclic product 77 (Scheme 33 and Fig. 21) [112]. The X-ray
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Scheme 34 Formation and reactions of the geminal FLP 78

Fig. 22 Molecular structure of compound 82
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crystal structure analysis revealed almost identical N1-N2 (1.304(3) Å) and N2-N3

(1.306(3) Å) bond lengths [113, 114].

Hydroboration of the electron deficient alkynyl phosphane 11d with HB(C6F5)2
gave a 7:1 mixture of the products 78 and 79 [115]. The typical FLP reactivity of the

non-internally coordinating major (sp2)C1-bridged compound 78 was probed from

this mixture. It added cleanly to alkynes to give 80 and to aryl isocyanates affording

81 (Scheme 34). The addition product of, e.g., benzaldehyde 82 featured dynamic

NMR spectra indicating reversible ring opening by P–C bond rupture (Scheme 34

and Fig. 22).

Lammertsma et al. prepared the CH2-bridged P/B FLP 83 which contains phenyl

substituents at boron [116]. This less Lewis acidic but markedly more Lewis basic

FLP was able to activate dihydrogen affording 84. It reacted with CO2 and added to

the C¼O bond of an isocyanate to give 85 and 86, respectively (Scheme 35).

The FLP 87 even added alkali metal hydrides synergistically (Scheme 36) [117].

6 Conclusions

We started this work by studying P–B coordination and conformational behavior of

intramolecular oligomethylene-linked phosphane/borane systems [42, 48] followed

by the synthesis of the vicinal FLP Mes2PCH2CH2B(C6F5)2 (3a). This system
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turned out to be a very reactive frustrated Lewis pair that was able to react with a

great variety of small molecules, often in a unique manner. The phosphane and the

borane in this “archetypical” intramolecular FLP do interact but (as we have shown

with the aid of its chiral derivatives) their interaction is weak. In addition a current

DFT analysis by S. Grimme et al. has shown that the four-membered heterocyclic

global minimum structure of 3a rapidly opened to populate open local minimum

structures of slightly higher energy content that have the C-P and C-B vectors either

anti-periplanarly oriented or arranged in a gauche conformation. According to this

calculation it is the reactive gauche type structure that undergoes the cooperative

H–H activation reaction to yield the hydridoborate/phosphonium product

[118–125]. This reaction has enabled us to develop protocols for metal-free FLP

catalyzed hydrogenation reactions.

What is remarkable about FLP chemistry is that many such pairs of Lewis acids

and Lewis bases, that have been prevented from neutralizing adduct formation by

steric bulk or electronically, exhibit reactions where they act jointly with added

substrates. A number of these reactions (e.g., hydrogen activation) are thermody-

namically cooperative, some showing great kinetic preference by favoring con-

certed pathways (e.g., CO2 addition and potentially FLP addition to some alkenes

and to nitric oxide). This behavior, especially prone for the intramolecular FLPs,

indicates that the typical FLP situation, characterized by the simultaneous presence

of reactive free Lewis base and Lewis acid components in solution, bears the

potential to find novel reactions in a rather simple way. From the exciting results

FLP chemistry has furnished in the early stages of its development we are hopeful

that this specific situation of having active non-quenched Lewis acids and bases co-

existent in solution will result in discovering more such new reaction modes. We

feel that intramolecular FLPs may play an important role in this forthcoming

development.
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93. Mömming CM (2010) Reaktivität intramolekularer frustrierter LEWIS Paare: Fixierung
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Abstract The development and use of frustrated Lewis pairs (FLPs) as both

stoichiometric and catalytic reductants for the hydrogenation of a variety of organic

substrate is described.
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Abbreviations

DABCO 1,4-Diazabicyclo[2.2.2]octane

dipp 2,6-Diisopropylphenyl ¼ C6H3iPr2
Me Methyl ¼ CH3

Mes Mesityl ¼ 2,4,6-trimethylphenyl

i-Pr Iso-propyl

Ph Phenyl ¼ C6H5

Et Ethyl ¼ C2H5

t-Bu tert-butyl ¼ C(CH3)3
Pr Propyl ¼ C3H7

Cp Cyclopentadienyl ¼ (C5H5)-

Cy Cyclohexyl ¼ C6H11

TIBAL Triisobutylaluminum ¼ Al(CH(CH3)2)3

1 Introduction

Hydrogen activation and consequently catalytic hydrogenation of unsaturated

organic substrates had been a domain of d- (and sometimes f-) block metal

chemistry. Typically, catalytic hydrogenation of alkenes and alkynes or other

more polar organic p-substrates is carried out heterogeneously using active noble

metal surfaces often applied on inert supporting materials (such as Pd on charcoal)

[1]. Alternatively, well defined molecular metal complexes, mostly but not exclu-

sively from noble d-block metals, can be used for efficient catalytic hydrogenation.

The Wilkinson catalyst [2] and the Noyori catalyst systems [3] are prominent

examples which have led to the development of a great number and variety of

metal complex catalysts for catalytic hydrogenation for various specific targets.

Before the advent of frustrated Lewis pair (FLP) chemistry [4], the cleavage and

activation of dihydrogen by non-metallic systems had been rare [5–18]. The high

activity of many FLPs to heterolytically split the H2 molecule at mild conditions

made it tempting to use these metal-free hydrogen activation systems catalytically.

This has been achieved for a variety of substrates with relative ease, so that FLP

chemistry has begun to branch out into active hydrogenation catalysis. Some

aspects from the onset of this development and some features of the current state

of FLP catalyzed hydrogenation will be presented and discussed in this account.

2 Frustrated Lewis Pair Catalyzed Hydrogenations

The discovery of the facile metal-free heterolytic cleavage of H2 by FLPs prompted us

to probe the utility of such activations in the catalytic reduction of organic substrates.

Given that the hydrogen activation by FLPs is heterolytic in nature, we sought a polar

substrate that would accept a proton and hydride in a consecutive fashion. In addition,

in order to effect a catalytic reduction, it is necessary to destabilize the substrate-borane

adduct.
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Scheme 1 Imine, aziridine, and protected nitrile hydrogenations by FLP catalysts (R ¼ Mes 1,

t-Bu 2)

Table 1 Hydrogenation by aryl-linked phosphonium-borate FLP catalysts

mol% T�C P atm T h Y

Catalyst ¼ (C6H2Me3)2PH(C6F4)BH(C6F5)2 1 [19–21]

PhCH¼Nt-Bu 5 80 1 1 79

PhCH¼NSO2Ph 5 120 5 11 97

PhCH¼NCHPh2 5 140 5 1 88

PhCH¼NCH2Ph 5 120 5 48 5

PhCH¼NCH2Ph(B(C6F5)3) 5 120 5 46 57

MeC�N(B(C6F5)3) 5 120 5 24 75

PhC�N(B(C6F5)3) 5 120 5 24 84

(CH2CH2C�N(B(C6F5)3))2 10 120 5 48 99

PhCHCHPhNPh 10 120 5 1.5 98

ClC5H3N(CH¼NCH2CH2F) 5 124 120 4 54

ClC5H3N(CH¼NCH2CH2F) 5 124 120 20 46

PhCH2CH2N((CH2)2)2C¼NPh 5 117 120 20 26

C10H10¼NCH2Ph 5 120 120 4 93

C10H10¼NCH2Ph 5 120 120 20 100

C10H10¼NCH2Pr 5 124 120 20 78

Catalyst ¼ t-Bu2PH(C6F4)BH(C6F5)2 2 [19]

PhCH¼Nt-Bu 5 80 1 1 98

PhCH¼NSO2Ph 5 120 5 16 87

ClC5H3N(CH¼NCH2CH2F) 5 120 120 4 10

ClC5H3N(CH¼NCH2CH2F) 5 117 120 20 10

PhCH2CH2N((CH2)2)2C¼NPh 5 120 120 20 25

C10H10¼NCH2Ph 5 120 120 4 90

C10H10¼NCH2Ph 5 124 120 20 100

C10H10¼NCH2Pr 5 124 120 20 100
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2.1 Hydrogenation of Imines and Related Substrates

We began with sterically encumbered imines. Indeed, in an initial report it was

shown that several aldimines which incorporated sterically demanding substituents

on nitrogen were shown to be hydrogenated effectively in the presence of

5 mol% of the phosphonium borate (R2PH)(C6F4)BH(C6F5)2 (R ¼ Mes 1, t-Bu 2)

(Scheme 1, Table 1) at 80–120 �C under 1–5 atm of H2. Under similar conditions,

the aziridine PhCHCHPhNPh was also hydrogenated [19]. In general, the yields of

these reductions were high although reaction times typically ranged from 1 to 24 h.

Separation of the product amines from the catalyst was readily achieved via simple

filtration through silica gel.

This strategy was also applied to the reductions of nitriles; however, in this case

the “protecting group” B(C6F5)3 3 was employed. Thus, treatment of nitrile adducts

of 3 with H2 and the catalyst 1 resulted in slow reduction (24–48 h) to the

corresponding amine adduct of B(C6F5)3 (Scheme 1). This strategy was effective

as the borane 3 is more Lewis acidic than the borane center in 1, and thus the nitrile

does not exchange and inhibit the catalyst. While this strategy demonstrates the

metal-free hydrogenation of nitriles, it is also true that the use of 3 as a protecting

group is only feasible as a demonstration of principle.

More recently, this reduction strategy has been used to effect the reduction of

simple diimines as well as pyridyldiimines. Using the aryl-linked phosphonium

borate as catalyst, the corresponding diamines were readily obtained (Scheme 2)

[22]. In a similar fashion, imine precursors to potential herbicides, the antidepres-

sant sertraline, and precursors to anti-cancer and herbicide candidates were

effectively reduced using this FLP strategy (Scheme 2, Table 1). In contrast,

the imine precursor to the analgesic narcotic fentanyl was reduced in low yield.

Scheme 2 FLP hydrogenations of several imine substrates
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This ineffective reduction was attributed to catalyst deactivation by coordination of

the amine center in the substrate to the boron center.

The mechanism of these metal-free imine reductions begins with protonation of

the imine followed by hydride transfer from the hydridoborate to the iminium

carbon (Scheme 3) [19]. This liberates the phosphine–borane for further reaction

with H2 for the regeneration of the phosphonium-borate. Initial protonation of the

imine is supported by the observation that reduction of the electron-rich imine

t-BuN¼CPh(H) proceeds significantly faster than that of the electron-poor imine

PhSO2N¼CPh(H). Moreover, reaction of the non-protic phosphonium-borate

(Cy3P)(C6F4)BH(C6F5)2 [23] with imine leads to no reactions, affirming that

imine does not insert into the B–H bond of the borohydride fragment.

In subsequent reports, the analogous reductions of sterically encumbered imines

and aziridines were achieved using solely B(C6F5)3 3 [24, 25] as the catalyst

(Table 2). In these cases the substrate acts as the base partner in the FLP activation

of hydrogen. It is noteworthy that electron-poor imines were hydrogenated very

slowly; thus addition of a catalytic equivalent of P(C6H2Me3)3 accelerated these

reductions as the phosphine/borane combination effected the heterolytic cleavage

of H2 more rapidly.

Mechanistically these phosphine-free heterolytic activations of H2 result from

the substrate and borane acting as an FLP to generate the corresponding iminium

cation and the borohydride [HB(C6F5)3]. Subsequent hydride transfer liberates the

borane for further H2 activation with the surplus substrate. Interestingly in the case

Scheme 3 Mechanism for FLP hydrogenation of imines
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Table 2 FLP hydrogenations catalyzed by B(C6F5)3 3 [24–26]

mol% T�C P atm T h Y

PhCH¼Nt-Bu 5 80 1 2 89

PhCH¼NSO2Ph 5 120 5 41 94

PhCH¼NCHPh2 5 120 5 1 99

PhCH¼N(SO2C6H4Me) 10 80 10 22 7

PhCH¼N(SO2C6H4Me) 10 80 20 22 97

PhCH¼N(SO2C6H4Me) 10 100 20 22 91

PhCH¼N(SO2C6H4Me) 10 100 30 22 99

C6H4CMe2CMe¼N 10 100 40 22 0

C6H4CMe2CMe¼N 10 140 20 22 21

C6H4CMe2CMe¼N 10 140 40 22 53

Ph2C¼Nt-Bu 5 120 5 1 98

PhCMe¼NC6H2Me3 5 120 5 8 94

PhCMe¼NPh 2.5 80 10 22 19

PhCMe¼NPh 5 80 10 22 68

PhCMe¼NPh 10 80 10 22 99

PhCMe¼NPh 10 50 10 22 29

PhCMe¼NPh 5 80 20 22 99

PhCHCHPhNPh 5 120 5 2 95

C6H4CH¼CHNMe 1 80 103 18 0

C6H4CH¼CHNMe 10 80 103 18 98

C6H4CH¼CMeNMe 1 80 103 18 21

C6H4CH¼CMeNMe 10 80 103 18 98

C6H4CH¼CPhNMe 1 80 103 18 37

C6H4CH¼CPhNMe 10 80 103 18 91

C9H6N(2-Ph) 5 25 4 4 80

C9H6N(2-Me) 5 50 4 16 74

C9H6N(8-Me) 10 80 4 6 88

C13H9N(acridine) 5 25 4 2 80

C13H9N(phenanthroline) 5 25 4 3 84

(CH2¼NMes)2 5 120 4 24 99

(CH2¼Ndipp)2 5 120 4 24 99

(C5H3N)(MeC¼N(C6H4-4-iPr)2 5 120 4 24 99

(C5H3N)(MeC¼N(dipp)2 5 120 4 24 99

(C5H3N)(MeC¼NMes2 5 120 4 24 99

ClC5H3N(CH¼NCH2CH2F) 5 120 120 4 13

ClC5H3N(CH¼NCH2CH2F) 5 120 120 20 31

C10H10¼NCH2Pr 5 124 120 20 100

1-CF3C6H4(2-C(Me)¼NCH2Ph) 2 117 120 16 95

PhC(Me)¼NCH(Me)t-Bu 10 80 5 48 100

PhC(Me)¼NCH(Me)C6H11 10 80 5 48 100

PhC(Me)¼NCH(Me)Ph 10 80 5 48 72

PhC(Me)¼NCH(Me)Ph 10 25 115 23 100

PhC(Et)¼NCH(Me)Ph 10 80 5 48 100

PhC(iPr)¼NCH(Me)Ph 10 80 5 48 100

PhC(Et)¼NCH(Et) 10 80 5 24 100

C7H7Me3¼NCH2Ph 10 115 5 120 100

(continued)
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of the imine (C6H2Me3)N¼C(Me)t-Bu, activation of H2 led only to the isolation of

the salt [(C6H2Me3)NH¼C(Me)t-Bu][HB(C6F5)3], suggesting that hydride transfer

to the iminium carbon was sterically inhibited [24]. These observations support a

mechanism analogous to that proposed for the aryl-linked phosphonium borate

catalysts (Scheme 4) and were also supported by the computational studies of

Papai and co-workers [27].

The precise and detailed description of the mechanism of H2 activation by these

and other FLP systems has been examined computationally by the groups of Papai

[27–31] and Grimme [32–34]. Both groups suggest the generation of an “encounter

complex” where the Lewis acid and base are close to each other, but where adduct

formation is sterically inhibited. The details of the geometry of the interaction of

the encounter complexes with H2 differ in the two models. In the Papai model the

B-H2-P vector is linear, while in the Grimme model H2 is “side-on” to B and the P is

positioned so as to be an electron donor to the H2 s* orbital. Further discussion of

these studies is provided in the chapters from these respective authors.

Evaluation of the functional group tolerance for these FLP hydrogenations using

either phosphine-borane 1 or the borane 3 was probed by the performance of a

standard imine hydrogenation in the presence of an equivalent of a function group

surrogate. In this fashion, hydrogenation using the catalyst 1 or 3 was not inhibited

by the presence of naphthalene, bulky ethers, n-hexyl acrylate, bulky amines, and

alkyl and aryl halides [22]. In contrast, in the presence of PhNMe2, t-BuNH2,

carbamates, ketones or aldehydes, and 2,4,6-Me3C6H2OH, these catalysts were

not functional. Nonetheless, they tolerated the presence of 2,6-t-Bu2C6H3OH,

suggesting that while steric encumbrance broadens the functional group tolerance,

Table 2 (continued)

mol% T�C P atm T h Y

C7H7Me3¼NPh 10 115 5 120 92

C6H6Me(i-Pr)¼NCH2Ph 10 115 5 120 100

C6H6Me(i-Pr)¼NPh 20 115 5 120 100

C6H6Me(i-Pr)¼NPh 10 115 5 120 66
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Scheme 4 Mechanism for FLP hydrogenation of imines by B(C6F5)3 3
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these FLP reduction catalysts exhibit limited tolerance of polar substituents or

sterically unencumbered donor functionalities.

In parallel optimizations, imine reductions were shown to be affected with as

little as 0.1 mol% catalyst, although this required elevated temperature and hydro-

gen pressure (130 �C, 120 atm H2) [22]. The sensitivity of these metal-free

hydrogenation catalysts to trace impurities such as water and aldehydes can be

overcome by the use of an inexpensive scrubbing agent. In this fashion,

hydrogenations of imine substrates proceed in high yields without the need for

drying of solvent or gas, or the removal of trace aldehyde impurities (Scheme 5)

[35]. In addition, these scrubbers are shown to regenerate aldehyde or water

poisoned catalysts, increasing catalyst lifetime.

FLP reduction of imine functionalities has also been applied to sensitive organ-

ometallic substrates. Treatment of an N-dipp-aminofulvene with (Me2N)2ZrCl2
resulted in NH deprotonation and formation of the group 4 metallocene complex

4 (Scheme 6). The pair of N-arylaldimino substituents at the zirconocene Cp-rings

were very efficiently hydrogenated by adding a catalytic amount of the Lewis acid 3

Nt-Bu 0.5 mol% 1 or 3, H2

2 mol% PhCHO (poison)
wet toluene
10 mol% scrubber

NHt -Bu

Scrubber = TIBAL, Et3SiH, Me2SiHCl

Catalyst Scrubber Conversion
1 TIBAL 99%
3 TIBAL 68%
3 Et3SiH 100%
3 Me2SiHCl 100%

Scheme 5 Imine hydrogenation in the presence of catalyst poison using a scrubber
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Scheme 6 FLP reduction of organometallic imine complex and H2 activation
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to the system followed by exposure to dihydrogen (rt, 2 bar). This resulted in

reduction of the imine functional groups to the corresponding N-arylaminomethyl

derivatives 5 [36, 37]. This reaction is one of many examples where the nitrogen

atom of the imine functionality of the substrate initially serves itself as the Lewis

base for the generation of the FLP for dihydrogen splitting.

A number of other catalysts for the reduction of imines – among other substrates –

have been explored by several other researchers [28, 38–41]. These developments

are described in other chapters in this volume and thus are not reviewed here.

In addition, further evolution of catalysts for asymmetric hydrogenations has

emerged from the Klankermayer group [25, 42, 43]. This work is reviewed in the

respective chapter.

2.2 Hydrogenation of Silylenol Ether Substrates

FLP hydrogenations are not limited to imines. In the presence of stoichiometric

amounts of 3 the amine/borane FLPs reacted further with dihydrogen to yield the

ammonium/hydridoborate product 6 and subsequently 7 (Scheme 6). The salt 7 is

an efficient FLP catalyst for the hydrogenation of bulky organic imines as well

as the reduction of a silylenolether to the corresponding silylated alcohol product

(Scheme 7).

Related reductions are readily achieved using silylenol ethers as the substrates.

For example, the FLP derived from 1,8-bis(diphenylphosphino)naphthalene and 3

has proved to be a suitable catalyst for this purpose [44]. This FLP slowly activates

dihydrogen at ambient conditions to give the mono-phosphonium/hydrido borate

salt 8 which features a B–H···H–P contact in the crystal (Fig. 1). The formation of

8 is a rare example of an FLP where the activation of H2 is reversible [40, 45, 46] as

8 liberates H2 to reform the FLP cleanly at elevated temperatures (60 �C)
(Scheme 8).

This FLP system acts as a catalyst for the hydrogenation of silylenolethers [44].

The reaction of sufficiently sterically hindered silylenolethers proceeds to give the

corresponding silylated alcohols with good substrate conversion and good yields of

N
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Scheme 7 Hydrogenations catalyzed by 7
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the isolated products (Scheme 9). In cases where the steric bulk is insufficient, the

reaction only proceeds in a stoichiometric fashion.

The slow background reaction in this system, in which the Lewis acid 3 alone

effects the conversion of electron-rich silylenolethers to the respective silylated

alcohol, becomes an efficient catalytic process at 60 bar H2 pressure. In this fashion,

the silylenolethers t-Bu(Me3SiO)C¼CH2, C6H9(OCSiMe3) and C5H7(OCSiMe3)

were quantitatively converted the corresponding saturated silyl ethers over a 20h

period at room temperature employing 20 mol% 3 as the catalyst. These

observations infer that the electron-rich silylenol ether substrate serves as the

Lewis base in this FLP “self-catalyzed” hydrogenation reaction (Scheme 10) [47].

2.3 Hydrogenation of Enamine Substrates

The intramolecular FLP (Mes)2PCH2CH2B(C6F5)2 9 is a very active dihydrogen

splitting reagent. It readily yields the phosphonium/hydrido borate zwitterion 10

when exposed to dihydrogen under mild conditions (Scheme 11) [32]. This FLP

system is an active metal-free catalyst for the hydrogenation of imines and of

Fig. 1 Molecular structure of the phosphonium/hydrido borate salt 8; B–H···H–P contact is 2.08 Å

Ph2P PPh2

H

[HB(C6F5)3]

Ph2P PPh2

B(C6F5)3

+ H2
r.t.,17h

60°C
- H2

+

8

Scheme 8 Reversible activation of H2 by diphosphine/borane FLP 8
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enamines (Scheme 11). A number of enamines were cleanly hydrogenated to their

corresponding tertiary amines under homogeneous conditions with this FLP cata-

lyst. In some cases good yields were obtained with less than 5 mol% of the catalyst

system. Even tetra-substituted enamino-C¼C double bonds could be hydrogenated,

albeit under slightly more forcing reaction conditions. A few conjugated dienamine

substrates were also fully hydrogenated to yield the saturated tertiary amines [20].
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OSiMe3 OSiMe3

Ph2P PPh2

/ B(C6F5)3

(20 mol%)

H2 (2 bar)
25 °C
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t -Bu
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t -Bu
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OSiMe3 OSiMe3

>99 (93)

>99 (89)

>99 (86)

>99 (85)

16

Substrate Product Conversion (Yield)

Scheme 9 FLP hydrogenations of silylenol ethers
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Scheme 10 Proposed pathway for Lewis acid mediated hydrogenation of silylenol ethers
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The catalytic hydrogenations of the ferrocenophane-derived dienamines by 9/10

are exceptional as they proceed predominantly or even exclusively to form the

allylamine product, depending on the substitution at nitrogen. These products are

derived from a 1,4-hydrogenation of the conformationally restricted conjugated

dienamine unit (Scheme 12) [21].

These enamine hydrogenations by FLP catalysis are likely to proceed by a two-

step reaction mechanism that is initiated by protonation to generate a reactive

iminium ion intermediate that is then subsequently reduced by hydride transfer

from the hydrido borate anion (Scheme 13). This view was supported by a series

of experiments using the [3]-ferrocenophane derived conjugated dienamine [21].

Treatment with HCl in ether resulted in selective protonation at the 4-position of the

dienamine unit to give the conjugated iminium salt (Scheme 14). Anion exchange

with Ag[BF4] yielded the corresponding BF4 salt. Analogous treatment of the

[3]-ferrocenophane conjugated dienamine with the zirconocene bound

Mes2P
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Scheme 11 Catalytic hydrogenations of enamines by the FLP catalyst 9/10
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ammonium/hydrido borate salt 6 gave an iminium salt with an [HB(C6F5)3
�] anion,

11. This latter species 11 was characterized by X-ray diffraction (Fig. 2).

Subsequent treatment of the iminium salt (X� ¼ BF4
�) with the FLP derived

hydrogen activation product 10 (70 �C, 20 min) eventually gave a ca. 70:30 mixture

of the allylamine and fully hydrogenated product, similar to that derived from the

catalytic hydrogenation described above.

Fe

CH2

NR2

Fe

CH3

NR2

H2
r.t.

9/10
(5 mol%)

NR2: NMe2 77% 23%

N >99% <1%

N O >99% <1%

Fe

CH3

NR2

+

Scheme 12 Catalytic hydrogenation of ferrocenophane-derived dienamines by 9/10
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Scheme 13 Proposed sequence of proton/hydride transfer to enamine by an FLP

Fe
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H
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Scheme 14 Reactions of [3]ferrocenophane conjugated dienamine
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Intramolecular vicinal amine/borane FLPs can be obtained by hydroboration of a

variety of enamines with Piers’ borane [HB(C6F5)2] [48–51]. Some of the systems

split dihydrogen under mild conditions to give the respective ammonium/hydrido

borate zwitterions (Scheme 15). The system 12/13 is a typical example. This system

also acts as a catalyst for the reduction of enamines. At 60 bar H2 pressure, a series of

enamines were hydrogenated to the respective tertiary amines at room temperature in

the presence of 5 mol% of this N/B FLP hydrogenation catalyst (Scheme 16) [51].

2.4 Hydrogenation of 1,1-Disubstituted Olefin Substrates

Seeking to broaden further the scope of FLP hydrogenations, a study was initiated

employing 3 in combination with the weakly basic phosphine (C6F5)Ph2P [52].

Spectroscopic examination of a 1:1 mixture inferred no reaction at 25 �C. Exposure
of this FLP to H2 (5 bar) gave no changes in the NMR spectra at room temperature;

however, at �80 �C the 31P{1H} NMR signal shifts significantly to lower field,

Fig. 2 Molecular structure of the salt 11

N

Ph

HB(C6F5)2 N

H
Ph

B(C6F5)2
H2

r.t.
NH

H
Ph B(C6F5)2

H

12 13

Scheme 15 Synthesis and reaction amine-borane FLP with H2
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consistent with the formation of the phosphonium species [(C6F5)Ph2PH]
+. The

corresponding 11B and 19F NMR spectra were consistent with the formation of the

phosphonium-borate salt [(C6F5)Ph2PH][HB(C6F5)3] 14. On warming back to room

temperature the NMR spectra were consistent with the reformation of the FLP,

demonstrating a remarkably low barrier to the reversible activation of H2.

The facility of the reversible loss of H2 is attributable in part to the acidity of the

cation of 14. Thus, 20 mol% mixture of (C6F5)Ph2P/3 were exposed to 1,1-

diphenylethene under 5 bar of H2 at room temperature, leading to the formation

of saturated product 1,1-diphenylethane in quantitative yield (Table 3).1 In a similar

fashion, this reaction was not effected using the phosphine (C6F5)2PhP, presumably

a result of the low nucleophilicity of this phosphine. On the other hand, (2,6-

C6H3Cl2)3P and (C10H7)3P were also effective [52].

A series of substrates were probed including 2-phenylpropene, 2-tolylpropene,

and 2-neosilylpropene (Table 3). In the case of 2,3-dimethylbutadiene, heating

to 50 �C afforded a 99% yield of 2,3-dimethylbutene, while the reduction of

2-methylbutadiene produced a mixture of 3-methylbutene and 2-methylbutene in

a 10:1 ratio [52].

Ph

N
Me

Ph

N

H

N N

Ph

N
Me

Ph

N

H

N

B(C6F5)2Ph H
H

H

13

(5 mol%)
60 bar H2, r. t.

(conversion) (83%)
[% isolated] [64%]

(100%)
[56%]

(80%)
[55%]

Scheme 16 Catalytic enamine reduction by 12/13

1 No reaction was observed when 3a was reacted with 1 or 2 and 1/2 in the absence of hydrogen.
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The mechanism of these FLP-catalyzed reductions of simple olefinic bonds is

thought to involve protonation of the olefin generating a carbocation to which

hydride transfer occurs. The intermediacy of the carbocation was confirmed with

a competition experiment in which the cation was scavenged by the arylamine

Ph2NMe. Thus, combination of 1,1-diphenylethene and 1.2 equiv of Ph2NMe with

20 mol% 3 resulted in the formation of 69% yield of 1,1-diphenylethane, and 31%

yield of Ph2MeC(C6H4)NMePh (Scheme 17). In contrast, use of pTol2NMe proved

to be a superior Lewis base for the hydrogenation of 1.1-diphenylethylene. In this

case, catalyst loadings could be reduced to 5 mol% [52].

Table 3 Catalytic olefin hydrogenations by FLPsa

Olefin Lewis base Time [h] Product Yield [%]

(C6F5)Ph2P 24 99

(2,6-C6H3Cl2)3P 24 99

(C10H7)3P
b 12 95

(C10H7)3P
b

240 96

(C10H7)3P 96 85

(C10H7)3P 12 95

(C10H7)3P 240 90

(C10H7)3P 240 82

8

aReactions were on 0.1 mmol scale in CD2Cl2 (0.5 mL, 0.2 M) using 20 mol% Lewis base and 3;

yields were determined by 1H NMR spectroscopy
bReactions were performed at 50 �C

Ph

Ph

H2

Ph2NMe
+

B(C6F5)3

Ph

Ph

Me

[HB(C6F5)3]

Ph

Ph Me

H

NPhMe

Ph

H
Ph

[HB(C6F5)3]

Ph2NMe

Scheme 17 Competition experiment using Ph2NMe to capture the transient carbocation
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2.5 Hydrogenation of Electron-Poor Alkenes and Alkynes

In considering the catalytic hydrogenation of a,b-unsaturated enones or ynones

there are, a priori, two mechanistic options. The reaction could be proton induced

(Scheme 18a) where the electrophilicity of the enone (or ynone) is further enhanced

by protonation of the carbonyl oxygen, thus facilitating hydride attack at the

“Michael position.” Alternatively, it might be that the electrophilic enone (or

ynone) reactivity might itself be sufficient for addition of the hydride nucleophile

at the b-position (Scheme 18b), followed by proton transfer.

To probe this question, the [t-Bu3PH][HB(C6F5)3] salt 16, generated from

3/t-Bu3P FLP [53] and H2, was treated with the conjugated ynone PhC�CC(O)Ph

[54]. This led to reduction of the C�C triple bond affording the corresponding

cis-enone and a minor amount of the trans-isomer (Scheme 19). The latter product

was shown to be the product of an acid catalyzed isomerisation of cis-isomer.

R1 O

(a)
"+ H+"

(b)
"+ H- "

R1 O

R1 O R1 O

R1 OHH

H
H

H

R

R

[R3PH][HB(C6F5)3]

R

R
"+ H- "

R
H

R

R
H

R "+ H+ "

H H

H
R

R

tautomerize

Scheme 18 Possible mechanisms of enone reduction by an FLP

[t-Bu3PH][HB(C6F5)3]

Ph
Ph

O Ph

HH

Ph
O

Ph

H

H

O
Ph

+

+ t-Bu3P/ B(C6F5)3

Ph
Ph

O

·
Ph

O B(C6F5)3Ph

t-Bu3P

(36%)

CH2Cl2

1,4-[B]H
addition

O [B]

H
P

R

H

R
R

P
R

H

R
R

Ph

(40%)

2 equiv.16

cis trans

Scheme 19 Reduction of ynones by an FLP
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The preferential formation of the cis-enone is rationalized by protonation of an allenic
boron enolate intermediate by the bulky [t-Bu3PH]

+ phosphonium cation from the less

hindered side (Scheme 19). The cis-enone was obtained in 40% stoichiometric yield.

This results from the sequestration of the FLP 3/t-Bu3P FLP by the relatively fast

reaction of the liberated FLP with the ynone substrate to give the phosphonium allenic

boron enolate, t-Bu3P C(Ph)¼C¼C(Ph)OB(C6F5)3 (Scheme 19).

To effect catalytic ynone hydrogenation, use of a less Lewis acidic borane

component of the FLP is envisioned as this would make trapping of the a,b-
unsaturated ketone less favorable. To this end, a series of very bulky alkenylboranes

(17a–c) were prepared by 1,1-carboboration of acetylenes (Scheme 20) [55–60].

In some cases, subsequent photolytic E/Z-olefin isomerization was required to

obtain a single product.

The FLP derived from 17b/t-Bu3P activated H2 rapidly to form the salt 18b.

This was able to transfer stoichiometrically the H+/H� pair cleanly to the ynone

PhC�CC(O)tBu to yield the corresponding cis-enone. However, increasing the

H2 pressure and reaction temperature and changing the Lewis base to DABCO

achieved the catalytic hydrogenation of the ynone (Scheme 21). Interestingly these

conditions yielded the trans-enone as the major product although some of the

C CR1 R2
B(C6F5)3 hn

C C

R1

R2 B(C6F5)2

C6F5
17

R1 = n-Pr, R2 = H (a)
R1 = t -Bu, R2 = H (b)
R1 = R2 = n-Pr (c)

Scheme 20 Synthesis of alkenylboranes

Ph
t-Bu

O

Ph

HH

O

Ph

H

H

O
t-Bu

B(C6F5)2

C6F5t-Bu

H

H
[HPt-Bu3](20 mol%)

H2

B(C6F5)2

C6F5t-Bu

H

(20 mol%)

H2 (10 bar), 80°C

N

N

/

(20%)

Ph

O
t-Bu

+
Ph

HH

O
+

t -Bu

t -Bucis

17b

trans

cis

(80%) product ratio: 50: 1.5: 1

18b

Scheme 21 Hydrogenation of ynones with DABCO/17b or 18b FLPs
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cis-isomer and a small amount of the saturated ketone were also observed. Soos

et al. had described a related example of a terpene derived enone hydrogenation

with the related (Mes)B(C6F5)2/DABCO catalyst [28].

The 17b/DABCO and 17c/DABCO FLP systems are also good catalysts for the

hydrogenation of the conjugated enone PhCH¼CHC(O)Ph (Scheme 22) affording a

good yield of the saturated ketone. The yield of hydrogenation product was

improved for the substrate p-(CF3)C6H4CH¼CHC(O)Ph while the corresponding

–OMe substituted substrate was not hydrogenated under these conditions [61].

In the case of the closely related FLP derived from the n-propyl substituted
alkenylborane, 17a/DABCO system only gave a small of the hydrogenation of the

enone, PhCH¼CHC(O)Ph. Nonetheless, the FLP derived from 17a/t-Bu3P cleanly

splits H2; however in this case a second molar equivalent of H2 was consumed

effecting the hydrogenation of the alkenylborane C¼C double bond. The product,

the saturated hydridoborate/phosphonium derivative 19 (Fig. 3, Scheme 23) [61], is

a rare example of a hydrogenation of an alkenylborane [62].

2.6 Arene Hydrogenation

The FLP activation of H2 is readily achieved by the combination of the amine

t-BuNHPh/3 under H2 (4 atm) at 25 �C for 12 h, affording the salt [t-BuNH2Ph][HB

(C6F5)3] 20 [63]. However, on prolonged heating at 110 �C for 96 h under H2, the

N-bound phenyl ring is reduced yielding [t-BuNH2Cy][HB(C6F5)3] 21 (Scheme 24).

In a similar fashion, hydrogenation with an equivalent of 3 of iPrNHPh afforded

[i-PrNH2Cy][HB(C6F5)3] while hydrogenation of PhCyNH or Ph2NH gave

[Cy2NH2][HB(C6F5)3]. In a similar fashion, i-PrNH(2-MeC6H4), i-PrNH(4-RC6H4)

(R ¼ Me, OMe), i-PrNH(3-MeC6H4), and i-PrNH(3,5-Me2C6H3) (Table 4) were

reduced with 3 under H2 (4 atm) at 110 �C gave the corresponding products

[i-PrNH2(2-MeC6H10)][HB(C6F5)3], [i-PrNH2(4-RC6H10)][HB(C6F5)3] (R ¼ Me,

OMe), [i-PrNH2(3-MeC6H10)][HB(C6F5)3], and [i-PrNH2(3,5-Me2C6H9)][HB

OH

H
R

R2

C6F5R1

B(C6F5)2

H2 (10 bar), 80 °C, 48h

N

N

(20 mol%)

O

R

Borane % conv. (Yield)
17a 2 (--)
17b 81 (74)
17c 50 (47)

R = H

trans

17

Borane % conv. (Yield)

17b quant. (91)

R = CF3

Scheme 22 Hydrogenation of enones
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(C6F5)3] (Table 4). The yields ranged from 61 to 82% [63]. The corresponding

treatment of cis-1,2,3-triphenylazirdine with 3 at 110 �C for 96 h yielded the salt

[CyNH2CHPhCH2Ph][HB(C6F5)3] [63], in which only the N-bound phenyl ring is

reduced. Similarly, the imines PhN¼CMePh and (Me2C¼N)2C6H4 are reduced to

[PhCH(Me)NH2Cy][HB(C6F5)3] and [(i-PrNH2)2C6H10][HB(C6F5)3]2, respectively

(Table 4).

These unique reductions were also probed via computational studies. They

suggest that the FLP activation of H2 by amine t-BuNHPh and 3 is energetically

9.7 kcal/mol lower than the FLP. This relatively low barrier yields equilibrium

conditions at elevated temperatures allowing for the amine to rotate attaining a van

der Waals complex in which the para-carbon of the arene ring is proximal to boron.

This provides an activation barrier of 8.7 kcal/mol, and thus a net free activation

enthalpy (i.e., relative to the FLP) of 23.8 kcal/mol to the transient species

[t-BuNHC6H6][HB(C6F5)3] which undergoes subsequent hydrogenation to effect

the complete arene reduction (Scheme 25) [63].

17a 19

Pr

H B(C6F5)2

C6F5 H2

Pt-Bu3

Pr

H B(C6F5)2

C6F5
H H

H

[HPt-Bu3]

Scheme 23 Reaction of 18a/Pt-Bu3 with H2

Fig. 3 A view of the molecular structure of compound 19
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2.7 Transfer Hydrogenations

Transfer hydrogenations of imines are also possible employing an FLP approach.

Indeed, 3 is known to activate amines [64], and has recently been shown to

effect the catalytic racemization of a chiral amine [65]. Extending this strategy

to a bimolecular process, catalytic hydrogen transfer from i-Pr2NH to imines,

enamines and N-heterocycles can be effected, although the catalyst loading varied

from 1 to 20 mol%. The proposed catalytic cycle is illustrated in Scheme 26

(Table 5).

NH2

tBu

HB(C6F5)3
B(C6F5)3NH

Ph

t Bu

H2

NH2

Ph

tBu

HB(C6F5)3

H225oC

110°C

20

21

Scheme 24 Hydrogenation of tert-butylaniline

Table 4 Aniline hydrogenations

Aniline Product cation t (h) Y %

t-BuNHPh [t-BuNH2Cy]
+ 96 30

i-PrNHPh [i-PrNH2Cy]
+ 36 93

CyNHPh [Cy2NH2]
+ 36 88

Ph2NH [Cy2NH2]
+ 96 65

i-PrNH(2-MeC6H4) [i-PrNH2(2-MeC6H10)]
+ 36 77

i-PrNH(4-MeC6H4) [i-PrNH2(4-MeC6H10)]
+ 36 73

i-PrNH(4-MeOC6H4) [i-PrNH2(4-MeOC6H10)]
+ 36 61

i-PrNH(3-MeC6H4) [i-PrNH2(3-MeC6H10) ]
+ 36 82

i-PrNH(3,5-Me2C6H3) [i-PrNH2(3,5-Me2C6H9)]
+ 72 48

PhN(C2H2Ph2) [CyNH2(CH(Ph)CH2Ph)]
+ 96 50

PhN¼C(Me)Ph [CyNH2CH(Me)Ph]+ 96 57

(Me2C¼N)2C6H4 [(i-PrNH2)2C6H10]
2+ 72 64

NH

R
B(C6F5)3

H2

NH2

R

HB(C6F5)3

NH

R
B(C6F5)3

H2

NH
R

NH2

R

HB(C6F5)3

Scheme 25 Proposed reaction pathways to anilinium and cyclohexylammonium salts
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The unsaturated intramolecular FLPs Z-Mes2PCH¼CRB(C6F5)2 22 (R ¼ Me,

Ph) were readily available by HB(C6F5)2 hydroboration of the corresponding phos-

phinoacetylene. While this FLP did not activate H2, treatment with a catalytic

amount of 10 effected transfer of H+/H� pair affording the vicinal phosphonium/

hydroborate zwitterions 23 (Scheme 27) [20]. Despite the inability of 22 to activate

H2, it does act as an effective catalyst for the transfer of hydrogen from ammonia

N
R"

R
+ B(C6F5)3 +

R'

HN
R"

R R'
Hi-Pr2NH

N
iPr HN

R"

R

[HB(C6F5)3]

R'

Scheme 26 Proposed catalytic cycle for transfer hydrogenation

Table 5 B(C6F5)3 catalyzed transfer hydrogenationsa

Substrate Product Cat. (mol%) Yield (%)

PhCH¼Nt-Bu PhCH2NHt-Bu 1 70

PhCH¼Nt-Bu PhCH2NHt-Bu 5 98

PhCH¼NC6H3Me2 PhCH2NHC6H3Me2 20 98

PhCH¼NPh PhCH2NHPh 20 98

PhC(Me)¼NPh PhC(Me)HNHPh 20 37

Cl
Cl

N

Cl
Cl

HN
20 90

b

C5H10NC6H9 C5H10NC6H11 20 98

N N
20 98

N N
H

20 56

Ph

N

Ph

Ph

Ph PhN

Ph
20 27

a24 h at 100 ºC; yields determined by 1H-NMR spectroscopy
bMixture of diastereomers
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borane to an enamine as treatment of the enamine Ph(NC5H10)C¼CH2 with

H3NBH3 in the presence of ca. 16 mol% of 22a resulted in the formation of the

corresponding tertiary amine with concurrent formation of borazine (Scheme 27).

3 Conclusions

In the century since the discoveries of hydrogenations by Sabatier, the field has

evolved to one of the most important reactions used in chemistry. The onset of

organometallic chemistry and development of homogeneous catalysts in the 1960s

were major landmarks in this field. The recent discovery of the FLP approach to

metal-free heterolytic cleavage of H2 may also be viewed as a turning point. In the

5 years since the first report of FLP hydrogenations, the scope of substrates has

broadened dramatically as has the studies of catalyst variations. To date, imines,

aziridines, enamines, silyl enol ethers, diimines, metallocene derivatives and

nitrogen-based heterocycles, olefins, and arene rings have been reduced employing

this metal-free approach. It is clear that this is an exciting time and undoubtedly

new developments of FLP systems will continue to emerge being driven by the

potential for applications in academic and industrial settings.
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Bernhard Rieger, and Timo Repo

Abstract The use of frustrated Lewis pairs (FLPs) as hydrogenation catalysts is

attracting increasing attention as one of the most modern and rapidly growing areas

of organic chemistry, with many research groups around the world working on this

subject. Since the pioneering studies of the groups of Stephan and Piers on the Lewis

acid–base pairs, which do not react irreversibly with each other and act as a trap for

small molecules, numerous FLPs for hydrogen activation have been reported. Among

others, intra- and intermolecular systems based on phosphines, organic carbenes,

amines as Lewis bases, and boranes or alanes as Lewis acids were studied. This

review presents a progression from the first observation of the facile heterolytical

cleavage of hydrogen gas by amines and B(C6F5)3 to highly active non-metal catalysts

for both enantioselective and racemic hydrogenation of unsaturated nitrogen-

containing compounds and also internal alkynes.
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Abbreviations

1D NOE One-dimensional nuclear Overhauser effect spectroscopy

2D NOESY Two-dimensional nuclear Overhauser effect spectroscopy

9-BBN 9-Borabicyclo[3.3.1]nonane

BCF Tris(pentafluorophenyl)borane

Bn Benzyl

Bu Butyl

d Day(s)

DABCO 1,4-Diazabicyclo[2.2.2]octane

DFT Density functional theory

DHB Dihydrogen bond

DMDPP trans-2,6-Dimethyl-2,6-diphenylpiperidine

ee Enantiomer excess

equiv. Equivalent(s)

Et Ethyl

FLP Frustrated Lewis pair

FT-IR Fourier transform infrared spectroscopy

h Hour(s)

iPr Isopropyl

ItBu 1,3-Di-tert-butylimidazolin-2-ylidene

LAB Lewis acid–base

Me Methyl

Mes Mesityl 2,4,6-trimethylphenyl (not methanesulfonyl)

min Minute(s)

MTBE Methyl tert-butyl ether
NHC N-Heterocyclic carbene
NMR Nuclear magnetic resonance

Np Naphthyl

o-Tol o-Methylphenyl
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Ph Phenyl

PMP p-Methoxyphenyl

Pr Propyl

RT Room temperature

tBu tert-Butyl
THF Tetrahydrofuran

TMP 2,2,6,6-Tetramethylpiperidine

TMS Trimethylsilyl

Tos Tosyl 4-toluenesulfonyl

TRIP 3,30-Bis(2,4,6-triisopropylphenyl)-1,10-binaphthyl-2,20-diyl
hydrogenphosphate

1 Introduction

During the past century, hydrogen activation and hydrogenation of unsaturated

compounds under mild conditions was an exclusive prerogative of transition metals

[1–3]. While there are countless synthetic and enzymatic complexes which contain

a transition metal at their reactive core and that are able to cleave dihydrogen and

catalytically reduce organic substrates, the H–H bond activation solely by non-

metals under mild conditions was unknown until recently [4, 5]. In 2005–2007

different main group systems capable of hydrogen activation were reported and

the “frustrated Lewis pairs (FLPs)” concept was introduced (Scheme 1) [6–9].

According to this concept, steric and/or electronic properties of the Lewis acid

and the Lewis base prevent the irreversible classical Lewis acid–base (LAB) adduct

formation. Recently, several metal-free FLP catalysts for the direct metal-free

catalytic hydrogenation of imines, enamines, nitrogen-containing heterocycles,

and non-terminal alkynes were developed.

Compared to traditional transition metal catalysts and enzymes, these systems

offer many advantages related to catalyst selectivity, functional-group tolerance,

environmental sustainability, cost-efficiency, and the fine purification of the final

products [10–12]. This review concentrates on hydrogen activation and catalytic

hydrogenation by intra- and inter-molecular amine-borane FLPs. The capabilities

and limitations of such systems are described and compared to each other.

2 Pioneering Studies

Like many other organocatalytic methods, the FLP concept took a long time to

mature. Remarkably, the first example of an unusual LAB pair, comprising

amine and borane, dates back to 1942, when Brown and co-workers reported that
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2,6-lutidine reacts with BF3 to give a stable classical LAB adduct in quantitative

yield, but does not react with BMe3 even at low temperature (Scheme 1) [13].

Moreover, the subsequent reactivity of unusual LAB pairs with other molecules had

already been discovered by Wittig and co-workers in the 1950s. For instance, they

showed that a mixture of tritylsodium (Ph3CNa) with triphenylborane (Ph3B) can

attack suitable substrates like tetrahydrofuran, 2,3-dimethylbutadiene, and carbon

monoxide nucleophilically and electrophilically at the same time to form new

organosodium compounds [14–18]. However, as with other metal-free catalytic

transformations, FLPs required a key discovery – reversible hydrogen activation by

a nonmetal system based on bulky phosphinoborane in 2006 – to boost the research

activity in this field (Scheme 2) [6].

The key to the successful heterolytic cleavage of H2 under mild conditions by

Stephan’s phosphinoborane is the use of the LAB pair with correctly matched

electronic and steric properties. While steric repulsion is sufficient to preclude the

formation of the phosphine-borane adduct, the Lewis acidity of the boron and the

Lewis basicity of the phosphorus atoms are high enough to favor thermodynami-

cally the formation of a hydrogenated product at room temperature. When the

reaction is almost thermodynamically neutral, facile hydrogen liberation takes

place at elevated temperature [19]. In an analogous fashion, later, mixtures of

sterically demanding phosphines and B(C6F5)3 were also shown to cleave H2

heterolytically. However, the resulting phosphonium-borates [R3PH][HB(C6F5)3]

(R ¼ tBu, o-MeC6H4, Mes) were more stable and did not release hydrogen even

upon heating at 150 C [7].

Looking back now, 3 years before Stephan’s “frustrated” phosphinoborane,

there was an important prerequisite for the discovery of FLPs. In 2003 Roesler

and Piers published “synthesis, structural characterization and reactivity of the

P B

FF

F F
C6F5

C6F5Mes

Mes
P B

FF

F F
C6F5

C6F5Mes

Mes

H H

150 °C, 5h
75%

1 atm. H2
RT

Scheme 2 Reversible hydrogen activation by Stephan’s “frustrated” phosphinoborane [6]

NN

BF3

BF3

BMe3 No Reaction

B(C6F5)3 N

B(C6F5)3

Classical LALB adduct Frustrated Lewis Pairs

Scheme 1 Classical versus frustrated Lewis pairs
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amino borane 1-(NPh2)-2-[B(C6F5)2]C6H4”, invited paper in Journal of Organo-
metallic Chemistry, which is a specialized journal and as a result their work was not
recognized at that time. In this article, they described the first “frustrated” intramo-

lecular LAB system, where the active Lewis acidic boron and Lewis basic nitrogen

centers were located close to each other and did not form a classical LAB adduct

due to the steric hindrance of the bulky amine and borane moieties and the high

strain energy of the corresponding four-membered ring [20].

Roesler and Piers also predicted that such a “Lewis acid/Lewis base trap” would

be suitable for the reversible activation of H2 (Scheme 3). Specifically, they not

only speculated that ammonium borate o-Ph2NH
+–C6H4–[HB(C6F5)2]

� might be a

“dihydrogen storage device, able to release H2 upon heating or during a chemical

reaction, regenerating” aminoborane o-Ph2N–C6H4–B(C6F5)2, but also suggested

that strong N–Hd+. . .d�H–B dihydrogen bond (DHB) interactions would play a key

role in this process. Unfortunately, Piers’ aminoborane was unable to cleave H2 due

to another important observation made in this paper: the significantly reduced

basicity of the amino group, which “would have to be significantly higher in order

to thermodynamically favor the formation of a dihydrogen adduct over the elimina-

tion of hydrogen”. Although the hydrogenated system was never characterized,

attempts to generate ammonium borate in situ led to spontaneous liberation of

dihydrogen gas even at low temperature.

Nevertheless, their “frustrated” aminoborane was extremely sensitive to moisture

and acids or, in other words, was able to activate H2O and HCl forming zwitterionic

products. Recently, analogous properties of ammonium and phosphonium boranes

were found to be essential for the selective receptors for cyanide and fluorine ions in

water at neutral pH [21–23]. Moreover, as we showed recently, a simple replacement

of the diphenylaminomoiety by the more electron-donating dimethylamino group led

to aminoborane o-Me2N–C6H4–B(C6F5)2, which is indeed able to activate reversibly

hydrogen gas [24].

3 Hydrogen Activation by Amines and Boranes

The FLP concept states that steric and/or electronic properties of the corresponding

Lewis acid and Lewis base should be appropriate to preclude the irreversible LAB

adduct formation [25]. Indeed, the first examples of FLP systems, which were able

to cleave hydrogen in a facile manner, consisted of extremely bulky phosphines and

Ph2N

B(C6F5)2

NPh2

B(C6F5)2

H
H

+H2

-H2

-30 °C

Scheme 3 Piers’ aminoborane and ammonium borate [20]
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tris(pentafluorophenyl)borane [6, 7]. This was due to the fact that less sterically

hindered phosphines can react with B(C6F5)3 forming stable LAB adducts or can

undergo nucleophilic substitution of the para-fluorine atom, giving intramolecular

phosphonium-borates [26]. Thus, there are only a few commercially available

bulky phosphines, such as Mes3P, o-Tol3P, tBu3P, that can be used for hydrogen

activation in combination with highly Lewis acidic boranes [7, 27]. Even then, in

some cases, despite the seeming simplicity of such FLPs, the mechanistic picture is

rather complex and includes the in situ formation of phosphinoboranes p-R2PC6F4B

(C6F5)2, which can further catalyze phosphonium-borate formation, for example

[tBu3PH][HB(C6F5)3] [28].

A logical development of the FLP systems, but still significant, was the implemen-

tation of bulky amines as Lewis basic components [29]. Since the carbon–nitrogen

bond is shorter than the carbon–phosphorus bond, a much broader variety of sterically

hindered amines is readily and commercially available. Furthermore, in contrast to

bulky phosphines, such amines are air-stable and inexpensive.

Similarly to non-bulky phosphines and B(C6F5)3, the binary mixtures of

amines and boranes can undergo different transformations depending on their steric,

electronic, and chemical properties [30–33]. These transformations can be classified

into two categories: the classical LAB adduct formation and the abstraction of an

a-hydride from an amine by the Lewis acidic B(C6F5)3 (Schemes 4 and 5). In the first

case, whilst sterically accessible amines and pyridines react with boranes forming

stable LAB adducts (Scheme 4, 1a), the reactions of more sterically hindered amines

or pyridines with B(C6F5)3 are fully reversible either at room or elevated tempera-

ture (Scheme 4, 1b). In addition, no interaction between themost bulky amines and B

(C6F5)3 can be detected via NMR spectroscopy, even at low temperature (Scheme 4,

1c). Generally, in this case the steric effects prevail over electronic effects.

However, if the steric effects are large enough to prevent irreversible LAB

adduct formation, then, depending on their electronic properties, amines and

anilines that contain an aliphatic chain with a- or a- and b-protons next to each

1a) R3N + B(C6F5)3 R3N B(C6F5)3

R3N = NH3, tBuNH2, BnNH2, BnNHMe, Bn2NH, Me3N, Pyridine

1b) R3N + B(C6F5)3 R3N B(C6F5)3

R3N = tBuNHBn, PhNMe2, BnNMe2, 2,6-Lutidine

1c) R3N + B(C6F5)3

R3N = TMP, N-MeTMP, DMDPP, 2,4,6-t-butyl-pyridine

No reaction

Scheme 4 LAB interactions between amines and B(C6F5)3
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other (like Me, Bn or Et, n-Pr, iPr groups) may exhibit completely different

reactivities towards tris(pentafluorophenyl)borane. In this case, the reaction of

various amines with B(C6F5)3 results in an a-hydride abstraction by the Lewis

acidic borane from an amine, followed by the reversible formation of iminium

borohydride (Scheme 5, 2a). The racemization of enantioenriched amines catalyzed

by B(C6F5)3 is an example of this type of reaction [34, 35]. When both a and b
protons are present in the alkyl chain of an amine, the reaction can proceed further

to produce, in either an irreversible or a reversible manner, a mixture of zwitterion

iminium borate and ammonium borohydride (Scheme 5, 2b and 2c). In some cases,

as with N-isopropylaniline and B(C6F5)3, both LAB adduct formation and abstrac-

tion of an a-hydride pathways were observed (Scheme 5, 3a).

The above examples demonstrate a wide range of possible interactions between

amines and B(C6F5)3. Nevertheless, in most of the cases (1b, 2a, 2c, 3a) the free

amine and tris(pentafluorophenyl)borane are in equilibrium with the products of the

reaction or do not react with each other at all (1c), and can be used in the subsequent

activation of small molecules.

The first examples of hydrogen activation by intermolecular amine-borane based

FLP systems were reported in 2008 by us and others (Scheme 6) [29, 36]. Specifically,

the facile heterolytic cleavage of H2 was readily achieved by the cooperative action

of the Lewis basic 2,2,6,6-tetramethylpiperidine, diisopropylamine, and tert-
butylbenzylamine with Lewis acidic tris(pentafluorophenyl)borane at 20�C, 100�C,
and 80�C, respectively, to afford the corresponding [R2NH2]

+[HB(C6F5)3]
�

products (Scheme 6). Since less bulky diisopropylamine or tert-butylbenzylamine

react with B(C6F5)3 to give amixture of iminium borate and ammonium borohydride

or the LAB adduct, the higher temperatures were required in order to shift

equilibriums toward the free amines and borane. The more sterically hindered

2a) R2NCHR'2 + B(C6F5)3

R2NCHR'2 = Ph(Me)CHNH(p-MeOPh)

2b)

2c)

[R2N=CR'2][HB(C6F5)3]

R2NCHR'CH3 + B(C6F5)3

R2NCHR'CH3 = Et3N, i Pr2NEt

[R2N=CR'CH3][HB(C6F5)3]

3a) R2NCHR'2 + B(C6F5)3

R2NCHR'2 = PhNH-i Pr

[R2N=CR'2][HB(C6F5)3]

[R2NHCHR'CH3][HB(C6F5)3]

R2N=CR'CH2B(C6F5)3

a

ba

R2NCHR'CH3 + B(C6F5)3

R2NCHR'CH3 = iPr2NH, PhNEt2

[R2N=CR'CH3][HB(C6F5)3]
[R2NHCHR'CH3][HB(C6F5)3]

R2N=CR'CH2B(C6F5)3

ba

R3N B(C6F5)3

Scheme 5 LAB interactions between amines and B(C6F5)3
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2,2,6,6-tetramethylpiperidine without a-protons does not react with B(C6F5)3 even

at low temperature, meaning that the TMP/B(C6F5)3 system is capable of splitting

H2 at temperature as low as �80�C [37].

Later, hydrogen activation by the FLPs of TMP and different boranes was also

studied (Scheme 7). Similar to the reaction with B(C6F5)3, bis(pentafluorophenyl)

chloroborane ClB(C6F5)2 reacted with TMP under an atmosphere of H2 to yield

initially [TMPH]+[ClHB(C6F5)2]
�, which was not stable in the presence of ClB

(C6F5)2 and dismutates subsequently into [TMPH]+[Cl2B(C6F5)2]
� and HB(C6F5)2

[37]. While, in combination with more Lewis acidic 1,2-bis(pentafluorophenylboryl)

benzene [(C6F5)2B]2C6H4 an almost quantitative yield of the hydrogenated product

was achieved in less than 5 min instead of 1 h with B(C6F5)3, the reaction with more

bulky 1,8-bis(dipentafluorophenylboryl)naphthalene required prolonged heating at

80�C and gave a low product yield (unpublished results) [38]. Even at elevated

temperatures the less sterically hindered Piers’ bis(pentafluorophenyl)borane HB

(C6F5)2 reacted with TMP to give a very stable LAB adduct [37].

In order to extend the family of FLPs based on amines and borane, we investigated

the behavior of simple N-trimethylsilyl protected amines as Lewis bases in combina-

tion with B(C6F5)3 [39]. The usage of TMS substituted amines has a couple of

advantages. First, most N-TMS-amines are bulky enough and should not form

stable adducts with B(C6F5)3. Second, they are easily synthesized or commercially

available.

In contrast to bulky P-TMS-phosphines that undergo nucleophilic aromatic

substitution reaction of the para-fluorine atom, the less nucleophilic N-TMS-amines

do not react with B(C6F5)3 (Scheme 8). Exposing toluene solutions ofN-TMS-amines

and B(C6F5)3 to an atmosphere of H2 (1.5 atm) showed different reactivity of such

FLPs.Whilst less Lewis basic trimethylsilyldiphenylamine or trimethylsilylcarbazole

together with trispentafluorophenylborane did not react with H2 at 110
�C, more basic

MesNHTMS, tBuNHTMS, or iPr2NTMS and B(C6F5)3 cleaved hydrogen even at

+ B(C6F5)3

+ B(C6F5)3
N
H

[HB(C6F5)3]
N
H2

1 atm H2

20 °C, 1h
toluene

1 atm H2

110 °C, 1h
toluene

95%

N
H2

95%

N
H

[HB(C6F5)3]

+ B(C6F5)3
80°C 4 atm H2

80 °C, 1h
toluene

N
H2

Ph
[HB(C6F5)3]

87%

N
H

Ph

NH

Ph

B(C6F5)3

N
H2

[HB(C6F5)3]

N
H

No reaction

B(C6F5)3

110°C

Scheme 6 Hydrogen activation by bulky amines and B(C6F5)3 [29, 36]
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room temperature in a facile manner (Scheme 9). In addition to the previous study on

the influence of Lewis acidity on the hydrogen activation (Scheme 7), this finding

suggests that the Lewis basicity of the amine should also be high enough to favor

thermodynamically the cleavage of the H2 bond.

Based on real-time NMR studies we assumed that hydrogen splitting by

MesNHTMS, tBuNHTMS, and iPr2NTMS in combination with B(C6F5)3 resulted

in N-TMS-ammonium borohydrides. However, the formed salts were not stable and

R1R2ETMS + B(C6F5)3

98%

No reactionB(C6F5)2

FF

P

F F

tBu

tBu

E = P

-TMSF
R1, R2 = tBu

E = N

R1 = Mes, R2 = H
R1 = tBu, R2 = H

R1 = R2 = iPr
R1 = R2 = Ph

R1, R2 = carbazole

Scheme 8 Interactions between bulky N-TMS-amines and P-TMS-phosphines with B(C6F5)3 [39]
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ClB(C6F5)2
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NH
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80 °C, 24h
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23%
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D
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Scheme 7 Hydrogen activation by TMP and boranes (unpublished results) [37, 38]
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spontaneously liberated TMSH gas (bp ¼ 6.7�C). The stable LAB adducts were

formed as the ultimate reaction products in the cases of mesitylaniline and

tert-butylamine. The reaction of more bulky diisopropyltrimethylsilylamine and

B(C6F5)3 with H2 afforded the expected 1:1 mixture of the salt [iPr2NH2]
+[HB

(C6F5)3]
� and the zwitterion iPrN+H═C(CH3)CH2B

�(C6F5)3. As described earlier,

the two former compounds are in an equilibrium with the free diisopropylamine and

B(C6F5)3 at 110
�C, and can further split hydrogen upon heating (Scheme 9).

In 2010 Soós and co-workers demonstrated that steric hindrance required for H2

activation in FLPs is a complementary phenomenon (Scheme 10) [40, 41]. They

found that further increase of the steric bulk of the ortho-substituted aryl groups of

the active boron center leads to Lewis acids with a remarkably high tolerance to the

nature of the corresponding Lewis bases. Thus, in contrast to B(C6F5)3 (Schemes 4

and 5), even non-bulky amines with a- and b-protons next to each other can be used
as a Lewis basic part of FLPs in combination with more sterically hindered MesB

(C6F5)2. For instance, FLP consisting of quinuclidine or DABCO and MesB(C6F5)2
showed faster H2 splitting than the bulky TMP/MesB(C6F5)2 system (Scheme 11).

R1R2NTMS + B(C6F5)3

R1 = Mes, R2 = H
R1 = tBu, R2 = H

1.5 atm H2

20 °C, 12h
-TMSH

R1 = R2 = Ph
R1, R2 = carbazole

1.5 atm H2

110 °C

R1NH2

R1 = R2 = i Pr
1.5 atm H2

RT, 12h
-TMSH

B(C6F5)3

1.5 atm H2
110 °C, 1h

toluene

N
H2

89%

N
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[HB(C6F5)3]

No reaction

N
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[HB(C6F5)3]

N
H

B(C6F5)3 110°C

B(C6F5)3

86-91%

Scheme 9 Hydrogen activation by bulky TMS-amines and B(C6F5)3 [39]

B NH H B NH H

Scheme 10 Relative steric hindrance phenomenon in hydrogen activation by amines and boranes
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More recently, Li and Wang et al. also reported that the secondary borane with

extremely bulky and electron-withdrawing 2,4,6-tris(trifluoromethyl)phenyl

groups, together with simple sterically benign amines, can activate hydrogen

under mild conditions (Scheme 12) [42].

Unfortunately, none of the amine-borane FLP systems described above was able

to liberate hydrogen upon heating. However, as it was shown by us and others to

facilitate the hydrogen release reaction, the activation of H2 by FLP should be almost

thermodynamically neutral [19, 43–45]. Thus, the FLP systems derived from

less Lewis basic amines and B(C6F5)3 or less Lewis acidic boranes and TMP

can heterolytically cleave hydrogen under ambient conditions to form ammonium

borohydrides, which can liberate hydrogen at higher temperatures (Scheme 13).

While the main factor for the reversible hydrogen activation by intermolecular

amine-borane FLP systems was shown to be the reduced Lewis acidity of the boron

center, the changes in the Lewis basicity of amines turned out to be of secondary

importance. Specifically, the ammonium borohydrides prepared from TMP and

cyclohexylbis(pentafluorophenyl)borane or 1-phenyl-2-[bis(pentafluorophenyl)

boryl]ethane, exhibiting 15% and 10% lower acidity than B(C6F5)3, easily liberate

hydrogen at 50�C or 65�C, respectively [44]. In contrast to that, the hydrogen

release reaction from the hydrogenated FLP system based on B(C6F5)3 and trans-
2,6-dimethyl-2,6-diphenylpiperidine, which is about 15% less basic than TMP,

required a higher temperature and longer time (110�C and 36 h) to yield 50% of

the free amine and borane [43]. Moreover, if the Lewis acidity of the borane is too

low, the corresponding FLP, for instance triphenylborane (BPh3) and 2,2,6,6-

tetramethylpiperidine, may not form a stable ammonium borohydride [29].

N
H [HB(C6F5)2Mes]

N
H

1 atm H2
20 °C, 1h
C6D5Br

1 atm H2
20 °C, 1h
C6D5Br

[HB(C6F5)2Mes]
N
H2

B(C6F5)2

N

10% 60%

Scheme 11 Hydrogen activation by amines and MesB(C6F5)2 [40]
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N
H

N

4 atm H2
20 °C, 30 min

hexane

4 atm H2
20 °C, 24h

hexane

N

N

84%

BH

CF3

F3C

F3C

F3C
CF3

F3C

[Et3NH][H2B(C6H2(CF3)3)2]

82%

Scheme 12 Hydrogen activation by amines and (2,4,6-(CF3)3C6H2)2BH [42]
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The structures of different ammonium borohydrides were determined by X-ray

diffraction crystallography. It was found that the ammonium and borohydride ions

in these compounds are usually connected by a network of N–H···F and C–H···F

hydrogen bonds (Fig. 1, left). Additionally, a strong N–H···H–B dihydrogen bond

the length of which is less than 2.0 Å can be present (Fig. 1, right) [36, 43, 44].

However, the ability to liberate hydrogen by intermolecular ammonium

borohydrides was shown to correlate mainly with the strength of the B–H and

N–H bonds rather than with a close interaction between the protonic and hydridic

hydrogen atoms [44].

All of these results support the idea that the reversible hydrogen activation

requires amines and boranes with fine-tuned steric and electronic properties. First,

the steric constraints between the Lewis acid and Lewis base and their electronic

properties must be sufficient to provide at least the equilibrium amounts of free

amine and borane. Second, the power of the FLP, which depends on the basicity of

the Lewis base and the acidity of the Lewis acid counterparts, should be high

enough to favor thermodynamically the formation of a hydrogenated product at

mild temperature, but not too high to facilitate hydrogen liberation at elevated

temperature. Although the detailed mechanisms of hydrogen activation solely by

boranes or by FLPs have been investigated in some detail, they are still a subject of

debate and not the focus of this review [19, 42, 46–53].
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c-C6H11B(C6F5)2
1 atm H2
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Scheme 13 Reversible hydrogen activation by amines and boranes [29, 43, 44]
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4 Hydrogenation by Amines and Boranes

The subsequent reactivity of ammonium borohydrides obtained through hydrogen

activation by amine-borane FLP systems was investigated. In a preliminary experi-

ment, benzaldehyde was selectively and rapidly reduced at room temperature to a

product with the molecular formula [TMPH]+[PhCH2OB(C6F5)3]
� in 95% yield by

employing [TMPH]+[HB(C6F5)3]
� as a stoichiometric reducing agent (Scheme 14)

[29].

Later, different ammonium borohydrides were also successfully applied in the

stoichiometric fixation of CO2, which is a promising C1 feedstock for the produc-

tion of many chemicals (Scheme 15) [31, 54, 55]. Moreover, because the zwitter-

ionic N-heterocyclic carbene adduct with CO2 was recently considered as the key

intermediate in the deoxygenative hydrosilylation of CO2 by diphenylsilane to

CH3OH upon workup, this initial finding foreshadowed the potential of ammonium

borohydrides to act as CO2 activator for its further reduction [56].

Indeed, a procedure for the in situ quantitative hydrogenation of CO2 to methoxy-

(bispentafluorophenyl)borane with a four times excess of the TMP/B(C6F5)3 pair

was reported by O’Hare and co-workers (Scheme 16) [54]. Unfortunately, further

cleavage of the B–O bondwas rather difficult due to the high bond energy of the B–O

bond (560–790 kJ/mol) which makes it hard to break, and the desired methanol

product was obtained in very low yield (Scheme 16) [57].

More recently, Piers et al. demonstrated that a tandem catalyst, based on

[TMPH]+[HB(C6F5)3]
� together with B(C6F5)3 and in the presence of excess of

triethylsilane as a reducing and deoxygenative agent, can convert carbon dioxide

Fig. 1 X-ray structures of [TMPH]+[HB(C6F5)3]
� (left) and [DMDPPH]+[HB(C6F5)3]

� (right)
[29, 43]

N
H2

95%

[HB(C6F5)3]
N
H2

PhCHO

20 °C, 1h
toluene

[PhCH2OB(C6F5)3]

Scheme 14 Stoichiometric reduction of benzaldehyde by [TMPH]+[HB(C6F5)3]
� [29]
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directly to methane under mild conditions [58]. The TMP/B(C6F5)3 FLP reacts with

CO2 (2–4 atm) in the presence of Et3SiH at 56�C in C6D5Br to afford ammonium

borohydride [TMPH]+[HB(C6F5)3]
� which further reacts with CO2 to give

the previously reported ammonium formatoborate [TMPH]+[HCO2B(C6F5)3]
�

(Scheme 17).

Further addition of a catalytic amount of B(C6F5)3 to the reaction mixture results

in the immediate and complete conversion of ammonium formatoborate back into

the starting ammonium borohydride and the appearance of CH4 along with 2 equiv.

of (Et3Si)2O as the final reaction products (Scheme 18).

Whilst the reduction of carbonyl compounds by FLPs is still rather limited,

simple trispentafluorophenylborane, 1,8-bis(dipentafluorophenylboryl)naphthalene,

and others were recently shown to catalyze the direct hydrogenation of bulky imines,

anilines, and quinolines (Table 1) (unpublished results) [36, 59–62].

The initiation step in this transformation involves heterolytic splitting of H2 by

the imino-borane FLP to generate an iminium borohydride, which can be further

reduced by nucleophilic attack of a hydride ion on the iminium carbon atom to

afford the corresponding amine in the form of an LAB adduct with B(C6F5)3.

B(C6F5)3
N
H

CH3OB(C6F5)2

1 atm H2
1 eq. CO2

160 °C, 6d
toluene 100%

4 eq.

TMP/TMPH

vac. distil.
100 °C

Decomposition
products

+
CH3OH

4 eq.

17-25%

Scheme 16 Reduction of CO2 to methanol by TMP/B(C6F5)3 FLP [54]
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Scheme 15 CO2 fixation by ammonium and lutidinium borohydrides [31, 54, 55]
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In some cases, if the starting imine is too bulky for the nucleophilic attack, an

intermediate iminium borohydride can be isolated (Scheme 19) [36]. Moreover, as

discussed above, the addition of a hydride ion to the iminium double bond is a

reversible reaction and the same intermediate iminium borohydride is responsible

for the racemization of enantioenriched amines catalyzed by B(C6F5)3 (Scheme 5).

The main disadvantage of perfluorophenylboranes as catalysts for the reduction

of unsaturated nitrogen-containing compounds is their strong sensitivity to the nature

of the substrates. Therefore, only sterically hindered (Table 1, entries 1, 2, 5–9) and

low-basic (Table 1, entries 3–6, 9) imines and quinolines can be catalytically reduced.

Both of these factors facilitate dissociation of the LAB adducts between borane and

the final amine, which inhibits borane’s catalytic activity. For instance, the stoichio-

metric reaction between tBuN═C(H)Ph and B(C6F5)3 under hydrogen at room

temperature gives a stable LAB adduct of tert-butylbenzylamine and trispenta-

fluorophenylborane (Scheme 20). However, heating of the toluene solution of

N-tert-butylbenzaldimine in the presence of only 5 mol% of B(C6F5)3 under 1 atm

of H2 at 80�C leads to the rapid formation of tert-butylbenzylamine in an almost

quantitative yield (Table 1, entry 1) due to the fast thermal dissociation of the B–N

bond forming free borane at elevated temperatures.

+ B(C6F5)3
N
H
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N
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O O
SiEt3

CO2 N

O O
B(C6F5)3

N
H2
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[HB(C6F5)3]
N
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[HCO2B(C6F5)3]
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Scheme 17 Formation of the key ammonium formatoborate intermediate [58]
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Scheme 18 Catalytic deoxygenative hydrosilylation of CO2 [58]
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Since both free amine and borane are also present in the reaction mixture during

catalytic hydrogenation, they can compete with the imine-borane FLP in the

cleavage of H2 to form an ammonium borohydride (Scheme 20), which can act as

a reducing agent in the subsequent transfer hydrogenation of imine. Additionally,

because the corresponding amines are more basic than starting imines, the rate of

the hydrogen activation by amine-borane FLPs is higher than those for imine-

borane FLPs.

Indeed, recently, Soós and co-workers confirmed that the addition of a catalytic

amount of a properly chosen amine to borane accelerates the hydrogenation of

imines (Table 2) [40, 41]. Specifically, they showed that intermolecular amine-

borane FLPs with well-matched steric and electronic properties are highly active

hydrogenation catalysts even at room temperature (Table 3).

However, despite the significantly improved activity of the new amine-borane

FLPs, a strong substrate limitation is still the major drawback of these catalytic

systems [35]. For instance, even with a mixture of sterically hindered borane MesB

(C6F5)2 and quinuclidine as a catalyst, only 49% conversion of non-bulky imine

PhCH2N═C(H)Ph to dibenzylamine was achieved (Table 3, entry 5).

N

B(C6F5)3

4 atm H2
80 °C, 3d
C6D5Br

[HB(C6F5)3]
HN

Scheme 19 Hydrogen activation by bulky imine and B(C6F5)3 [36]
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Scheme 20 Ammonium borohydride formation via hydrogen activation by imine and B(C6F5)3
[36]
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5 Hydrogen Activation by Intramolecular ansa-Aminoboranes

After our initial discovery of the first intermolecular TMP/B(C6F5)3 FLP system for

hydrogen activation under ambient conditions, we designed intramolecular ansa-
aminoborane o-N-TMPCH2C6H4B(C6F5)2 where active B and N centers are located

close to each other [63]. We also developed an effective and common procedure for

the preparation of such dual Lewis acid–base systems using commercially available

2-bromobenzylbromide, amine, and (C6F5)2BCl (Scheme 21).

The first step of the synthesis was N-alkylation of TMP with o-bromobenzyl

bromide in the presence of K2CO3 as a base and 10 mol% of KI as a catalyst to

produce 1-(2-bromobenzyl)-2,2,6,6-tetramethylpiperidine in 80% yield. The

corresponding intermediate product readily underwent halogen–lithium exchange

with tert-butyllithium at �70�C in diethyl ether, after which a pre-cooled solution

of (C6F5)2BCl was added to give the crude product CAT in 70% yield as a bright

Table 2 Catalytic hydrogenation of imines by amines and MesB(C6F5)2 [40]

4 atm H2
10 mol% MesB(C6F5)2

10 mol% amine

20 °C, 24h
benzene

N N
H

H

Entry Amine Conv. (%)a

1
NH2

0

2

N
H

5

3

N
H

2

4

N

48

5

N

N 100

aDetermined by GC analysis
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Table 3 Catalytic transfer hydrogenation of imines and enamines by amines with MesB(C6F5)2
[40]

4 atm H2
10 mol% MesB(C6F5)2

10 mol% amine

20 °C, 42h
benzene

N N
H

H

Entry Substrate Amine Conv. (%)a

1

N

O
N

75

2

N

N 98

3 NO

N

73

4

N

N 92

5 N

N

49

6

N

N 16

aDetermined by 1H NMR spectroscopy

N

B
C6F5

C6F5

N

Br
Br

Br

80%

K2CO3,10 mol% KI

95 °C, 48h
acetone

2eq. tBuLi
-70 °C, Et2O

then (C6F5)2BCl,
-70 to 20 °C, 12h

N
H

+

CAT 70%

Scheme 21 Synthesis of ansa-aminoborane CAT [63]
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yellow oil. In the next step, the ansa-aminoborane CAT reacted rapidly with H2 at

room temperature and 1 atm pressure to give the ansa-ammonium borateCATH2 in

almost quantitative yield in 5 min (Scheme 22). In contrast to the starting ansa-
aminoborane CAT, CATH2 is an air- and moisture-stable solid compound. There-

fore, this method allowed successful preparation of CATH2 in good yield on

a gram scale.

The possibility of hydrogen gas liberation from CATH2 was also examined.

When a toluene solution of ansa-ammonium borateCATH2 (0.1 M) was refluxed at

110�C in a closed system under reduced pressure for 3 h, a 50% conversion of

CATH2 was observed. An extension of the reaction time up to 20 h resulted in

almost quantitative recovery of the starting ansa-aminoborane CAT, exemplifying

the first non-metal FLP-based system able to activate hydrogen reversibly through

an intramolecular mechanism.

To gain further insight into the mechanism of reversible hydrogen activation

by intramolecular ansa-aminoborane CAT, the structure of the corresponding

ansa-ammonium borate CATH2 was studied by X-ray, neutron-diffraction and

thermogravimetric mass spectroscopic experiments in the solid state and by NMR

and FT-IR in solution. Additionally, the structure, reaction path, and energetics

were studied theoretically [64].

The neutron diffraction data of ansa-ammonium borate CATH2 showed the

presence of C–H···F (2.36 and 2.82 Å) hydrogen bonds and a strong, partially

covalent, dihydrogen bond interaction N–H···H–B of 1.67 Å between the ammo-

nium cation and borohydride anion (Fig. 2) [65]. Ab initio DFT calculations

performed by ourselves and others on the PBE/6-31G(d) and the M05-2X/6-31G

(d) levels of theory for geometry optimizations in solution and gas phase, respec-

tively, were in good agreement with the neutron diffraction results [19, 63].

However, the values found for the intramolecular N–H···H–B dihydrogen bond

distance were significantly shorter (1.51 and 1.53 Å, Table 4).

Since both hydrogen activation and liberation occurred in organic solvents and

in solid state studies, multinuclear solution NMR experiments of CATH2 and its

deuterated isotopomers were performed [64]. It could be shown that, in contrast to

the B–H hydride, the N–H proton can be exchanged easily in solution. These

experiments also showed that no rotation of H2 within the molecule takes place

even at elevated temperatures. Dilution, variable temperature, and 2D NOESY

NMR measurements of ansa-ammonium borate CATH2 in CD2Cl2 solution

N

B
C6F5

C6F5

H
H

N

B
C6F5

C6F5 -H2
110 °C, 20h

toluene
CAT 95% CATH2 100%

1 atm H2
20 °C, 5min

Scheme 22 Reversible hydrogen activation by ansa-aminoborane CAT [63]
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showed that it consists of two conformers which are in dynamic equilibrium

(Scheme 23). Both of them have the N–H proton in an axial position and differ

only in the orientation of the axial methyl groups adjacent to the nitrogen center.

Based on the chemical NMR shifts of N–H and CH2 groups and the X-ray crystal

structure of CATH2, the more stable conformer was assumed to have the methyl

groups in an axial position pointed away from the N–H group. Thus, the subsequent

conformer equilibrium was shifted to the right side with k1:k2 � 9:1 (Scheme 23).

To determine the intramolecular N–H···H–B dihydrogen bond distance in

CD2Cl2 solution 1H NMR T1 relaxation and selective 1D NOE measurements

were carried out. These independent experiments showed that the DHB length is

very close to the value determined in the solid state by neutron diffraction in the

range of approximately 1.6–1.8 Å and becomes even shorter at elevated

temperatures. Therefore, the NMR data gave strong evidence that the structure of

ansa-ammonium borate CATH2 in solution is similar to that in the solid state,

which was also supported by independent FT-IR measurements.

Fig. 2 Crystal structure of ansa-ammonium borate CATH2 determined by neutron diffraction [64]

Table 4 Comparison of the structural data of ansa-ammonium borate CATH2 obtained by

different methods [19, 63, 64]

Property

Neutron

diffraction [64] X-ray [63]

PBE/6-31G(d) with PCM

model (in C6H6) [63]

M05-2X/6-31G(d)

(in gas phase) [19]

d(NH–HB) (Å) 1.67 1.78 1.51 1.53

d(N–H) (Å) 1.03 0.94 1.06 1.04

d(B–H) (Å) 1.24 1.19 1.24 1.23

d(N–B) (Å) 3.35 3.36 3.34 3.25

c(∠N–H···H) (�) 154.9 154.2 150.3 159.7

y(∠B–H···H) (�) 123.1 125.2 132.5 122.9
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Although our theoretical calculations support the synchronous mechanism for

the hydrogen activation with N–H2–B as an intermediate, the formation of a

s-complex between borane and hydrogen NB–H2 cannot be ruled out at this

point (Scheme 24). Further experimental studies are needed to favor one of the

mechanisms.

As a continuation of our work, we proposed that the reduction of Lewis acidity

of the active boron center of ansa-aminoboranes should not only lower the temper-

ature needed for hydrogen liberation but should also lead to an increase in their

catalytic activity in hydrogenation reactions, which will be discussed in the next

section. In this respect, the new ansa-aminoboranes MeCAT and NpCAT, with

more sterically hindered and electron donating benzyl bridges between Lewis acid

and base, were synthesized in a similar manner as the original ansa-aminoborane

CAT (Scheme 21) (unpublished results) [43].

While the time required for the splitting of hydrogen by MeCAT and NpCAT

dramatically increased compared to the ansa-aminoborane CAT (1 week instead of

k1

k2

N

B

C6F5
C6F5

H

H
N

B

C6F5
C6F5

H

H

Scheme 23 TMP ring

inversion in the ansa-
ammonium borate CATH2

[64]

N

B
C6F5

C6F5

H
Hd
d

+ H2

N

B
C6F5

C6F5

H
H

N

B
C6F5

C6F5

H
H

N-H2-B
N

B
C6F5

C6F5

CAT CATH2

NB-H2

Scheme 24 Possible intermediates in hydrogen activation by ansa-aminoborane CAT [64]
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a few minutes), the corresponding ansa-ammonium borates MeCATH2 and

NpCATH2were losing hydrogen gas only slightly faster thanCATH2 upon heating

(Schemes 22 and 25). Thus, in contrast to intermolecular phosphine-borane and

amine-borane systems, the further reduction of the Lewis acidity of the borane

moiety turned out to be of minor importance in the case of the ansa-aminoboranes

[27, 44].

After unsuccessful efforts to decrease the time needed for the hydrogen libera-

tion from ansa-ammonium borate systems by modification of the Lewis acidic

component, systematic studies on the Lewis basic amine moiety were performed by

us. At first, the TMP moiety in the ansa-aminoboraneCAT was replaced by a bulky

secondary di-tert-butylphosphine (Scheme 26). The corresponding ansa-
phosphinoborane PCAT, which was synthesized by a standard two-step procedure

in 54% total yield, exists as a stable intramolecular LAB adduct and cannot cleave

H2 even at elevated temperature (unpublished results) [66].

During further investigations a general approach for the modification of ansa-
ammonium borates was considered: basicity of the nitrogen atom can be reduced to

facilitate proton transfer by weakening the N–H bond. The corresponding ansa-
ammonium borates containing less basic amine moieties than TMP – MCATH2,

QCATH2, iPrQCATH2, and iPrICATH2 – were synthesized on a gram scale by a

standard three-step procedure from readily or commercially available starting

materials (Scheme 27) [34].

Interestingly, lowering the basicity of the starting amines had no significant

effect on the rate of hydrogen activation, but dramatically decreased the temperature

and the time required for hydrogen liberation. While the original ansa-ammonium

borate CATH2 system liberated H2 almost quantitatively only after 20 h at 110�C

N

B
C6F5

C6F5

H
H

N

B
C6F5

C6F5

MeCATH2 and NpCATH2

>95% >95%

1 atm H2
20 °C,7d

(80 °C, 2h)

-H2
110 °C, 18h

toluene

MeCAT and NpCAT

Scheme 25 Reversible

hydrogen activation by ansa-
aminoboranes MeCAT and

NpCAT (unpublished results)

[43]

P

B
C6F5

C6F5

P

BrBr

Br

92% PCAT 59%

20 °C, 24h,
acetone

then Et3N,
H2O/toluene

PH +

2eq. tBuLi
-70 °C, toluene

then (C6F5)2BCl,
-70 to 20 °C, 12h

Scheme 26 Synthesis of ansa-phosphinoborane PCAT (unpublished results)
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(Schemes 22 and 28), under the same conditions MCATH2, produced with less

basic 3,3,5,5-tetramethylmorpholine instead of TMP, released hydrogen in less than

30 min. Furthermore, the ansa-ammonium borates QCATH2 and iPrICATH2,

containing amine moieties with even lower basicity than former ones, slowly

decomposed in solution even at room temperature and can be quantitatively

converted to starting ansa-aminoboranes QCAT and iPrICAT after 5–10 min at

110�C. Thereby, new ansa-ammonium borates exhibited excellent kinetics (a few

minutes) for the hydrogen activation and liberation. This is believed to be mainly

due to a rare combination of steric, electronic, and thermodynamic effects, which

were tuned by a simple modification of the amine moieties.

Amine

Br
Br

Br

57-87%

K2CO3,10 mol% KI

95 °C, CH3CN

2eq. tBuLi
-70 to 20 °C, toluene,

then (C6F5)2BCl,
-20 to 20 °C, 12h

then
1.5 atm H2, 20 °C

Amine +

Amine

B
C6F5

C6F5

H
H

MCATH2 55%
QCATH2 41%
iPrICATH2 60%
iPrQCATH2 36%

Scheme 27 Synthesis of the new ansa-ammonium borates [34]

N

O

B
C6F5

C6F5

H

H

N

B
C6F5

C6F5

H

H

N

B
C6F5

C6F5

H

H

MCATH2
pKb=6.7

iPrQCATH2
pKb=8.4

QCATH2
pKb=8.7

N

B
C6F5

C6F5

H

H

iPrICATH2
pKb=9.2

The estimated basicity of the corresponding N-benzylamines

N

B
C6F5

C6F5

H

H

CATH2
pKb=3.7

additional steric
constraints

B
C6F5

C6F5

Amine

1 atm H2
20 °C, 5min

>95%

-H2,
110 °C, toluene

>95%

MCAT
30 min

QCAT
5min

iPrQCAT
2h

CAT
20h

iPrICAT
5 min

The time needed for hydrogen liberation

Scheme 28 The effect of the basicity of amine moiety on the reversible H2 activation by ansa-
aminoboranes [34]
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A different approach for the synthesis of ansa-aminoboranes by hydroboration

of enamines with Piers’ bis(pentafluorophenyl)borane HB(C6F5)2 was recently

developed by Erker and co-workers [67]. The corresponding C2-bridged ansa-
aminoboranes were isolated in good yields of 46–70% as intramolecular LAB

adducts. Some of these four-membered ansa-aminoboranes with correctly matched

electronic and steric properties can dissociate to the “unquenched” Lewis pairs and

subsequently activate hydrogen to form ansa-ammonium borates (Scheme 29).

In contrast to the previously reported ansa-aminoboranes with benzyl bridges

between Lewis acid and Lewis base centers, Erker’s ansa-aminoboranes undergo

different reversible transformations even at room temperature and fully decompose

upon heating (Scheme 30). The above-mentioned side reactions considerably limit

further applications of C2-bridged ansa-aminoboranes.

Recently we also reported new C2-bridged ansa-aminoboranes with a 1,2-

phenylene fragment between the N and B active centers [24]. The ansa-aminoboranes

TMPCAT and DMACAT were prepared in high yield by the standard procedure

from o-N,N-dialkylaminophenyllithiums and bis(pentafluorophenyl)chloroborane

(Scheme 31). While dimethylamine-based DMACAT exists as an intramolecular

LAB adduct, inTMPCATLewis acidic and Lewis basic centers remain “unquenched”

due to the steric hindrance between the bulky 2,2,6,6-tetramethylpiperidine and bis

(pentafluorophenyl)borane moieties.

Both TMPCAT and DMACAT activated hydrogen under mild conditions and

gave the corresponding ansa-ammonium borates in almost quantitative yields.

However, ansa-aminoborane TMPCATwas much more reactive towards hydrogen

than DMACAT and formed the ansa-ammonium borate TMPCATH2 instantly

upon exposure to hydrogen (Scheme 32). On the other hand, all attempts to dehy-

drogenate TMPCATH2 back to the starting ansa-aminoborane were unsuccessful

and only trace amounts of TMPCAT could be detected by 19F NMR, while ansa-
ammonium borateDMACATH2 containing a less basic dimethylamine moiety was

able to release hydrogen even at room temperature.

N B
C6F5

C6F5

R1

H H
N B

C6F5

C6F5

R1

2.5 atm H2

20 °C, 2h
pentane

50-58%

N B
C6F5

C6F5

R1

DG¹
diss(318K) = 13-14 kcal/mol

20 °C, 20min
pentane
46-70%

N

R1

+ HB(C6F5)2

R2

R2R2

R2

R1 = Ph; R2 = H
R1, R2 = (CH2)4

Scheme 29 Synthesis of ansa-aminoboranes by the hydroboration of enamines [67]

136 V. Sumerin et al.



The exceptional stability of TMPCATH2 (pKb ¼ 5.7) compared to the “more

basic”CATH2 (pKb ¼ 3.7) with an additional CH2 group between active centers can

be explained by the fact that the formation of the six-membered H–B–C2–N–H

pseudo-ring is thermodynamically more favorable than the respective

H–B–C3–N–H seven-membered ring. The comparison of the structures of ansa-
aminoborane TMPCAT and ansa-ammonium borate TMPCATH2 in a solid state,

revealed that hydrogen activation results in a minor change in the geometry of the

B–C═C–N frame (Fig. 3). Thus the rigid geometry of TMPCAT is optimal for the

activation of hydrogen.

These new results on the effect of the basicity of amine moiety on the stability of

ansa-ammonium borates are in a good agreement with those obtained by Piers for

the first ansa-aminoborane DPhACAT (Schemes 3 and 32) [20]. Specifically,

while DPhACAT was unable to activate hydrogen due to the significantly reduced

basicity of the diphenylamino group, in situ generated ansa-ammonium borate

DPhACATH2 was not detected even at low temperatures and only liberation of

hydrogen was observed.

80 °C, 6h
toluene

N
+ HB(C6F5)2

N B(C6F5)2 +

R1 = Ph; R2 = H

N B
C6F5

C6F5

R1 R2

R1, R2 = (CH2)4

20 °C

N B
C6F5

C6F5

R1 R2

H

R1, R2 = (CH2)420 °C

Scheme 30 Possible side reactions of Erker’s ansa-aminoboranes [67]

Li

Amine

90-97%

Br/I

Amine
BuLi

5 °C, 4h
hexane

(C6F5)2BCl

-90 to 20 °C
12h, toluene

B
C6F5

C6F5

TMPCAT 100%
DMACAT 69%

Amine

Scheme 31 Synthesis of ansa-aminoboranes TMPCAT and DMACAT [24]
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Another example of intramolecular ansa-aminoboranes able to cleave hydrogen

heterolytically is pyrazolylboranes recently reported byTammet al. (Scheme 33) [68].

They showed that the direct reaction of the bulky 3,5-di-tert-butyl-1H-pyrazole with
secondary boranes leads to the corresponding pyrazolylboranes and pyrazolium-

borates depending on the Lewis acidity of the borane. Thus, while highly Lewis acidic

Piers’ bis(pentafluorophenyl)borane HB(C6F5) reacted with 3,5-di-tert-butyl-1H-
pyrazole to afford pyrazolium-borate trans-PyrCATH2 in high yield, the reaction

The estimated basicity of the corresponding anilines

2 atm H2
20 °C, 5min

>95%

TMPCATH2
pKb=5.7

DMACATH2
pKb=8.9

DPhACATH2
pKb=17

B
C6F5

C6F5

N H
HB

C6F5

C6F5

N H
H

B
C6F5

C6F5

N H
H

-H2
110 °C, 4d

3% by NMR

B
C6F5

C6F5

N

B
C6F5

C6F5

N

B
C6F5

C6F5

N

-H2
-30 °C

2 atm H2
20 °C, 12h

>95%

-H2
20 °C

10 mol%/day

TMPCATDMACATDPhACAT

Scheme 32 The effect of the basicity of amine moiety on the reversible H2 activation by ansa-
aminoboranes [24]

Fig. 3 Crystal structures of ansa-aminoboraneTMPCAT and ansa-ammonium borateTMPCATH2

determined by X-ray [24]
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with less Lewis acidic 9-borabicyclo[3.3.1]nonane (9-BBN) proceeded with

evolution of H2 and gave pyrazolylborane BBNCAT as a final product [69]. Since

3,5-di-tert-butyl-1H-pyrazole is much more basic than the N-phenyl-2,2,6,6-
tetramethylpiperidine moiety in TMPCATH2, the corresponding pyrazolium-borate

trans-PyrCATH2 can even be sublimed at 100�C/0.05 mbar without notice-

able decomposition. However, the dehydrogenation of trans-PyrCATH2 to

pyrazolylborane PyrCAT was successfully achieved only by employing extremely

reactive carbene–borane FLP consisting of 1,3-di-tert-butylimidazolin-2-ylidene

(ItBu) and B(C6F5)3 [19, 70]. In contrast to BBNCAT, the obtained pyrazolylborane

PyrCAT could easily react with hydrogen under mild conditions to give a mixture of

trans and cis isomers (81:19) of PyrCATH2 in almost quantitative yield.

6 Catalytic Hydrogenation of Unsaturated Nitrogen-Containing

Compounds by Intramolecular ansa-Ammonium Borates

While the hydrogenation of unactivated alkenes and alkynes without transition

metals is still rather limited (see Chap. 8), boranes (see Chap. 4) and

phosphinoboranes were recently shown to catalyze the direct hydrogenation of

bulky imines and enamines under mild conditions (Table 5) [71, 72].

The main disadvantages of boranes and phosphinoboranes as metal-free

catalysts for hydrogenation are their low substrate tolerance and low activity.

For instance, only sterically hindered (Table 5, entries 1, 2, 5, 7, 8) and low-basic

(Table 5, entries 3, 6) unsaturated nitrogen-containing compounds can be

N
NH

HB(C6F5)2

20 °C, 2h
toluene

91%

N
H

N
H
B

C6F5

C6F5

trans-PyrCATH2

ItBu/B(C6F5)3
20 °C, 2h
toluene

95%

N
N B

C6F5

C6F5

1 atm H2

20 °C, 0.5h
toluene-d8

100%

N
H

N
H
B

C6F5

C6F5

trans/cis-PyrCATH2
81:19

20 °C ,24h

N
N B

PyrCAT

BBNCAT

-H2
9-BBN

110 °C, 18h
heptane

63%

Scheme 33 Synthesis of pyrazolylboranes and pyrazolium-borates [68, 69]
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catalytically hydrogenated with 5–20 mol% of phosphonium-borates. Both of these

above-mentioned factors facilitate dissociation of the LAB adducts between the

catalyst and the substrate/product or fully prevent their formation. The unsaturated

nitrogen-containing compounds that do not fulfill the required criteria, for instance

the sterically open imine from benzaldehyde and benzylamine, can only be reduced

stoichiometrically with such systems (Table 5, entry 4).

As a continuation of our investigations on the intramolecular ansa-aminoboranes,

we examined the reduction of unsaturated nitrogen-containing compounds with the

original CATH2 and later with its low basic analogues: MCATH2, QCATH2,

iPrICATH2, iPrQCATH2 (Table 6) [34, 63]. Among previously reported non-

metal systems for catalytic hydrogenation based on the bis(perfluorophenyl)boranyl

moiety (Table 5) the ansa-ammonium borates have shown high activity and high

substrate tolerance in the hydrogenation of a wide range of imines, enamines, and

quinolines.

These results (Table 6) further support a proposed mechanism for the catalytic

hydrogenation by FLPs in which any one, or more, of the equilibrium steps may be

the rate-determining step, depending on the structure of both substrates and

catalysts (Scheme 34).

First, ansa-aminoboranes MeCAT and NpCAT with decreased Lewis acidity

showed extremely low activity in the hydrogenation of imines, due to the longer

time required for the splitting of dihydrogen compared to CAT (1 week instead of a

few minutes; Scheme 34, Stage I).

Second, the “less basic” ansa-ammonium borates MCATH2, QCATH2,

iPrICATH2, and iPrQCATH2 showed higher catalytic activity than the original

CATH2 due to a facilitated proton transfer. Full conversions were achieved with

lower catalyst loadings and/or shorter reaction times and/or lower temperatures.

Thus the proton-transfer equilibrium seems to be a primary and rate controlling step

in the reduction of bulky N-arylketimines and quinolines (Scheme 34, Stage II and

Table 6, entries 16–25 and 31–35).

Third, when both the starting unsaturated nitrogen-containing compound and the

catalyst are bulky enough (e.g., N-benzyl-a-methylbenzylamine and iPrQCATH2:

Table 6, entry 10), the nucleophilic attack of a hydride ion to the protonated double

bond can also be suppressed and becomes the rate-limiting step (Scheme 34, Stage

III and Table 6, entries 10, 20, 25).

Finally, the inhibition of the catalyst activity by LAB adduct formation seems to

be a rate-determining step in the reduction of non-bulky imines (Scheme 34, Stage

IV and Table 6, entries 3, 26–29, 31–32). While generally more active ansa-
ammonium borates MCATH2, QCATH2, and iPrICATH2 could provide only a

stoichiometric reduction of non-bulky phenylacetone-N-methylimine (Table 6,

entries 26–29), the more sterically hindered iPrQCATH2-catalyzed hydrogenation

gave the corresponding amine in 82% yield (Table 6, entry 30).

Further optimization of the reaction conditions for the hydrogenation of bulky

unsaturated nitrogen-containing compounds revealed (Table 7) that the best results

can be obtained by using 1 mol% ofQCATH2 as a catalyst in toluene and hexane at

80�C (2.5 h) or Et2O at 50�C (1 h), respectively (Table 7, entries 4, 5, 10).
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Table 6 Catalytic hydrogenation of imines by ansa-ammonium borates [34, 63]

2 atm H2

x mol%
ansa-ammonium borate

110 °C, toluene

R1R2

NH
R3

R1R2

N
R3

H

Entry Substrate Catalyst mol% Time (h) Conv. (%)

1 N Ph CATH2 4 20 100

2 MCATH2 1 12 100

3 QCATH2 1 12 15

4 iPrICATH2 1 12 100

5 iPrQCATH2 1 12 12

6

N Ph

CATH2 4 6 100

7 MCATH2 1 12 100

8 QCATH2 1 5 100

9 iPrICATH2 2 12 100

10 iPrQCATH2 4 12 52

11

N
CATH2 4 12 100

12 MCATH2 2 12 100

13 QCATH2 2 12 100

14 iPrICATH2 2 12 100

15 iPrQCATH2 4 12 100

16

N
PMP

CATH2 4 12 37

17 MCATH2 1 40 70

18 QCATH2 1 3 100a

19 iPrICATH2 2 12 100

20 iPrQCATH2 4 12 80

21

N
PMP

CO2Et CATH2 4 12 4

22 MCATH2 4 12 4

23 QCATH2 4 40 21

24 iPrICATH2 4 12 15

25 iPrQCATH2 4 12 4

26 N CATH2 4 12 4

27 MCATH2 4 12 4

28 QCATH2 4 12 4

29 iPrICATH2 4 12 4

30 iPrQCATH2 4 12 82

31

N Ph

CATH2 4 12 4

32 MCATH2 4 12 4

33 QCATH2 4 40 80

34 iPrICATH2 4 12 100

35 iPrQCATH2 4 12 97
a80�C
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R1 R2

HN
R3

R1 R2

N
R3

H

I

II

III

IV

N

B
C6F5

C6F5

H
H

N

B
C6F5

C6F5

N

B
C6F5

C6F5
H

CAT CATH2

R1 R2

HN
R3N

B
C6F5

C6F5

R1 R2

HN
R3
H

+H2

-H2

Scheme 34 Proposed mechanism for the catalytic hydrogenation of imines by ansa-ammonium

borates [34]

Table 7 Optimization of the conditions for catalytic hydrogenation by ansa-ammonium borate

QCATH2 [34]

2 atm H2

1 mol%
QCATH2

N
PMP

N
H

PMP
H

Entry Solvent Time (h) Temperature (�C) Conv. (%)

1 CH2Cl2 2.5 60 51

2 Et2O 2.5 60 100

3 CDCl3 2.5 80 92

4 Hexane 2.5 80 100

5 Toluene 2.5 80 99

6 THF 2.5 80 42

7 Toluene 1 25 31

8 Et2O 1 25 17

9 Toluene 1 50 89

10 Et2O 1 50 97
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The sensitivity of FLPs towards traces of water is a well known fact [7, 20, 29].

The presence of accidental H2O in the reaction mixture poisons the ansa-
aminoborane FLP catalyst via adduct formation; the same hydrated adduct is

also formed during the quenching of the reaction mixture (Scheme 35). Therefore

the dehydration of ansa-ammonium borates, containing the highly energetic

boron–oxygen bonds, is a key transformation in the catalyst recovery procedure.

Surprisingly, after the benzene solution of QCATH2O was treated with an excess

of TMSBr (5 equiv.) at 80�C for 5 min and then evaporated under vacuum, ansa-
aminoborane QCAT was isolated in almost quantitative yield. This procedure was

successful mainly because the Si–O bond is even more stable than the B–O bond.

However, this protocol is not applicable to the recovery of CAT from the

corresponding water adduct, since the decreased basicity of the amine part plays

a key role, facilitating elimination of HBr upon heating.

As a result of the above-mentioned observations, the hydrogenation of a model

compound, N-(4-methoxy)phenyl-1-phenylethylideneamine, by ansa-ammonium

borate QCATH2 (1 mol%) was scaled up to gram quantities (5.632 g) giving the

corresponding amine in 97% isolated yield. Moreover, 80% of the catalystQCATH2

was recovered by a simple extraction of the acidic solution with toluene followed by

dehydration with TMSBr at 80�C and hydrogen activation at room temperature.

7 Enantioselective Hydrogenation of Unsaturated

Nitrogen-Containing Compounds by Intramolecular

ansa-Aminoboranes

The enantioselective hydrogenation of unsaturated nitrogen-containing compounds

catalyzed by FLP systems is a less developed topic and until recently was

possible only by the asymmetric hydrogenation of N-arylketimine with 3-pinanyl-

bis(perfluorophenyl)borane and tris(tert-butyl)phosphonium/chiral-alkyl-bis

N

B
C6F5

C6F5

QCAT

NH

B
C6F5

C6F5

QCATH2O

H2O

5 eq.TMSBr
80 °C, 5min OH

NH

B
C6F5

C6F5

Br

TMSBr
-(TMS)2O

80 °C
-HBr

Scheme 35 Regeneration of

ansa-aminoborane QCAT

from hydrated adduct

QCATH2O [34]
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(perfluorophenyl)hydroborate (Table 8) [61, 73]. The phosphonium-chiral-borate

catalyzed the hydrogenation of different N-arylketimines giving the corresponding

amines in good yields and good enantioselectivities (Table 8, entries 2–5). How-

ever, in contrast to achiral systems based on triarylboranes (unpublished results)

[36, 59, 60, 71], higher pressure of hydrogen (25 atm) were required in the case

of chiral-alkyl-bis(perfluorophenyl)borane-based FLP, probably to prevent retro-

hydroboration see [74].

Since, in contrast to boranes, a much broader variety of chiral amines is readily

and commercially available, chiral ansa-ammonium borates are promising

candidates for asymmetric hydrogenation. Indeed, we demonstrated that ansa-
ammonium borates with chiral-amine moieties can also be used as catalysts for the

asymmetric hydrogenation of unsaturated nitrogen-containing compounds [34]. The

standard procedure for the preparation of chiral ansa-ammonium borates

Q*CATH2, and iPrI*CATH2 from the corresponding enantiopure secondary

Table 8 Enantioselective catalytic hydrogenation of N-arylketimines by chiral-borane and phos-

phonium-chiral-borate

H2

5-20 mol%
chiral-boraneor

phosphonium-borate

R1R2

NH
R3

R1R2

N
R3

H

Entry Substrate Catalyst Conditions

Conv.

(%) ee (%)

1

N
Ph

10 mol%

(C6F5)2B

20 atm H2,

65�C, 15 h

>99 13 [61]

2

N
Ph

5 mol%

BH
Ph

C6F5

C6F5

tBu3PH

25 atm H2,

65�C, 15 h

95 79 [73]

3

N
Ph

O

25 atm H2,

65�C, 15 h

96 81 [73]

4

N
PMP

25 atm H2,

65�C, 15 h

>99 81 [73]

5

N
o-Tol

25 atm H2,

65�C, 15 h

37 74 [73]
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amines was applied (Scheme 27). Unfortunately, in the case of chiral-7-isopropyl-3,

3-dimethyl-2-phenylindoline the racemic ansa-ammonium borate iPrICATH2 was

obtained as a final product (Scheme 36). A possible mechanism for the racemization

of ansa-aminoborane iPrICAT involves the abstraction of an a-hydride from

the amine fragment by the Lewis acidic borane moiety and formation of the intra-

molecular iminium borohydride (Scheme 37).

Later, a similar racemization phenomenon was also observed for intermolecular

FLP systems consisting of catalytic amounts of B(C6F5)3 and chiral amines

(Scheme 38) [34, 35]. Interestingly, heating of the chiral 7-isopropyl-3,3-

dimethyl-2-phenylindoline with 10 mol% of B(C6F5)3 at 110�C and 1 atm of

argon led to full racemization in 15 h. However, no racemization occurred under

an atmosphere of H2 but otherwise identical conditions.

Therefore, only amines with a chiral tertiary carbon atom adjacent to the nitrogen

atom can be applied in the backbone of chiral ansa-ammonium borates. For

this reason, another enantiopure ansa-aminoborane Car*CAT based on 4a,9a-

substituted-2,3,4,4a,9,9a-hexahydro-1H-carbazole skeleton was prepared according
to the standard procedure in 34% total yield (Scheme 38). However, because the

starting hexahydrocarbazole had the lowest basicity in the series of investigated

amines, the equilibrium in hydrogen activation between Car*CAT and

Car*CATH2 is shifted to the left and the corresponding ansa-ammonium borate

could not be isolated even at low temperature.

The asymmetric hydrogenation of nitrogen-containing compounds with chiral

ansa-ammonium borate Q*CATH2 and ansa-aminoborane Car*CAT was

investigated (Table 9). While the enantiopure ansa-ammonium borate Q*CATH2

exhibited the same unprecedentedly high activity as its racemic version (Table 9),

hydrogenation with “low basic” ansa-aminoborane Car*CAT resulted in low to

moderate conversions (Table 9, entry 4). In all cases the best ees were obtained in

MTBE as a solvent at room temperature (Table 9, entries 3, 7, 10). Although the

achieved enantioselectivities were low with both ansa-ammonium borate

Q*CATH2 and ansa-aminoborane Car*CAT, these experiments clearly proved

the feasibility of using chiral amines as a part of intramolecular FLP systems for the

chiral induction during catalytic hydrogenation. The highest ees achieved with

Q*CATH2 are in the range of about 35–40% (er ~70:30). This is remarkable,

taking into account the large distance between the chiral center at the 4-position of

the tetrahydroquinoline moiety and the active stereogenic boron center.

N

B
C6F5

C6F5

iPrICAT

N

B
C6F5

C6F5

H
H

Scheme 36 Racemization of

the enantiopure iPrI*CAT

[34]
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N
H

Ph

N
H

Ph [HB(C6F5)3]

10 mol% B(C6F5)3
110 °C, 15h

toluene

1 atm Ar

N
H2

Ph [HB(C6F5)3]

97% ee

N
H

Ph

0% ee

2 atm H2

Scheme 37 Interactions of chiral 7-isopropyl-3,3-dimethyl-2-phenylindoline with B(C6F5)3
under an atmosphere of hydrogen or nitrogen [34]

N

B C6F5
C6F5

47% Car*CAT

2 eq. tBuLi
-70 to 20 °C, toluene,

then (C6F5)2BCl,
-20 to 20 °C, 12h

then
1.5 atm H2, -20 °C72%

Amine

BrBr

Br
K2CO3,

10 mol% KI

95 °C, CH3CN
Amine +

Scheme 38 Synthesis of enantiopure ansa-aminoborane Car*CAT [34]
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8 Catalytic Hydrogenation of Unactivated Triple C–C Bonds

by Intramolecular ansa-Aminoboranes

The metal-free hydrogenation of unactivated alkenes (220–235�C and 68–170 atm

of H2) [75, 76], polycyclic aromatic hydrocarbons (170–200�C and 25–100 atm of

H2) [77, 78] and coal (280–350�C and 148–247 atm of H2) [79] under harsh

reaction conditions with simple trialkylboranes, tetraalkyldiborane and boron

triiodide is well known. Until recently, due to the heterolytic nature of onium

borohydrides, there were only a few examples of 1,4-conjugated hydrogenation

of enone, ynone, dienes, and styrenes catalyzed by FLPs [40, 80, 81].

A breakthrough in this area was the recent discovery by us that ansa-
aminohydroborane DMACATBH can hydrogenate internal alkynes even under

mild conditions at 2 atm hydrogen pressure and 80�C (Table 10) [82].

The ansa-aminohydroborane DMACATBH was prepared by heating of either

DMACAT at 80�C under 2 atm of hydrogen or DMACATH2 under an atmosphere

of argon via hydrogenolysis of the B–C bond (Scheme 39).

The mechanisms of hydrogenation of alkynes by DMACATBH have been

investigated in some detail. It involves the sequence of hydroboration followed

by hydrogen activation and hydrogenolysis of the B–C bond accompanied by the

liberation of alkene (Scheme 40).

Table 9 Enantioselective catalytic hydrogenation by ansa-ammonium borate Q*CATH2 and

ansa-aminoborane Car*CAT [34]

2 atm H2

4 mol%
Q*CATH2 or Car*CAT

R1R2

NH
R3

R1R2

N
R3

H

Entry Substrate Catalyst Solvent Time (h) Temp. (�C) Conv. (%) ee (%)

1

N
PMP

Q*CATH2 Et2O 1 60 100 12

2 Et2O 1 20 100 19

3 MTBE 1 20 100 26

4 Car*CAT Et2O 20 60 35 17

5

N Ph
Q*CATH2 Et2O 1 60 100 21

6 Et2O 12 20 100 31

7 MTBE 12 20 100 35

8

N Ph

Q*CATH2 Et2O 1 60 100 18

9 Et2O 12 20 100 31

10 MTBE 12 20 100 37
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Table 10 Catalytic hydrogenation of unactivated alkenes by DMACATBH [81]

R1 R2

H H

R1 R2

2 atm H2

80 °C, C6D6
5 mol%

DMACATBH

B
C6F5

N

H

Entry Substrate Time (h) Product Yield (%)

1 3 100

2 3 80

3 3 100

4 3 78

5 Cl
Si

3

Cl
Si

100

6

O
Si

3
O Si

100

7 3 100

8 3 52

9 100
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9 Conclusions

The use of FLPs as metal-free hydrogenation catalysts is a rapidly expanding field in

modern organic chemistry. Since the pioneering studies on the reversible hydrogen

activation by phosphinoboranes, numerous FLP systems for hydrogenation have

been reported. Among others the ansa-aminoborane concept is one of the most

promising for further elaboration with the aim of obtaining industrially applicable

catalysts. Specifically, this approach allows the performance of hydrogenation of

unsaturated nitrogen-containing compounds and internal alkynes under mild

conditions with low catalyst loadings. Furthermore, recently the first example of

B
C6F5

C6F5

N H
H

B
C6F5

C6F5

N
2 atm H2

20 °C, 12h
>95%

-H2
20 °C

10 mol%/dayDMACAT DMACATH2

-C6F5H

80 °C
C6D6

B
C6F5

N

H

DMACATBH

B
C6F5

N

H

F

F F

F

F
H

+

Scheme 39 Synthesis of DMACATBH [81]
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H
H
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N
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H
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H H
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2 atm H2
80° C
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Scheme 40 Proposed mechanism for the catalytic hydrogenation of unactivated alkenes by

DMACATBH [81]
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the enantioselective hydrogenation with chiral ansa-ammonium borates was

demonstrated. Given the wide range of ansa-aminoboranes with different structures

and properties, we anticipate new transformations will arise in the near future.

Therefore over the next few years, many new exciting developments within this

field are expected.
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Hydrogen Activation by Frustrated Lewis Pairs:

Insights from Computational Studies

Tibor András Rokob and Imre Pápai

Abstract Sterically encumbered Lewis acid–base pairs, the so-called frustrated

Lewis pairs, can split dihydrogen heterolytically and act as transition metal free

catalysts for the hydrogenation of unsaturated compounds. Here we review the

results from our quantum chemical calculations aimed at the understanding of this

remarkable class of reactions and we put them into the context of related works

from other research groups. The thermodynamics of the H2 splitting reaction is

discussed first; the role of acid–base properties, intramolecular cooperativity, and

other factors is assessed, employing an energy partitioning scheme and also in the

light of the latest experimental findings. The mechanism of hydrogen cleavage is

then examined, and an overview about the applicability of our reactivity model

involving synergistic electron transfers between H2 and preorganized Lewis

acid/base centers is given. Finally, insights about catalytic cycles in FLP-mediated

hydrogenations are summarized, pinpointing the diversity of the involved elementary

steps and their possible sequences.

Keywords Catalysis � Dihydrogen � Lewis acid–base reaction � Quantum

chemistry � Reaction mechanism
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1 Introduction

The propensity of bulky Lewis acid–base pairs to avoid dative bond formation was

described about 70 years ago [1]. Untypical or unexpected reaction pathways were

observed with these “antagonistic pairs” [2, 3] due to the coexistence of strong,

unquenched acidic and basic centers. Nevertheless, a new field of research, now

called “frustrated Lewis pair” (FLP) chemistry [4], was born only recently when a

series of milestone experiments revealed that bulky Lewis pairs can activate various

small molecules or bonds [5]. In particular, they are capable of reversible hydrogen

activation under mild conditions [6].

The activation of hydrogen has been the realm of transition metals (TMs), and

catalytic hydrogenation, a significant synthetic transformation of both industrial

and academic interest, is typically carried out by homogeneous or heterogeneous

TM-containing catalysts [7]. Due to the presence of the partially filled d-orbitals,
TMs are indeed particularly well suited for the cleavage of H2 [8]. However,

they are usually expensive, and their traces remaining in the products present

toxicological and environmental concerns. On the other hand, certain main-group

compounds can also react readily with H2. Recently discovered examples include

(alkyl)(amino)carbenes [9], unsaturated ArEEAr molecules and Ar2E carbene

analogues with E ¼ Ge or Sn [10], (amido)(boryl)silylenes [11], organocalcium

derivatives [12], and antiaromatic boroles [13], and the range has been notably

extended by FLPs [14]. By now, a series of frustrated pairs have been shown to

exhibit H2 activation, and many of them have been successfully applied in TM-free

catalytic hydrogenation procedures [15, 16]. Nevertheless, hydrogen activation is

intriguing not only because of its potential use in developing cleaner synthetic

procedures. The cleavage of such an inert molecule under mild conditions is in

itself a fascinating ramification of Lewis acid–base chemistry.

Breakthroughs in a research field may stem from serendipitous discoveries, but

very often, understanding contributes significantly to the development of new or

better approaches. In order to advance metal-free hydrogen activation and

hydrogenation chemistry it is desirable to attain more knowledge about the atomistic

details of the reactions and to rationalize factors affecting the kinetics and the

thermodynamics of both cleavage and transfer of H2. The primary sources of

information along these lines are, of course, experimental analyses, quantitative

ones in particular. However, due to the spectacular development in both methodology

and computer power, contemporary computational chemistry has reached a level

where it can provide useful and reliable complementary information. There are still

numerous known pitfalls and problematic systems, and the free energy data for

molecules of 50–100 atoms in solution are rarely of “chemical accuracy” (having

errors below 1 kcal/mol), but computational chemistry offers several advantages that

can contribute significantly to the understanding. For instance, reaction heats

and other thermodynamical properties can be calculated on the basis of computed

energetics, providing a direct link to experimentally observable quantities. The

atomistic level of description and the possibility of arbitrary modifications of the
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investigated systems or partitioning of the computed energetic data allow easy

identification of the reactivity-determining factors. Valuable information regarding

the reaction mechanism can also be obtained from thorough examination of alterna-

tive reaction pathways, including the computational identification of key reaction

intermediates and transition states. The computed free energy diagrams can then be

used to judge the feasibility of the envisioned mechanistic pathways and to plan new

experiments.

We initiated several computational studies on FLP H2 activation with the goal of

providing explanations, trends, predictions, and analogies to establish a solid

background for the rational design of improved FLP catalysts [17–25]. In the

present chapter we summarize our findings, divided into three main sections

covering three aspects of this intriguing reactivity: the thermodynamics of hetero-

lytic H2 splitting, the mechanism of H2 activation, and the mechanism of catalytic

hydrogenation. Although we focus primarily on our own contributions, we present

them in the context of achievements disclosed by other research groups, being

aware that most of them are discussed in detail in other chapters of this book.

Herein, we wish to give a critical overview of the currently available results of

theoretical works and also to bring out some unresolved issues and possible new

research directions. A brief and general description of computational approaches is

provided prior to the discussion of the results.

2 Computational Approaches

The majority of contemporary theoretical studies aimed at the understanding of

chemical reactivity explore the potential energy surface (PES) as a function of

nuclear coordinates, a concept brought into existence by the Born–Oppenheimer

approximation. By locating the minima and identifying the connecting first-order

saddle points, one obtains structures of the intermediates and transition states

together with the corresponding (“electronic”) potential energies. To address the

effects of finite temperature in the simplest way, free energies are then calculated by

treating the species as rigid rotors and the internal motions as harmonic oscillators.

Solvent models based on a continuum representation can provide estimates of

solvation free energies, thereby linking the gas-phase and solution-phase free

energy data. Ideal behavior in both gas phase and solution is typically assumed.

We also employed this approach in most of our investigations.

The first component of this protocol is the approximate method used to calculate

electronic energies. For systems as large as a typical FLP, density functional theory

(DFT) offers an efficient and reasonably accurate choice in general; however, the

exchange–correlation functional must be selected carefully. In mechanistic studies,

it must reliably describe relative energies of intermediates with fully formed, well

localized bonds and transition states with partially broken, more delocalized ones in

order to estimate activation barriers accurately. Hybrid functionals, which combine

the nonlocal Hartree–Fock-type exchange with semilocal approximated exchange
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and correlation, are therefore typically chosen. Characteristic for FLPs is the

importance of the interactions among the bulky substituents, a significant compo-

nent of which is dispersion. An appropriate treatment for this type of weak interac-

tion is only provided by more recent density functionals [26]. For example, the

M05/M06 families [27], nonlocal van der Waals density functionals [28], and

Grimme’s dispersion correction [29], applicable to a variety of older and newer

functionals, were reported to yield acceptable results. In most cases, we utilized the

M05-2X functional.

As the energy changes slowly in the vicinity of a stationary point, geometry

optimizations are often carried out at a lower, cheaper level of theory. In contrast,

the subsequent single-point energy computations may involve more expensive

approaches. For instance, larger basis sets can be used for the DFT calculations, and

wave functionmethods can also be considered. The SCS-MP2method [30], based on a

physically motivated scaling of the MP2 components, was found to be quite robust,

and we applied it to obtain some of the results discussed in the present chapter.

Having the stationary points on the PES and their energies in hand, one can

proceed to the calculation of free energies. Admittedly, the commonly utilized rigid

rotor, harmonic oscillator model does not perform particularly well when the PES

has several close-lying minima separated by tiny barriers, such as in the case of

internal rotations [31, 32]. General experience, however, shows that the relative

free energy data obtained are accurate enough to characterize trends and understand

mechanisms. This is supposedly due to a favorable cancellation of errors.

The investigated reactions occur in condensed phase, and solvents can have

profound effects on the reaction free energy profiles. The solvent is often modeled

as a polarizable continuum, which usually provides acceptable results in the

absence of direct participation of solvent molecules in the chemical reaction and

very strong, specific solute–solvent binding [33–37]. Particularly for apolar

solvents and uncharged solutes, nonelectrostatic contributions to the solvation can

be large, and continuum solvation models typically contain some more or less

empirical terms to account for them. In our earlier works we employed the

IEF-PCM/UA0 [38] formulation of the continuum model. Later, when it became

widely available, we switched to the more accurate SMD [39] scheme. While many

important aspects of solvation are correctly grasped by these methods, their limited

accuracy must be kept in mind.

As discussed, free energies determined by the above approach, which we might

term as “static” quantum chemistry, suffer from larger uncertainties because of the

thermal motions, entropies, and interactions with the solvent. These phenomena

may be better addressed by a statistical sampling of the PES at finite temperature

with explicit solvent molecules. To this end, Monte Carlo techniques or molecular

dynamics can be applied. In both cases, a much larger number of points on the PES

are involved than with “static” approaches, and much more efficient methods for

the calculation of the energy are necessary. Empirical force fields may be a good

choice for nonreactive systems; for the description of reactivity, force fields

with various corrections or cheap DFT techniques can be chosen. In one of our

works [25], which is to our knowledge the first study going beyond “static”
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quantum chemistry in the field of FLPs, we employed molecular dynamics and a

custom force field with an empirical correction to describe the energy contribution

of incipient dative bonding.

3 Thermodynamics of H2 Cleavage

Steric hindrance of dative bond formation has been known for quite long time, but in

connection with proton and hydride bound to Lewis bases and acids, evolution, and not

cleavage, of hydrogen was typically observed (e.g., in borohydride hydrolysis [40]).

Why does thermodynamics prefer H2 splitting with FLPs? In their early study [41], the

Stephan group highlighted the role of cumulative strength of the acidic and basic

components to allow breaking of the H–H bond, and indeed, typical reactive pairs

feature multiple electron-donating alkyl or alkylaryl substituents on the donor and

fluorinated, electron-withdrawing substituents on the acceptor center. Nevertheless,

neither a large number of alkyl groups nor the fluorine atoms seem to be indispensable

in light of later results [42, 43]. The requirement for the complete absence of the dative

bond, originally considered as a key to FLP behavior, can also be dropped in some cases

(for early examples see [44, 45]). In addition, Repo,Rieger et al. came to the conclusion

that it is the favorable electrostatic interaction between the charged fragments of the

zwitterionic products that can “pay for the loss of the strong Heitler–London covalent

bond of H2” [46]. It thus seems that H2 cleavage capability results from a delicate

balance of various properties, which is worth examining.

Failure of H2 cleavage may, of course, originate from unfavorable kinetics as

well. In the field of FLPs, this was first demonstrated by Erker and coworkers,

who prepared the phosphinoborane compounds trans-Mes2P–CH¼CR–B(C6F5)2
(R ¼ Me or Ph), which are unreactive toward H2 but readily accept the H+ and H�

from other systems [47]. Nevertheless, several studies in the literature confirm that

investigation of thermodynamic properties of hydrogen activating or releasing

systems can unfold important details about the reactivity-determining factors

[48, 49]. In an effort to understand these factors better, we undertook and published

a computational study on the thermodynamics of the hydrogen splitting process by

various FLPs [20]. Besides predictions of the overall reaction energies, the theore-

tical approach allowed us to address directly the importance of all contributions

suggested to be important for H2 cleavage and to highlight some aspects that may be

exploited in the rational design of related new compounds. This section summarizes

the most important findings from our 2009 study.

3.1 Types of FLPs and Scope of the Study

Starting from the phosphine/borane combinations disclosed in the seminal papers of

this field [6, 41, 50], the range of FLPs has been notably extended by now. Many

of the reported systems are simple pairs of separate donor and acceptor molecules
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(D/A pairs; also referred to as intermolecular or nonlinked FLPs). It was

demonstrated in several studies that the “classical” Lewis reactivity (dative bond

formation) is not mutually exclusive with FLP behavior, so among the intermolecular

“FLPs,” a number of dative D–A adducts can also be found. The other class of FLPs

consists of intramolecular or linked pairs, where the donor and acceptor centers are

connected by a covalent backbone (denoted as D~A here). For some of these

compounds, intramolecular dative bonds were also observed, leading to heterocyclic

structures, which we denote by closed-D~A.
In our 2009 investigations we included a large set of Lewis pairs for which

experiments clearly indicated either hydrogenated product formation or the absence

of any reaction with H2 [4, 6, 41, 44–47, 50–58]. This list has now been extended

by two items that further illustrate some of the conclusions we drew at that time

[43, 59]. The involved components of intermolecular D/A or D–A pairs are shown in

Fig. 1. From the impressive list of FLP donors applied in the literature, we included a

representative series with various donor atoms (P,N,C), various levels of steric
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Fig. 1 Components of the investigated intermolecular Lewis acid–base pairs
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encumbrance (e.g., Me3P vs Mes3P), and with substituents having various electronic

effects (e.g., (C6F5)3P vs Ph3P). A much narrower range of compounds has been

reported on the acceptor side; so far, almost all hydrogen-activating systems employ

boranes. We studied the most often utilized tris(pentafluorophenyl)borane, B(C6F5)3,

together with a small set of other symmetric triaryl- and trialkylboranes. In addition,

we carried out calculations for a series of linked donor–acceptor systems (D~A)

including phosphinoborane and aminoborane compounds with various tethers having

length of 0, 1, 2, 3, or 4 atoms (see Fig. 2). Intramolecular dative bonds were

only observed for the CH2–CH2-linked Mes2P–C2H4–B(C6F5)2 molecule, and the

ortho-phenylene-linked Me2N–C6H4–B(C6F5)2, whose observed forms with four-

membered heterocycles will be referred to as closed-Mes2P–C2H4–B(C6F5)2 and

closed-Me2N–C6H4–B(C6F5)2, respectively. Furthermore, for the directly linked

t-Bu2P–B(C6F5)2 compound, weak p overlap between the adjacent phosphorus lone

pair and boron empty orbital was revealed by computations, and it is also apparent

from the X-ray geometry showing planar P and B centers as well as an unusually

short P–B bond [58]. Nevertheless, this compound retains sufficient Lewis acidic and

basic character to react directly with H2; therefore, we consider it for the moment as

containing no dative bond.

R2P B(C6F5)2

F F

F F

Mes2P B(C6F5)2

NPh2

B(C6F5)2

B(C6F5)2
t-Bu2P

B(C6F5)2

N

t-Bu2P B(C6F5)2

R = Mes, t-Bu

R2P C6F4 B(C6F5)2
t-Bu2P BPh2

closed-Mes2P C2H4 B(C6F5)2

t-Bu2P C2HMe B(C6F5)2

tmp CH2 C6H4 B(C6F5)2

t-Bu2P CH2 BPh2

Ph2N C6H4 B(C6F5)2

(*)

t-Bu2P B(C6F5)2

NMe2

B(C6F5)2

closed-Me2N C6H4 B(C6F5)2
(*)

P~B pairs

N~B pairs

Fig. 2 Covalently linked Lewis pairs under study. Molecules added to the list of originally

investigated systems are marked with an asterisk
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3.2 Overall Free Energies

In order to investigate the thermodynamic feasibility of the H2 cleavage reaction

with various D/A and D~A systems, we calculated the overall solution-phase Gibbs

free energies (DG) at 25 �C of the H2 activation reaction using the M05-2X

functional. We chose a single solvent for all calculations to make the identification

of trends easier; toluene was selected, as most of the experiments had employed

this medium. The experimentally found stable forms (datively bound or unbound)

of the Lewis acid–base systems and molecular H2 were considered as reactants, and

the product was treated as a solvated cation–anion pair [DH]+[HA]� or a single

zwitterionic species [+HD~AH�]. In other words, we considered the following

reactions:

D�A or Dþ Aþ H2 ! ½DH�þ½HA�� (1)

closed-D�A or D�Aþ H2 ! ½þHD�AH�� (2)

The computed solution-phase DG data for all examined Lewis pairs are presented

on an energy scale in Fig. 3. Apparently the calculated free energies cover a

remarkably wide range (from �40 to +30 kcal/mol). All systems that were shown

to be unreactive experimentally are characterized by positive DG values typically

above +10 kcal/mol, which suggests that it is the thermodynamically unfavorable

nature of these reactions that hampers the isolation of the H2 cleavage product.

Accordingly, for all reactive systems but one, we obtained free energy values near

to or in some cases well below zero. For the reactive t-Bu3P + BPh3 pair, however,

the calculated DG ¼ +18.2 kcal/mol is quite high and, more importantly, it falls into

a region of several nonreactive systems. In spite of the possible uncertainties of the

computed solvent-phase free energies, consideration of the qualitative agreement for

all other systems and also for the trends (see below) suggests that revisiting the

experimental data might be necessary in this particular case.

Reversibility of the H2 binding was observed for some of the treated FLPs, that

is, H2 is lost and the original FLP is reformed upon exposure to heat or/and reduced

pressure. One expects that reversible FLP/H2 systems are slightly exergonic in the

direction of H2 uptake at standard conditions, and this is indeed what we found.

However, it is also apparent that we cannot distinguish between reversible and

nonreversible systems on the basis of the calculated DG values. This fact may be

explained by different reaction barriers as well as the nonequilibrium conditions

leading to H2 expulsion, neither of which was taken into account in our present

theoretical approach. Nevertheless, uncertainties of the computational protocol may

also mask small but relevant differences in DG.
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Fig. 3 Calculated Gibbs free energies for the hydrogen splitting reactions of Lewis pairs. Notation

used for borane units: B ¼ B(C6F5)3, B
0 ¼ B(C6F5)2. Molecules added to the list of originally

investigated systems are marked with an asterisk
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3.3 Partitioning of the Reaction Free Energy

As noted before, computational chemistry provides the possibility of dividing a

reaction and its free energy into hypothetical, but chemically meaningful steps and

contributions. Accordingly, we constructed a decomposition scheme for the H2

activation that delivers information about each influencing factor mentioned in the

introduction. The thermodynamic cycle used in our study is presented in Fig. 4, and

the corresponding substeps of the hydrogenation reactions of D/A and D~A Lewis

pairs are shown in Fig. 5.

hydrogen cleavage

preparation

proton attachment

hydride attachment

stabilization
reactant(s) + H2

product

ΔGHH

ΔGprep

ΔGpa

ΔGha

ΔGstab
ΔG

ΔG = ΔGHH + ΔGprep + ΔGpa + ΔGha + ΔGstab

Fig. 4 Thermodynamic

cycle of hydrogen splitting by

Lewis pairs

D–A + H2     [DH]+[HA]–

ΔGHH

ΔGprep

ΔGpa

ΔGha

ΔGstab

H2 H+ + H–

D–A     D + A closed-D~A     D~A

D + H+     [DH]+ D~A + H+     [HD~A]+

A + H–     [HA]– D~A + H–     [D~AH]–

[HD~A]+ + [D~AH]– [+HD~AH–] + D~A[DH]+ + [HA]–     [DH]+[HA]–

ΔG
D~A + H2 [+HD~AH–]

ΔGHH

ΔGprep

ΔGpa

ΔGha

ΔGstab

H2 H+ + H–

ΔG
D + A + H2     [DH]+[HA]–

[+HD~AH–]closed-D~A + H2

a b

Fig. 5 Substeps of the H2 cleavage reaction according to the thermodynamic cycle in Fig. 4,

for inter- (a) and intra-molecular (b) FLPs
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The first step of our thermodynamic cycle is the heterolytic cleavage of
dihydrogen into H+ and H� ions in toluene. For all FLPs, this step corresponds to

a free energy change of DGHH ¼ +128.8 kcal/mol. The high positive value reflects

the thermodynamic stability of the H–H bond, which must be compensated for in a

favorable cleavage reaction.

For most of the examined systems, steric congestion leads to the complete

absence of the dative bond between the Lewis centers in equilibrium, so the

cleavage of H2 is the only step uphill in free energy. However, the active sites of

the Lewis donor and acceptor may also be quenched, and an additional amount of

free energy (DGprep) is required to break the intra- or intermolecular dative bonds,

so that the base and acid become prepared to receive the H+ and H� ions. These

dative bonds are typically strained, and five out of the six bound systems in our

study possess DGprep values ranging between +3 and +12 kcal/mol. Only the

sterically less crowded Me3P forms stronger dative bonds with B(C6F5)3, reaching

a DGprep value of ~23 kcal/mol. It is important to note that this free energy in itself

is determined by a balance of steric bulkiness and acid/base strength of the

reactants, and further decomposition might be considered. Nevertheless, taking

into account the small number of datively bound pairs in our study, we simply

took DGprep as the next contribution to the overall free energy.

The following two terms of the partitioning were chosen to be the Gibbs free

energies of the attachment of a proton (DGpa) and a hydride (DGha) ion to the donor

or acceptor molecules as well as to the neutral ambiphilic D~A compounds. These

values account for the energy stored in the newly formed chemical bonds (D–H and

A–H) and measure the Lewis donor and acceptor strength of the FLP. From the

numerous methods available in the literature for the quantification of Lewis basicity

or acidity, these may not be the easiest to measure experimentally, but they are

readily amenable to computational determination and most directly linked to the

potential of the Lewis components to act in the heterolytic hydrogen splitting

reaction.

The computed DGpa and DGha values for the compounds of interest are shown in

Figs. 6 and 7, respectively; more negative values correspond to stronger donor/

acceptor centers. The acidity/basicity ranges are very wide; e.g., for basicity, an

interval of ~70 kcal/mol is covered, which roughly corresponds to 50 pKa units.

Nevertheless, the trends correspond to chemical intuition, and most of the data can

be interpreted simply by considering that electron-donating substituents increase

donor and decrease acceptor strength; electron-withdrawing substituents, such as

fluorines, act the opposite way.

For intermolecular systems, the final, stabilization step corresponds to the

formation of the product ion pair from the separated [DH]+ and [HA]� ions (see

Fig. 5a). The free energy DGstab associated with this step is simply the binding free

energy of the ion pair. For the intramolecular pairs, the last step of the thermody-

namic cycle is the somewhat counterintuitive reaction of the ionic [HD~A]+ and

[D~AH]� species that yields the zwitterionic [+HD~AH�] product and a neutral

D~A molecule (see Fig. 5b). The free energy of this step (DGstab) measures how

much the Lewis acidity is enhanced upon protonation of the basic site, or
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equivalently, how much the Lewis basicity increases due to hydride binding to the

acidic site. DGstab thereby quantifies the effect of intramolecular acid–base

cooperativity on the thermodynamics of the reaction.

In order to explore the relationship between the molecular structure and DGstab

and to assess the significance of electrostatics, a plot of the calculated data as a

function of the reciprocal of the distance of the donor and acceptor atoms in the

product d�1
DA

� �
is provided in Fig. 8. It is apparent from these results that the vast

majority of the intermolecular systems can be characterized by a stabilization free

energy lying in a fairly narrow range between �14 and �24 kcal/mol. The modest

variation of this term can be associated with the structural similarity of the

[DH]+[HA]� ion pairs, bearing singly charged donor/acceptor centers shielded by

bulky apolar groups. No clear correlations between DGstab and d�1
DA or between

DGstab and the H···H distance can be observed, which suggests that several factors

(electrostatics, dihydrogen bond, steric effects, solvation, etc.) may be equally

important in determining the binding strength.

Fig. 6 Calculated Gibbs free energies of proton attachment to the Lewis donors. Notation used for

borane units: B0 ¼ B(C6F5)2. Molecules added to the list of originally investigated systems are

marked with an asterisk

Fig. 7 Calculated Gibbs free energies of hydride attachment to the Lewis acceptors. Notation

used for borane units: B ¼ B(C6F5)3, B
0 ¼ B(C6F5)2. Molecules added to the list of originally

investigated systems are marked with an asterisk
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Linked systems tend to have more favorable stabilization free energies than

intermolecular pairs in general, which can partly be attributed to the difference in

the stoichiometry of the stabilization step (see Fig. 5). This step of the thermo-

dynamic cycle involves entropy loss for intermolecular systems due to ion asso-

ciation, whereas the number of molecules does not vary in the stabilization step

of linked pairs. In the present partitioning, this step accounts for the different

entropy changes of the overall reactions, which represents a fundamental difference

between the two families of FLPs. Namely, the fact that three molecules must be

brought together to form the product implies an entropic penalty on the nonlinked

systems, as compared to the linked pairs. We note that in the present partitioning,

FLPs that form strained dative adducts on the reactant side bear a favorable entropy

contribution in the preparation step and an unfavorable one in the stabilization step,

and, considering the overall entropy, they resemble the linked class more closely.

As is apparent from Fig. 8, the DGstab values of linked FLPs vary in a broader

energy interval than those of the D/A pairs, and their trends are consistent with a

simple electrostatic interpretation, corresponding to the interaction of ~�0.6 charges

located on the donor and acceptor atoms (see Fig. 8). The shortest donor–acceptor

distances, and thereby the most negative DGstab values, are provided by the

Fig. 8 Calculated stabilization Gibbs free energies of the products of the hydrogen splitting

reactions, plotted as a function of the reciprocal of the distance of the donor and acceptor atoms in

the product dDA�1ð Þ. Linear fit of linked systems corresponds to the Coulomb interaction of q point
charges at distance dDA. Notation used for borane units: B ¼ B(C6F5)3, B

0 ¼ B(C6F5)2. Molecules

added to the list of originally investigated systems are marked with an asterisk, and they were not

included in the fit
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“zero-atom linker” in t-Bu2P–B(C6F5)2, the ortho-phenylene bridge as in

[+HPh2N–C6H4–B(C6F5)2H
�] and [+HMe2N–C6H4–B(C6F5)2H

�], and the methy-

lene group in [+Ht-Bu2P–CH2–BPh2H
�]. The stabilizing effect is gradually reduced

with increasing intramolecular dDA separations, reaching a value comparable to

nonlinked systems for the C6F4-linked products. One can conclude from these results

that the intramolecular distance of the active sites has a significant and well-defined

effect on acid–base cooperativity, and the variations in this term can easily exceed

those found in the ion pair binding energies of intermolecular pairs.

3.4 Tuning the Overall Free Energy: Are Acid and Base
Strengths Decisive?

In order to create an FLP thermodynamically allowed to form the hydrogenated

product, it is sufficient to ensure that the H2 uptake has negative reaction free

energy. However, the design of hydrogenation catalysts imposes a slightly different

and stricter requirement: the free energy needs to be close to zero (but not necessary
below it). The reason is that a too positive value would not allow formation of the

reactive intermediate in sufficient concentration, while a too negative free energy

would make the hydrogen transfer to the substrate disfavored. This line of thinking

has been fruitful in the design of transition metal based complexes that produce or

oxidize H2 [49], and it has also been considered as a criterion in the computational

design of FLP catalysts [60]. This design principle requires fine control over the

reaction free energy; we therefore think it is instructive to consider how the above

discussed terms combine and what are their relative importances.

From the above analysis of the individual contributions, it is clear that all three

negative terms are essential to balance the energy demand of H–H splitting and to

obtain hydrogenation processes with DG around zero. Acid–base properties show

the largest diversity in this series of compounds although the stabilization free

energies may exhibit significant variations for the linked systems. In order to

correlate the cumulative acid–base strength of Lewis pairs with the thermo-

dynamics of H2 splitting reactions, we show the plot of the overall reaction free

energies as a function of DGpa + DGha (Fig. 9).

The figure clearly demonstrates that, for most of the intermolecular systems

studied here, the absence of the dative bond and the near invariance of the ion pair

binding energy infer a decisive role for donor–acceptor strength in determining the

thermodynamic feasibility of H2 activation. Among these systems, a DGpa + DGha

value somewhat below �110 kcal/mol leads to slightly exergonic hydrogen activa-

tion; many combinations of bulky P and N donors with strong Lewis acids

(B(C6F5)3 or B(p-C6F4H)3) can be found in this region. The results point out that,

together with the strongest bases, e.g., tmp, t-Bu3P, and particularly the carbene

carb, considerable reduction in the acidity of the acceptor can be carried out while

still fulfilling the requirements for a good hydrogenation catalyst. We note here that
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in a hydrogen transfer reaction to a given unsaturated substrate, the relationships

among the acidity and basicity of the Lewis components and the substrate may

determine whether proton or hydride is transferred first, or they are transferred in

a concerted way [61] (besides steric effects [62]). Consideration of whether a

particular FLP-H2 system has a larger propensity to donate the proton or the hydride

first may thus contribute to the successful design of catalysts for a specific substrate

class.

For the intermolecular pairs, significant deviations from the correlation between

DG and DGpa + DGha can be attributed either to the formation of dative bonds

(e.g., Me3P–B(C6F5)3 and Ph3P–B(C6F5)3) or to unusually large ion pair binding

energies (e.g., lut + BEt3 and tmp + BPh3). Notably, for the datively bound

Me3P–B(C6F5)3 and Ph3P–B(C6F5)3 systems, the cumulative acid–base strengths

are comparable to those obtained for reactive pairs, but the DGprep terms shift these

systems into the endergonic range.

As noted before, the entropic cost associated with the hydrogen splitting in

linked systems is smaller compared to nonlinked pairs. Lower cumulative

acid–base strength is thus generally sufficient to render a linked system thermody-

namically feasible. Indeed, we find all reactive D~A systems between �110

and �80 kcal/mol on the DGpa + DGha scale. Due to the large variations in the

Fig. 9 Overall Gibbs free energy of the reactions plotted as a function of the cumulative acid–base

strength. The straight line corresponds to a perfect correlation between DG and DGpa + DGha,

drawn assuming DGprep ¼ 0 and the mean DGstab of the nonlinked systems (�18.4 kcal/mol).

Notation used for borane units: B ¼ B(C6F5)3, B
0 ¼ B(C6F5)2. Molecules added to the list of

originally investigated systems are marked with an asterisk
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DGstab components, discussed in the previous section, no clear correlation between

the overall free energy and the cumulative acid–base strength can be established for

the investigated linked pairs. This feature provides an additional degree of freedom

to control the thermodynamics of H2 splitting reactions. It is interesting to note in

this regard that the unreactive nature of the Ph2N–C6H4–B(C6F5)2 system indeed

stems from the low basicity of the N atom as pointed out by Piers et al. [57] but,

despite the unfavorable acid–base properties, the calculated DG ¼ +7.1 kcal/mol is

surprisingly low owing to unusually high stabilization free energy. In fact, a small

increase in base strength was sufficient, and the dimethyl derivative prepared later

(closed-Me2N–C6H4–B(C6F5)2 [59]) does react with hydrogen. Notably, the tuning

of the basicity also had an effect on the preparation step as a weak dative bond is

observed here; moreover, the stabilization free energy also increased (see Fig. 8),

for which there seems to be no simple rationalization within the present scheme.

Further investigations may provide explanation via uncovering the overlooked

subtle interplay among the various terms and the details of intramolecular

cooperation.

The importance of large intramolecular stabilization provided by short covalent

linkers is also borne out by the data on the methylene-linked t-Bu2P–CH2–BPh2
pair. This compound, prepared by Slootweg, Lammertsma, and coworkers [43], is

capable of cleaving hydrogen despite the absence of the fluorine atoms and the

resulting low acidity of the boron center. This molecule also exemplifies that the

FLP design strategy presented by Wang and coworkers, comprising the use of CH2

or similar groups between the donor and acceptor centers [63, 64], leads not only to

favorable kinetics but also enhances the exergonicity of the hydrogen activation

reaction as compared to nonlinked pairs or longer linkers.

3.5 Related Studies in the Literature

A handful of computational studies addressing the thermodynamic factors of

hydrogen cleavage have been published by various authors. Nyhlén and Privalov

carried out a detailed study on the substituent effects in H2 activation by R2P–BR
0
2

compounds [65]. The main focus of this work was to understand the relationship

between the structure and the activation barrier, but the reaction exothermicities

were also reported. The trends of the latter were not analyzed, however.

To our knowledge, a thermochemical cycle for heterolytic hydrogen cleavage by

Lewis pairs first appeared as supplementary material to a paper of Repo, Rieger,

and coworkers [46]. These authors highlighted that the estimated magnitude of

electrostatic interaction in the product ion pair or zwitterion is comparable to the

energy required for the homolytic dissociation of H2, and formulated the “Coulomb

pays for Heitler–London” hypothesis as a driving force. While this might be a good

order-of-magnitude estimate in the absence of a solvent, its significance is limited

because the heterolytic dissociation relevant to FLPs (see Figures 4 and 5) is more

endothermic, and the energy gained from the newly formed chemical bonds is far
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from being negligible. This fact was admitted in a related later study on the

energetics of the dimethyl-diphenylpyridine + B(C6F5)3 pair, where the possibility

of stabilization of the product ion pairs due to oligomerization or crystallization was

also discussed [66].

Concurrently with our thermodynamic study, an independent investigation was

reported by Gao, Wu, and Mo [67], in which they employed a very similar energy

partitioning to understand the reactivity difference between the H3P–B(CF3)3 and

t-Bu3P + B(C6F5)3 pairs. Solvation and entropic effects were not considered,

but many of their conclusions are completely parallel to ours. A follow-up paper

from the same authors appeared later [68], extending the discussion to various

phosphine/borane combinations. The same approach was adopted by Jia and

coworkers in their studies about lutidine/borane [69] and phosphine/borane pairs [70].

The effect of tuning FLPs via changing steric effects or acid/base strength has also

been investigated from the experimental side. Several studies have been devoted to the

understanding of substituent effects on adduct formation as well as on feasibility and

reversibility of hydrogen activation, e.g., by varying phosphines and boranes [71],

amines [72], amines and boranes [73], carbenes [74], and pyridines [75]. Important

information can also be obtained from studies that simply encompass a wide range of

compounds, e.g., phosphines [76], pyridines and boranes [77], and amines [78]. In

some cases, computations were invoked besides the experimental work to help

rationalize the observed trends [74, 75]. Synthesis and calculations on i-Pr2N–B
(C6F5)2 allowed interpretation of the reactivity difference from the related

phosphinoboranes [79]. Phosphine/borane FLPs with decreased basicity on the

donor side have been synthesized, where the absence of the dative bond stems not

from steric but rather from electronic effects; these pairs do not activate H2 but do

show FLP-type reactivity toward other substrates [80, 81]. Last but not least, as a

practical application of FLP tuning, more active hydrogenation catalysts have been

synthesized following the principle that decreased basicity makes the transfer of

hydrogen to the substrate thermodynamically more favored [82].

4 The Mechanism and the Notion of Frustration

H2 is very inert, does not react with Lewis acids or bases separately, and the absence

of any detectable intermediate in the FLP + H2 system opens a wide field for

speculations about the actual reactive species in this process. In general, mechanistic

hypotheses can be tested experimentally by identifying the reaction intermediates and

carrying out kinetic and isotope labeling studies; however, such explorations in the

field of H2 activation by FLPs are often challenging because of several technical

difficulties. The reactant H2 is gaseous; it has low solubility in typical solvents;

reactions are often diffusion-controlled, and a precise control over the concentration

of H2 might be hard to realize. Many of the reactions are rapid, and in some of them,

even a third phase is involved because the product precipitates. The chemical

complexity is often large; the presence of side reactions might make it difficult to
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decide whether a particular intermediate detected in the solution is mechanistically

relevant, and multiple pathways for H2 activation can be operative in parallel. Most of

the discovered FLPs are air and moisture sensitive, and the influence of trace amounts

of oxygen or water can be large. It is therefore not surprising that, despite the very

early efforts to come up with mechanistic proposals and verify them, there are only a

few clear-cut conclusions from experiments.

On the other hand, reaction intermediates can be identified computationally even

if they are high energy species and form in too low concentrations to be observable.

The suggested mechanistic pathways can be compared directly by exploring the

involved elementary steps and deriving free energy diagrams for different reaction

routes. The characterization of the reactive intermediates and the rate-determining

transition states provide complementary mechanistic information to formulate

simple reactivity models, which might be useful for further development.

In what follows in this section, we first review the results published for the

t-Bu3P/B(C6F5)3 + H2 system, a prototype reaction investigated by us [17, 21] and

by several other research groups. The reactivity model we proposed from our

studies [17, 21] and its relationship to other H2 activation modes is discussed

next. The basic messages from the large body of theoretical mechanistic studies

of other D/A + H2 reactions as well as of reactions with linked FLPs are presented,

too, including our own contributions [19, 23, 24]. Finally, we address the elusive

nature of intermediates involved in these reactions and summarize the results of our

first attempt to apply dynamic theoretical models to rationalize the reactivity [25].

4.1 The Prototypical t-Bu3P/B(C6F5)3 + H2 Reaction

The reactivity of simple bimolecular phosphine/borane pairs towardsH2was explored

byWelch and Stephan [41]. Among the investigated systems, the R3P/B(C6F5)3 pairs

with bulky R ¼ t-Bu and R ¼ Mes groups were shown to react rapidly with H2 under

mild conditions, resulting in the [R3PH]
+[HB(C6F5)3]

� products. Our initial compu-

tational analysis focused on the identification of possible intermediates in these

reactions [17].

Considering the t-Bu3P/B(C6F5)3 system, we first examined the two putative

reaction pathways outlined by Welch and Stephan, which involve the coordination

of H2 either to the donor or to the acceptor molecule followed by subsequent proton

or hydride abstraction processes (mechanism A and B in Fig. 10). By analogy to

transition metal chemistry, the side-on coordination of H2 to the borane seemed

plausible; however, no experimental evidence was found for the existence of

(C6F5)3B···H2 adducts even at low temperatures. The potential energy curves

derived by a combined use of DFT and wave function quantum chemical methods

pointed to unfavorable interactions for both side-on and end-on approaches of H2 to

borane B(C6F5)3, and the t-Bu3P···H2 interaction was found to be repulsive as well.

Based upon these results, we proposed pathways A and B to be excluded from the

possible mechanisms of the H2 activation process.
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Although not observed experimentally in related NMR measurements, we

assumed that secondary interactions between the phosphine and borane molecules

may lead to weakly bound complexes with properly oriented active centers, which

can then act as reactive intermediates in the reaction with H2 (mechanism C in

Fig. 10). This idea was confirmed computationally [17].

The envisioned t-Bu3P···B(C6F5)3 complex was first identified by DFT

calculations with B3LYP and the 6-31G(d) basis set, but bearing in mind that the

B3LYP functional performs poorly for dispersion interactions, we derived a poten-

tial energy curve with respect to the P–B distance (dPB) of the approaching t-Bu3P
and B(C6F5)3 molecules at the SCS-MP2/cc-pVTZ level (see Fig. 11). The potential

energy curve exhibits a minimum around dPB ¼ 4.2 Å, and a very similar structure

has been obtained via full geometry optimizations at the M05-2X/6-31G(d) level of

DFT [21] (see Fig. 12). This particular configuration of the t-Bu3P···B(C6F5)3

PR3
H2

R3P

H

H

B(C6F5)3

(C6F5)3BB(C6F5)3

PR3

H2

R3P H H

B(C6F5)3

PR3

H2

[R3PH]+[HB(C6F5)3]-

B(C6F5)3+ [R3PH]+[HB(C6F5)3]-

[R3PH]+[HB(C6F5)3]-A)

B)

C)

Fig. 10 Investigated reaction mechanisms for H2 activation with t-Bu3P/B(C6F5)3

Fig. 11 Interaction energy of t-Bu3P and B(C6F5)3 as a function of P–B distance
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system has been termed “frustrated complex” [17], implying that the frontier

orbitals of the P and B centers are aligned for dative bond formation, but their

overlap is prevented by the steric congestion of the FLP members (see Fig. 13). In

this arrangement, the donor/acceptor centers are preorganized for simultaneous

interaction with an H2 molecule, which appears to be an important ingredient of

the activation process. The loosely bound preorganized t-Bu3P···B(C6F5)3 adduct is

often referred to as the “encounter complex” in the literature.

The bonding in the frustrated complex can be characterized as a combination of

dispersion interactions and multiple C–H···F hydrogen bonds, which give rise to

appreciable stabilization. The association energy of the adduct is predicted to be in

the 8–19 kcal/mol range depending on the applied methodology [17, 21, 83–86].

Quantum chemical methods that account for dispersion interactions reasonably

well give 12–15 kcal/mol for interaction energy [17, 21, 85, 86]. Due to the

Fig. 12 Structure of the

frustrated t-Bu3P···B(C6F5)3
complex

Fig. 13 Frontier orbitals of the frustrated t-Bu3P···B(C6F5)3 complex
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dominance of weak, nondirectional, long-range forces, the frustrated complex is

structurally flexible. This is apparent from the shape of the computed P–B potential

energy curve (Fig. 12), but a high degree of flexibility has also been revealed for

displacements perpendicular to the borane axis [85]. In the equilibrium structure of

t-Bu3P···B(C6F5)3, the borane molecule remains planar, pointing to negligible

electron transfer in this configuration. At shorter P–B distances, a partial dative

bond formed via the overlap of P and B frontier orbitals could be identified; a weak

overlap was proposed to contribute to the enthalpic stabilization already at the

equilibrium geometry of the frustrated t-Bu3P···B(C6F5)3 complex [85].

Considering the flexible nature of the frustrated complex, one expects that it can

easily open up, allowing the small hydrogen molecule to interact with both active

centers of the phosphine/borane pair, which may initiate an activation process. The

potential energy surface has been explored in this region, and transition states

associated with the H–H bond cleavage have been located at various levels of theory

(first via B3LYP/6-31G(d) optimizations [17] and later by using the M05-2X/6-31G

(d) [21] and B97D/TZVPP’ [86] methods). The performance of these DFT methods

for noncovalent interactions is quite different, which leads to somewhat different

structural parameters for loosely bound systems. For instance, the position of the H2

molecule entering the reactive region of the frustrated complex (i.e., the shape of the

P···H–H···B unit of the transition state) was shown to be sensitive to the applied

functional [86]. Nevertheless, the located transition states at all mentioned levels of

theory share the same structural features (see TSH–H in Fig. 14):

1. The H2 molecule interacts with both active centers of the FLP.

2. The H–H bond is only slightly elongated with respect to the free H2,

corresponding to an early transition state for the bond cleavage.

3. The H2 molecule is nearly aligned with the P···B axis of the complex, and the

P···H–H···B unit of the transition state is slightly bent.

4. The borane unit of the transition state is notably pyramidalized, pointing to the

importance of electron transfer processes already in this initial phase of the

reaction.

Fig. 14 The transition state of H2 cleavage and the product ion-pair identified at the M05-2X/

6-31G(d) level [21]. Relative energies (in kcal/mol; with respect to separated reactants) are

given in parentheses
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The identified transition state represents only a small energy barrier for the

heterolytic H2 splitting and the formation of the [t-Bu3PH]
+[HB(C6F5)3]

� product

ion-pair is highly exothermic. The optimized structure of the phosphonium-

hydridoborate ion pair is consistent with the X-ray data [41]. Due to the flexibility

of the frustrated complex, the energy barrier arises predominantly from the distor-

tion of the individual reactants and the work required to bring the H2 molecule into

close contact with the acid/base centers. It is important to point out, however, that

entropy provides a major contribution to the free energy barrier of the reaction as

both reaction steps (i.e., the preassociation of the t-Bu3P/B(C6F5)3 partners and the

reaction of H2 with the frustrated complex) are entropically disfavored.

In addition to structural and energetic information, quantum chemical

calculations provided valuable insight into the electronic rearrangements associated

with the H2 splitting process [17, 21]. As a starting point, it is useful to examine the

t-Bu3P···H2 and (C6F5)3B···H2 binary systems at the geometries corresponding to the

TSH–H transition state. The electron density difference maps shown in Fig. 15a, b

indicate that both binary interactions lead to the polarization of the hydrogen

Fig. 15 Electron density difference maps calculated for (a) t-Bu3P···H2, (b) (C6F5)3B···H2 and

(c) TSH–H. Gray and blue surfaces, drawn with a cutoff of 0.0025 au (a and b) or 0.001 au (c),

indicate gain and loss of electron density with respect to the isolated H2 plus the donor (a),

acceptor (b), donor–acceptor complex (c). Atomic and fragment charges shown in part (c) were

obtained from natural population analysis
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molecule with the same polarization pattern. In both cases, the interacting Lewis site

induces the opposite Lewis property at the closer end of the H2 molecule, reducing

the repulsion between the molecules. In turn, the opposite end of the H2 molecule

obtains the same Lewis function as the interacting Lewis center. It thus appears that

the H2 molecule, which in itself is a very poor Lewis acid and base, relays the Lewis

property of the center involved in the binary interaction. In the reactive, ternary

system (TSH–H), the H2 molecule interacts simultaneously with the Lewis acidic

and basic centers of the frustrated complex. Both sites induce polarization of H2 in

the same direction, which thus leads to reduced repulsion on both sides of the

molecule and to a shift of electron density in the t-Bu3P ! B(C6F5)3 direction.

This partial electron transfer can be identified clearly on the electron density

difference map, and it is also corroborated by the computed atomic and fragment

charges of the transition state (see Fig. 15c). The cooperative nature of the phos-

phine/H2 and H2/borane interactions has also been confirmed by an analysis of

two- and three-body contributions to the interaction energy and electron density

difference [87].

In terms of the MO formalism [17, 21], the electron transfer identified by the

electron density analysis takes place via synergistic t-Bu3P ! s*(H2) and

s(H2) ! B(C6F5)3 donations (see Fig. 16), which actually correspond to two

concerted Lewis acid–base reactions between the reacting partners, and they both

weaken the H–H bond. In this reaction, the H2 molecule acts as a bridge between

the phosphine and borane fragments and enables an electron transfer that was

hindered sterically in the frustrated complex, so that the formation of two new

dative bonds (P–H and B–H) can begin.

4.2 Proposed Reactivity Model

By the conceptualization of the results obtained for the prototypical t-Bu3P/
B(C6F5)3 + H2 system, we proposed a general mechanistic model for H2 activation

processes by intermolecular FLPs [17]. The reactivity model is actually a refined

version of mechanism C depicted in Fig. 10, and it involves the following features:
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Fig. 16 MO representation

of electron donations in the

t-Bu3P/B(C6F5)3 + H2 system
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1. The preassociation of the Lewis acidic and basic components gives rise to

“frustrated complex” configurations with intermolecular arrangements similar

to classical Lewis donor–acceptor adducts, but having a much looser structure

and containing no dative bond. This flexibility provides a range of optimal

acid–base distances for bifunctional cooperativity.

2. Simultaneous interaction of H2 with both active centers of this preorganized

ambiphilic system is feasible, leading to bond activation and ultimately to

heterolytic bond cleavage in a bimolecular, low-barrier process.

3. Electron transfer occurs already at the initial phase of the reaction via coopera-

tive D ! s*(H2) and s(H2) ! A donations, which is analogous in its physical

nature to the hindered D–A dative bond formation and thereby represents the

release of frustration. The H2 molecule acts as a bridge by sacrificing its s bond,

and a thermodynamically favored cleavage product can form.

Although this reactivity model was originally formulated for H2 activation,

computational studies revealed very similar mechanism for the reaction of

t-Bu3P/B(C6F5)3 with olefins [18, 83, 88]. In this latter reaction, however,

borane–olefin interactions give an additional contribution to the preorganization

of the reacting molecules to an arrangement favorable for cooperative interactions.

Such interactions have been detected even experimentally in a tethered

alkenylborane [89]. For this reason, the transition state of the concerted addition

reaction can also be derived from the weakly bound borane···olefin adduct reacting

with the phosphine molecule.

In Sects. 3.3–3.4 we discussed how the absence or weakness of the donor–acceptor

dative bond can contribute to the favorable free energy of the hydrogen splitting

reaction. From this point of view, frustration not only involves steric effects but also

implies an energized state, a strain, which increases the exothermicity of the reaction

(Fig. 17). Importantly, this reactant-state destabilization influences the barrier analo-

gously. The extent of destabilization as compared to a hypothetical classical Lewis

pair having the same intrinsic acid–base properties, which we may call “frustration

energy” (DEf), lowers the activation energy, thus providing an example of “steric

assistance” to a chemical reaction [90]. The simple qualitative picture of FLP-type H2

activation shown in Fig. 17 was also supported by a computational study reported by

Mo et al. [67].

The present reactivity model can be paralleled with H2 activation modes of other

systems described previously [21] (see Fig. 18). The common feature of various H2

splitting mechanisms is the synergism of electron transfer processes that always

involve electron donation to the s*(H2) orbital and electron acceptance from the

s(H2) orbital. However, the mechanisms differ in the way the three interacting

partners (H2, donor, and acceptor) are positioned in the H–H splitting transition

state. The donor and the acceptor sites may be located on the same atom (transition

metal centers and singlet carbenes, Fig. 18a, c), or on two separated active centers

(bifunctional metal-ligand systems and FLPs, Fig. 18b, e), but an occupied bonding

orbital can also act as a donor partner (such as in ArEEAr molecules, Fig. 18d [91]).

For single centers, the cooperativity is provided naturally, and the character of the
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Fig. 17 The role of frustration in the mechanistic proposal. DEf represents the energy benefit of

frustration that lowers the barrier and increases the exothermicity of heterolytic H–H bond cleavage
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182 T.A. Rokob and I. Pápai



splitting process (homolytic or heterolytic) is determined by the symmetry of the

donor/acceptor orbitals. For separated active centers, however, a particular

structural preorganization is required to ensure the synergistic electron transfer

processes. Intermolecular FLPs represent a fascinating example, where the orbital

preorganization is provided by purely secondary interactions. Intramolecular FLPs,

on the other hand, can benefit from the presence of a covalent linker between the

donor and acceptor centers.

The mechanistic model proposed for intermolecular FLPs has been widely

applied to rationalize the reactivity of other bulky D/A pairs towards heterolytic

H2 splitting [19, 23, 24, 53, 66, 69, 92–94], and the MO-based picture of H2

activation has also been used as a general principle to design computationally

new hydrogenation catalysts [60, 62–64, 95–97]. However, an interesting alterna-

tive mechanistic proposal has been reported by Grimme et al. [86, 98] which

emphasizes the role of the electric field induced by the active centers of the

frustrated complex. According to this model, the reactivity of FLPs can be

rationalized without involving specific FLP/H2 orbitals, because the H2 activation

occurs as a result of polarization by the strong electric field in the cavity of the

frustrated complex. This reactivity model represents a novel principle of small

molecule activation, and highlights the unique position of FLP chemistry more than

its analogies with related systems. In our view, further studies might be useful to

assess the relevance of the electric field model and the extent of its applicability in

guiding the design of new compounds. An insightful analysis of the orbital and

electric field effects in the activation of H2 with small (not frustrated) Lewis

acid/base pairs has recently been reported by Camaioni et al. [99], who concluded

that the electric field alone is insufficient to split the H–H bond.

4.3 Theoretical Studies of Other D/A + H2 Reactions

Stephan’s landmark discoveries shed light on the potential of using bulky Lewis

pairs as metal-free hydrogenation catalysts and motivated further studies to broaden

the scope of FLPs. In addition to simple phosphine/borane pairs, a series of different

intermolecular FLPs have been described and found to cleave H2 efficiently. These

systems include a variety of P-, N-, O-, and C-based donors usually combined with

B(C6F5)3, but successful modifications to the borane have been introduced as well.

Some of these reactions were examined computationally, and the results gave

more information on the mechanistic details as well as on the concept of frustration.

In this section, we summarize these contributions.

4.3.1 N/C/O Donors: A Wide Range of Similar Reactions

Tamm and coworkers published a joint experimental–theoretical study on the

heterolytic hydrogen splitting by the carbene/borane pair carb/B(C6F5)3 [53].

In accordance with an independent experimental work of Stephan et al. [54], they
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found that this pair is also capable of hydrogen activation, yielding an amidinium

hydridoborate salt. A noncovalent, preorganized complex of the Lewis components

[carb···B(C6F5)3] was identified computationally with an association energy of

DE ¼ �10.9 kcal/mol. The transition state of hydrogen splitting was also located

and showed similar characteristics to that described for the t-Bu3P/B(C6F5)3 + H2

reaction. The calculations predicted very low energy barrier for the H–H cleavage

(DE{ ¼ +1.1 kcal/mol with respect to carb···B(C6F5)3 + H2). In a computational

study reported by Wang et al. [94], the reactivity of carbene/borane pairs (including

carb/B(C6F5)3) was paralleled with that of t-Bu3P/B(C6F5)3. Despite the large

difference in the basicity of carbenes and phosphines, very similar activation

barriers were found, which is in qualitative agreement with experimental

observations.

In their calculations, Privalov et al. addressed the possibility of hydrogen

cleavage via carbonyl/borane pairs [93]. The authors identified the corresponding

transition state of H2 activation, in which the carbonyl oxygen atom and the boron

center serve as a Lewis base and acid, respectively. Despite the relatively low

basicity of the carbonyl oxygen, the H2 splitting and the reduction of C¼O bonds

were predicted to be feasible at elevated temperatures. These predictions were later

verified experimentally by Repo et al., who reported direct hydrogenation of

aromatic carbonyl compounds in the presence of stoichiometric B(C6F5)3 [100].

The mechanism of H2 splitting by an amine/borane pair, namely by the combi-

nation of trans-2,6-dimethyl-2,6-diphenylpiperidine (dmdpp) with B(C6F5)3, has

been examined computationally by Pyykkö and Wang [66]. This intermolecular

FLP is capable of reversible H2 activation as demonstrated earlier by Sumerin et al.

[101]. The calculations indicated that this reaction takes place via an early transi-

tion state correlating to a weakly bound dmdpp···B(C6F5)3 intermediate on the

reactant side. The Morokuma energy decomposition analysis carried out for the

located transition state pointed to the importance of orbital interactions in the H2

activation process.

The metal-free hydrogenation of the phenyl ring in N-phenyl amines represents

another remarkable application of the FLP concept [42]. These reduction processes

occur at 110 �C in the presence of an equivalent of B(C6F5)3 and yield the

corresponding N-cyclohexylammonium hydridoborate salts. Related computations

carried out for the t-BuNHPh/B(C6F5)3 + H2 reaction revealed that a van der Waals

complex having the para-carbon of the aniline moiety preorganized with the boron

center, stabilized by p stacking interaction, is able to cleave H2 heterolytically in a

low-energy-barrier step. It was noted that the located transition state is more

advanced than usually observed for analogous reactions.

4.3.2 Imine/Borane and Amine/Borane Pairs: Two Consecutive

Hydrogen Activations

As a part of our theoretical investigation [19] of the mechanism of borane catalyzed

imine reduction [44, 102], we explored the H2 splitting reaction pathway for

the hydrogenation of imine t-BuN¼CHPh (im). Experimentally, the hydrogen
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activation by the stoichiometric im/B(C6F5)3 mixture proceeds similarly to the

t-Bu3P/B(C6F5)3 + H2 system in that room temperature and ambient pressure are

sufficient to induce the reaction [44]. However, the expected iminium hydridoborate

product cannot be isolated in this reaction as hydride transfer occurs rapidly, and the

resulting amine t-BuNH–CH2Ph (am) forms a classical Lewis adduct with B(C6F5)3.

The role of iminium hydridoborate as an intermediate was confirmed in a separate

experiment where the bulkier imine 2,6-(i-Pr)2C6H3–N¼C(Me)t-Bu (diim) was

found to produce the salt [diimH]+[HB(C6F5)3]
� under identical conditions, with

the hydride transfer step being apparently blocked [44].

The transition state of the H2 splitting process induced by the im/B(C6F5)3 pair is

depicted in Fig. 19 along with the optimized structures of the corresponding

frustrated complex and the ion pair product. The structure of the preorganized

im···B(C6F5)3 complex is stabilized by various types of noncovalent interactions

including p stacking. Although formed in an entropically unfavored process, this

species reacts rapidly with H2 through transition state TSim, which represents only a

modest energy barrier for the H–H bond cleavage.

The room temperature final product of the im + B(C6F5)3 + H2 reaction, the

covalent am–B(C6F5)3 adduct, is still capable of hydrogen activation at elevated

temperature. The computed reaction pathway of H2 splitting by the am/B(C6F5)3
pair is analogous to that of the im/B(C6F5)3 + H2 system (see Fig. 19). Neverthe-

less, the energy minimum of this system is the strained but datively bound

am–B(C6F5)3 adduct, with a binding energy of DE ¼ �26.7 kcal/mol. As a result

Fig. 19 Stationary points along the hydrogen splitting processes by the im/B(C6F5)3 and

am/B(C6F5)3 pairs
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of the dative bond formation, higher activation energy is needed to reach the

transition state of H2 splitting than with im, which is in full agreement with the

experimental finding that the formation of the ammonium hydridoborate product

occurs only at 80 �C [44]. We note that similar pathways have been described in a

parallel study reported by Privalov [92].

4.3.3 Classifying Frustrated Systems

Based on the characteristics of a wider range of acid/base pairs, the qualitative

picture of FLP type reactivity could be refined as illustrated in Fig. 20 [19, 103,

104]. The figure suggests a classification of Lewis acid–base pairs in terms of the

shape of the associated DE(dAD) potential energy curves. Bulky Lewis pairs having
their global energy minima at their reactive forms (i.e., frustrated complexes) can

be termed as inherently frustrated systems. The datively bound forms of these D/A

pairs are either completely absent (as in the case of t-Bu3P/B(C6F5)3), or the

minimum corresponding to the dative adduct lies above the frustrated complex.

Classical Lewis pairs represent the other extreme class on this scale; they are

characterized by a single low-lying energy minimum corresponding to the stable,

unhindered dative adduct. In between, systems that exhibit both a frustrated

complex form and a lower-lying, strained but datively bound global minimum

can be regarded as showing thermally induced frustration. In these systems, the

reactive D···A states of the pairs are accessible only via thermal activation of the

strained dative adducts.

Fig. 20 Systems showing inherent, thermally induced, and kinetically controlled frustration
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Thermally induced frustration is thus a consequence of “intermediate” steric

bulk, allowing the formation of classical adducts that are, however, far less stable

than for the unhindered systems. This situation is not uncommon among the

investigated FLP systems as several D/A pairs exhibiting datively bound states

and showing FLP-type reactivity have been reported [45, 72, 76, 78, 100, 105]. As

pointed out by Geier and Stephan, classical Lewis acid–base and FLP-type

reactivities are not mutually exclusive [45].

Alcarazo et al. have recently described another specific class of Lewis pairs that

require low temperatures to avoid quenching of the FLP components and preserve

their reactivity [103]. These systems feature an appreciable barrier separating the

dative adduct and the weakly bound reactive forms, and they can be regarded

to be frustrated due to kinetic control (the authors of [103] suggested the term

“kinetically induced frustration”).

Kwon, Kim, and Rhee showed that the possibility of weak dative bond formation

between the Lewis acceptor (A) and the solvent (S) can lead to solvent-assisted
frustration [104]. In this case, a classical Lewis D/A pair is turned into an FLP not

by destabilizing the D–A bond but due to a stabilization of the dissociated D + A

state via an A–S bonding. Together with a noncovalent D···A–S interaction, this

effect results in an effective potential energy curve similar to the case of thermally

induced frustration.

4.3.4 Tuning Frustrated Complex Geometry and Barrier Height

by Steric Effects

Soós et al. introduced a new FLP design concept to increase the functional-group

tolerance in metal-free catalytic hydrogenation [23]. Mesityl borane B(C6F5)2Mes

was selected as a Lewis acid with enhanced shielding of the boron center to exclude

addition reactions with unsaturated functionalities while retaining the capability of

reaction with the small H2 molecule. The optimization of the Lewis base compo-

nent of the pair revealed that, among the tested N-based donors, only compact and

relatively basic amines, such as quinuclidine (qnu) and 1,4-diazabicyclo[2.2.2]

octane (DABCO), were able to cleave H2 when combined with B(C6F5)2Mes.

These new FLPs, however, could be used as efficient hydrogenation catalysts

with unprecedented orthogonal reactivity and chemoselectivity.

In order to rationalize the reactivity trend observed for the investigated amine/

borane pairs, computations have been carried out for the qnu/B(C6F5)2Mes + H2

and tmp/B(C6F5)2Mes + H2 reactions (tmp ¼ 2,2,6,6-tetramethylpiperidine) [23].

The DE(dBN) potential energy curves computed for the qnu/B(C6F5)2Mes and

tmp/B(C6F5)2Mes pairs indicated that the small quinuclidine base affords favorable

interaction with the borane in a broad dBN range, and the datively bound form could

also be identified on the potential energy surface with binding energy comparable to

that of the qnu···B(C6F5)2Mes frustrated complex (see Fig. 21). In contrast, the

intermolecular forces become repulsive at a rather large B–N distance in tmp/

B(C6F5)2Mes, which hampers the cooperative base ! s*(H2) and s(H2) ! borane
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donations and leads to reduced reactivity. This trend is indeed reflected in the

computed activation barriers of heterolytic H2 splitting (see Fig. 22). These results

underline that the accessible dBN range can be fine-tuned by steric effects around

the donor/acceptor centers and also emphasize that even the activation of H2,

the smallest possible molecule, may be hindered by steric overcrowding.

Similar effects might be responsible for the missing reactivity of the trans-
Mes2P–CH¼CR–B(C6F5)2 FLPs toward H2 [47].

4.3.5 Flat Donors Offer Multiple H2 Activation Pathways

As a further exploitation of the size-exclusion design principle, Soós and co-workers

investigated the partial hydrogenation of quinoline (qno) [24]. Borane B(C6F5)2Mes

was found to catalyze the reaction, and the replacement of para-fluorine atoms

Fig. 21 Potential energy curves illustrating the interactions of borane B(C6F5)2Mes with bases

qnu and tmp

Fig. 22 Transition states identified for the heterolytic H2 splitting via the qnu/B(C6F5)2Mes and

tmp/B(C6F5)2Mes pairs. Solution-phase Gibbs free energies (in kcal/mol) with respect to the

separated reactants are given in parentheses
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with hydrogens gave substantial improvement in the catalytic performance, presum-

ably due to the enhanced stability of the catalyst. The new mesityl borane

B(p-C6F4H)2Mes was successfully applied in metal-free hydrogenation of various

quinoline derivatives and showed excellent functional group tolerance in these reactions.

As part of our continued collaboration with this group, we examined themechanism

of these processes via DFT calculations and explored the H2 splitting reaction for the

qno/B(p-C6F4H)2Mes pair [24]. A selected pathway is depicted in Fig. 23. The role ofp
stacking interactions in the formation of the qno···B(p-C6F4H)2Mes reactive species

and the cooperative nature of the hydrogen activation are apparent from the optimized

structures of the stationary points. Importantly, we found that a variety of reaction

pathways exist, differing in the relative position of the FLP components in the

corresponding frustrated complexes and leading to different [qnoH]+[HB(p-
C6F4H)2Mes]� ion-pair conformers. The relative energies of the identified transition

states are within 0.5 kcal/mol which means that, for certain FLPs, a multitude of

competing reaction channels contribute to product formation, and a single transition

state may not fully reflect the inherent flexibility of these systems.

4.3.6 Stepwise Hydrogen Activation

The D/A + H2 reactions we have discussed so far were all interpreted in terms of the

concerted action of Lewis acid/base centers. Interestingly, a stepwise mechanism

Fig. 23 A possible pathway for hydrogen activation by the qno/B(p-C6F4H)2Mes pair
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involving an intermediate formed via side-on coordination of H2 to a borane was

proposed to be operative in reactions reported by Li, Wang, and coworkers [106].

These authors synthesized a new borane BArF2H with two bulky, electron

deficient aryl groups (ArF ¼ 2,4,6-(CF3)3C6H2). At elevated temperature (50 �C)
the deuterated analogue BArF2D was shown to undergo H/D exchange with H2.

DFT calculations identified a borane–(Z2-H2) complex as an intermediate in the

H/D exchange process. This species was also proposed to be an intermediate in the

Et3N/BAr
F
2H + H2 reaction, which affords [Et3NH]

+[HBArF2H]
�. In the latter

reaction the coordination of H2 was predicted to be the rate-determining step

since the corresponding transition state was found to be clearly higher in energy

than that of the subsequent H2 splitting step. In contrast, the analogous reaction with

the DABCO base was found to occur in a single step via the concerted mechanism.

This dramatic change in the reaction mechanism is surprising, and it was attributed

to different steric demands of the Lewis donors. However, the unexpectedly large

barrier for the dissociation of H2 from the borane-(Z2-H2)···NEt3 complex and the

large activation free energy difference between the two donors, inconsistent with

experimental results, remain unexplained, suggesting that further studies might be

necessary to understand fully the details of this intriguing stepwise pathway.

We note that a borane–(Z2-H2) complex was also found to be a reaction

intermediate in a model reaction (PH3/B(CF3)3 + H2) studied computationally by

Gao et al. [67], but the analogous complex with borane B(C6F5)3 could be identified

neither in calculations [17] nor in experiments [41]. Furthermore, the diaryl borane

B(C6F5)2H undergoes exchange reaction with H2 as well, but calculations do not

indicate involvement of a Z2–H2 complex [107]. On the other hand, the dihydrogen

activation of antiaromatic pentaarylboroles can take place via the Z2-H2 coordina-

tion to the boron center as revealed by DFT calculations; however, attempts to

identify this intermediate by low-temperature NMR experiments were unsuccessful

in this case either [13].

4.4 Dihydrogen Activation with Linked FLPs

4.4.1 The Curious Case of the C6F4 Linker

In the first linked phosphinoboranes investigated in the FLP context by Stephan et al.

(t-Bu2P–C6F4–B(C6F5)2 and Mes2P–C6F4–B(C6F5)2), the phosphorus and boron

centers are linked by a large and rigid C6F4 (perfluoro-1,4-phenylene) moiety,

which makes a direct intramolecular cooperation of the P and B atoms in these

systems impossible. However, the experimentally observed kinetics of hydrogen

loss from the corresponding phosphonium borate [+HMes2P–C6F4–B(C6F5)2H
�] is

first-order, which led Stephan and coworkers to formulate a mechanism involving

proton or hydride migration, followed by H2 elimination from the adjacent B–C

or P–C atoms [6]. For the hydrogen activation, the reversed sequence of steps,
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i.e., cleavage over the B–C or P–C bonds and consecutive H+/H� shifts, was

considered [6, 108].

In our preliminary investigations, we found these migration intermediates to lie

very high in energy, but we were able to identify frustrated complexes formed from

two phosphinoborane molecules (Fig. 24). We therefore suggested that hydrogen

splitting may proceed via a mechanism similar to nonlinked pairs, involving

intermolecular cooperation of the phosphorus and boron centers [17].

A detailed computational analysis of this system was reported by Guo and Li

[109], who concluded that the migration channels are unfavorable. They found the

intermolecular pathway feasible via a concerted mechanism involving simulta-

neous phosphorus ! s*(H2) and s(H2) ! boron electron donations, which is

practically identical to the mechanism proposed for t-Bu3P/B(C6F5)3 + H2 [17].

As the authors pointed out, this mechanism interprets the observed bimolecular

exchange process, which was anticipated by Stephan et al. [6] to rationalize the

scrambling of deuterium labels when a mixture of [+HMes2P–C6F4–B(C6F5)2H
�]

and [+DMes2P–C6F4–B(C6F5)2D
�] was heated. On the other hand, the observed

first-order kinetics of hydrogen loss is seemingly inconsistent with this bimolecular

process.

The intramolecular reaction pathway for this reversible hydrogen activation

process was later re-examined by Rajeev and Sunoj in a theoretical study [110].

The authors used a simplified model (Me2P–C6F4–B(CF3)2) to represent the FLP

and explored possible H2 addition and elimination reaction routes. The energeti-

cally most favored hydrogen activation pathway that yields the phosphonium borate

species corresponded to heterolytic H2 addition across the C–B bond followed by a

cascade of 1,2-proton migration steps. Although the overall energy barrier of this

pathway was predicted to be rather high (35.6 kcal/mol relative to the reactants), the

authors concluded that this mechanism is feasible. However, this activation energy

is clearly inconsistent with the observed high reaction rate, particularly if the

entropic cost of the H2 addition step is also taken into account. Additional experi-

mental and theoretical investigations are therefore necessary to provide deeper

understanding of the reaction mechanism.

Fig. 24 Frustrated complex formed by the association of two t-Bu2P–C6F4–B(C6F5)2 molecules
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4.4.2 Intramolecular Cooperation

While the C6F4 linker of the first covalently tethered frustrated pairs excludes

intramolecular cooperation of the P and B centers in H2 splitting, the short alkyl

chain in Mes2P–C2H4–B(C6F5)2, prepared by Erker et al. [50], possesses significant

flexibility, allowing the preorganization of active centers. Although the most stable

form of this linked Lewis pair is the datively bound four-membered heterocycle, the

computations indicate that the reactive open forms should be readily accessible

even at room temperature [86]. The H2 activation was shown to occur via an early

transition state in a concerted but asynchronous reaction (the BH bond is formed

slightly earlier than the PH bond). The similar chemical behavior of the

Mes2P–C2H4–B(C6F5)2 and t-Bu3P/B(C6F5)3 FLPs was interpreted in terms of the

similar electric field strengths provided by these compounds [86].

Intramolecular cooperativity of the active centers was also assumed for the

heterolytic H2 splitting by the methyl-ortho-phenyl-linked aminoborane compound

tmp–CH2–C6H4–B(C6F5)2, synthesized by Repo, Rieger, and coworkers [46].

Computational investigations confirmed the possibility of intramolecular hydrogen

activation via the identification of the corresponding transition state. The reaction

mechanism was later examined by various isotopic labeling techniques, but no direct

evidence could be obtained for the intramolecular mechanism [111]. The reaction of

this “molecular tweezer” with HD gas gave all four possible isotopomers of the

zwitterionic product, which was interpreted as a result of intermolecular proton

exchange occurring after the intramolecular H2 activation process. No kinetic isotope

effect could be observed in these experiments, which was associated with the early

nature of the computed transition state. Indeed, the Gibbs free energy barriers

predicted for the two reaction routes toward the [+Htmp–CH2–C6H4–B(C6F5)2D
�]

and [+Dtmp–CH2–C6H4–B(C6F5)2H
�] products were almost identical [111].

The “directly linked” phosphinoboranes, such as t-Bu2P–B(C6F5)2 [58], repre-

sent another class of FLPs that are capable of intramolecular hydrogen splitting. As

mentioned earlier in this chapter, the experimental geometry and a theoretical

analysis both point to some p-type overlap between the phosphorus lone pair n(P)
and the borane p orbital, but it is limited, and the centers retain sufficient Lewis

acidic and basic character to react with H2 directly [58]. In the transition state,

which was located later by Privalov [112], the approach of hydrogen is asymmetric,

with end-on-like interaction with the phosphine and side-on-like with the borane

moiety. This topology is consistent with the expected n(P) ! s*(H2) and

s(H2) ! p(B) donations, and it appears to be a general characteristic of transition

states in FLP + H2 reactions. Privalov et al. also carried out a detailed analysis

of the substituent effects on the barrier [65] and concluded that decreasing the p
interaction between n(P) and p(B) via geometrical constraints or placing electron-

withdrawing substituents on the borane facilitates the reaction.

The p-type overlap between the donor and acceptor sites can be precluded while
maintaining the advantageous coplanar orientation of the frontier orbitals by using a

simple CH2 linker between the active sites. This design strategy was proposed in a

computational study byWang et al. [63], who also examined other short linker units
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to reach an optimal orientation of donor/acceptor orbitals for cooperative H2

activation [64]. Wang’s group later designed several other metal-free catalysts

computationally [60, 62, 95–97], which are presented in a separate chapter of

this book.

Inspired by these computational studies, Tamm and coworkers synthesized a

frustrated pyrazolylborane Lewis pair [113]. Although the structural analysis

showed a notable deviation from the ideal orientation of donor/acceptor sites, the

new N-linked FLP was found to activate hydrogen rapidly and could be used as a

metal-free catalyst for the hydrogenation of imines. Related computations located

the transition state associated with the H–H bond cleavage, which is consistent with

the cooperative mechanism [113].

A methylene-bridged FLP, namely the phosphinoborane t-Bu2P–CH2–BPh2,

could also be synthesized as reported by Slootweg, Lammerstma et al. [43]. As

noted by the authors, this geminal FLP is ideally preorganized for small molecule

activation. The concerted action of active sites in the heterolytic H2 splitting

process was borne out by the structure of the computed transition state. As

discussed above, this linker also has beneficial effects on the exothermicity of the

reaction, which allows the utilization of nonfluorinated aryl substituents on boron.

4.5 On the Elusive Nature of Reaction Intermediates: Can We
Detect Frustrated Complexes?

The computational studies presented in the previous sections provided useful

information on possible mechanistic pathways in FLP-mediated hydrogen activa-

tion processes. Most of the results emerging from these theoretical contributions are

consistent with a mechanistic picture that involves reactive intermediates

preorganized for cooperative interaction with H2 (or generally with a small mole-

cule). In the case of intermolecular FLPs, the reactive species are formed by the

preassociation of FLP components into weakly bound complexes with properly

oriented active centers (frustrated complexes). For a large number of pairs, the

structure with ideally oriented, nonquenched donor/acceptor centers does not

represent the global energy minimum of the system. Some degree of thermal

activation might then be required to access the reactive frustrated configurations.

Synergistic electron transfer processes with the involvement of both Lewis centers

and the H2 molecule acting as a bridge were identified to play an important role in

the actual cleavage reactions.

On the experimental side, there is only very limited evidence available that could

be used as an argument for or against this mechanistic view. There are a few

observations mentioned in the literature indicative of noncovalent interactions

between the donor and acceptor molecules. For instance, the color of the Mes3P/

B(C6F5)3 and tmp/B(C6F5)3 mixtures is thought to arise from such intermolecular

association [41, 55]. For the latter system, an observed NMR chemical shift of the
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NH group was related to intermolecular N–H···F hydrogen bonding interactions

[55]. In a recent experimental mechanistic study, Piers and coworkers attempted to

identify weakly bound complexes in the mixture of t-Bu3P and B(C6F5)3, but the

yellow color of the solution turned out to arise from the phosphinoborane

t-Bu2P–C6F4–B(C6F5)2 formed in detectable quantities in the mixture, and not

from phosphine–borane interactions as originally thought [114]. They further

confirmed this fact by a time-dependent DFT calculation of the UV–vis spectrum

of the frustrated complex, which does not show any red-shifted absorption band

with respect to the free B(C6F5)3. In another set of experiments, the same group

prepared a selectively labeled ion pair, the [t-Bu3PH]
+[DB(C6F5)3]

� species, and

expected to access the t-Bu3P···B(C6F5)3 encounter complex states by heating the

solution to 100 �C [115]. As no H/D exchange was observed in the labeled ion pair,

the authors concluded that they failed to reach the frustrated complex species in this

experiment, which, however, does not prove its nonexistence. The intermediacy of

ternary complexes formed between various intermolecular N/B Lewis pairs and H2

was probed experimentally by Berke et al., but the variable temperature NMR

measurements did not provide any sign of such transient intermediates [72]. It thus

appears that so far no conclusive experimental evidence exists for or against the

assumed reactive intermediates in D/A + H2 reactions.

One of the reasons why observing weakly bound species in solution phase is

difficult is their low concentration. Although secondary intermolecular forces

provide significant enthalpic stabilization in these complexes, the entropic cost of

association can overcompensate the exothermicity, and solvent effects may also

favor the dissociated states. With the aim of estimating the concentration of

frustrated complexes in solution phase, we have recently performed classical

molecular dynamics (MD) simulations on extended models that involve the explicit

treatment of solvent molecules [25]. This approach allowed us to incorporate

entropic contributions and solvent effects in a straightforward manner, which had

not been addressed in previous studies. In principle, the free energy of association

can be estimated in static quantum chemical calculation as well, but those

predictions are expected to be less accurate for flexible, solvated systems.

The model we employed in our MD study included a single pair of t-Bu3P and

B(C6F5)3 and over one thousand toluene molecules in a periodically repeated cubic

cell. The MD simulations were carried out by using an improved force field that

accounts for stabilizing short-range direct P–B interactions as well. The umbrella

sampling MD technique was used to monitor the probability of finding the t-Bu3P/
B(C6F5)3 pair at a certain distance in toluene at room temperature. The probability

distribution P(r) and the related Helmholtz free energy variation F(r) as functions
of the distance between the P and B atoms (r) are depicted in Fig. 25.

It is apparent from the obtained free energy curve that the association of the

t-Bu3P and B(C6F5)3 molecules in toluene is thermodynamically disfavored.

All configurations that can be considered as associated states (herein defined as

r < 6 Å) lie at least 1 kcal/mol above the dissociation limit. Although considerable

interaction energies are predicted for the t-Bu3P/B(C6F5)3 pair in gas phase,

configurations corresponding to the frustrated complex species (those with
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r ~ 4.5 Å) do not represent a minimum on the free energy curve. This is actually

due to the entropic penalty related to limited conformational freedom as compared

to those with larger r separations. The free energy of the system decreases gradually

in the 5.6 Å < r < 6.5 Å region, which can be attributed to solvent effects. At these

separations, the t-Bu3P and B(C6F5)3 molecules are still in contact, but some of

the bulky substituents are more accessible for the solvent molecules, providing

beneficial contributions to the overall free energy.

The calculated probability distribution presented in Fig. 25 approaches zero in

the r < 6 Å region, suggesting that only a small fraction of the t-Bu3P/B(C6F5)3 is

in associated form in toluene. On the basis of the P(r) function, we estimate that

about 2% of the total amount of phosphine and borane dissolved in toluene are in

associated states. The relative concentration of the reactive, preorganized states

(i.e., frustrated complexes) is estimated to be about 0.5%, which is typical of

reactive intermediates, but it is rather low to be detectable by standard spectro-

scopic techniques. The shape of the calculated free energy curve points to a smooth

transition between active and inactive forms of FLPs. This feature points to an

elusive nature of frustrated complexes, which renders their spectroscopic identifi-

cation even more difficult. Reaction intermediates identified as ternary complexes

preceding the H2 activation transition states lie extremely high in free energy;

therefore, the spectroscopic observation of these latter states is quite unlikely

even at low temperatures.

Fig. 25 Free energy curve F(r) and probability distribution P(r) as functions of the P–B distance

(r), computed from MD simulations for t-Bu3P/B(C6F5)3 in toluene
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5 Hydrogenation of Double Bonds

Saturation of C¼C, C¼N, or C¼O double bonds is a key step in numerous synthetic

processes both in research laboratories and in industry. Direct reactions of olefins,

imines, and carbonyl compounds with H2 can provide the products at a very high

level of atom economy; however, catalysts are necessary in practice as neither of

these double bonds is reactive toward H2 under practical conditions. Transition

metal based systems are commonly applied for this purpose, but recently FLPs have

been shown to be emerging, viable alternatives [15, 16]. In the above sections we

have discussed in detail the thermodynamic and mechanistic aspects of H2 splitting

by FLPs; now we turn our attention to the equally important, subsequent step, the

actual hydrogenation to the substrate. In general, the cleavage products H+ and H�

may be transferred to the substrate simultaneously, or the transfer of one of

them can initiate a two-step hydrogenation [61]. The necessity of some substrate

coordination/activation step or side reactions, such as catalyst quenching, can

complicate the mechanism.

Like in the case of H2 cleavage, detailed experimental mechanistic studies are

scarce. Computational chemistry can be of great help by creating a full map of the

potential or free energy surface and describing all elementary steps of a catalytic

cycle, from which the factors affecting the efficiency of the catalysts can be

inferred. We carried out theoretical investigations on two systems, hydrogenation

of imines with the Lewis acid B(C6F5)3 [19] and hydrogenation of quinolines with

B(p-C6F4H)2Mes [24], and summarize here the most important findings of the

original studies.

5.1 Hydrogenation of Imines with B(C6F5)3

Shortly after the first reports on FLP-catalyzed hydrogenation by the linked systems

R2P–C6F4–B(C6F5)2 [56], independent studies from the Stephan [44] and

Klankermayer [102] groups revealed that catalytic hydrogenation of bulky imines

can be accomplished using solely B(C6F5)3 as catalyst. Experiments oriented

toward mechanistic understanding uncovered the following:

– At room temperature, the substrate imine can function as the basic partner in the

H2 cleavage, and a rapid hydride transfer step follows to complete the reduction.

The produced amine–borane dative adduct can still cleave H2 at elevated

temperature, yielding an ammonium hydridoborate salt. These suppositions

were corroborated by stoichiometric experiments [44], described previously in

Sect. 4.3.2 of this chapter.

– The dissociation of the amine–borane adduct contributes to the determination of

the turnover frequency because the elevated temperature needed for the catalysis

was only required to break the amine–borane dative bond in the stoichiometric

experiments, while the H2 activation and reduction of the imine proceeded at

room temperature [44].
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– The H2 cleavage also takes part in the determination of the turnover frequency.

Early experiments showed that electron-deficient imines were found to react

more slowly [44], and later a quantitative study revealed linear relationship

between the turnover frequency and H2 pressure [116].

– The hydridoborate was confirmed to be involved in the selectivity-determining

step as chiral boranes were found to provide the amine products enantiose-

lectively [102].

On the basis of the early experimental results, a catalytic cycle was suggested

[44]. Hydrogen splitting by the frustrated imine–borane system was proposed to

yield an ion pair consisting of an activated iminium ion and a hydridoborate ion. An

amine–borane dative adduct is then formed in the hydride transfer step. Thermal

dissociation of this adduct delivers the amine and regenerates the free borane,

which can enter the cycle again. This cycle bears analogy to the B(C6F5)3-catalyzed

hydrosilylation of carbonyl compounds, where the H–Si bond is heterolytically

cleaved, with the C¼O group accepting the silyl cation and the borane being

transformed into a hydridoborate [117–121].

We described our results from the investigation of the FLP-type hydrogen cleavage

by the t-BuN¼CHPh (im) imine and the corresponding t-BuNH–CH2Ph (am) amine

in combination with B(C6F5)3 in Sect. 4.3.2. Both pairs were found to provide easily

iminium or ammonium hydridoborate ion pairs. Here, we will focus on understanding

the reduction steps and the catalytic cycle. Conclusions similar to ours have also been

obtained in the already mentioned parallel study of Privalov [92].

To monitor the kinetic and thermodynamic feasibility of the reaction steps

involved in the catalytic reduction of im, solvent phase Gibbs free energy data

were calculated at T ¼ 80 �C, which were employed in the experiments. The main

steps and the free energy profile of the catalytic cycle suggested by Stephan and

coworkers [44] (hereafter referred to as cycle 1) are depicted in Fig. 26. The starting

point of the cycle and the zero level of the energy scale is the free im + B(C6F5)3

Fig. 26 Solution-phase Gibbs free energy profile at T ¼ 80 �C for catalytic cycle 1. Borane

B(C6F5)3 is denoted as B
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pair with H2. The first chemical transformation is the hydrogen cleavage, which is

proposed to proceed via the im···B(C6F5)3 frustrated complex and the cooperative

transition state for the hydrogen splitting, TSim, lying at a free energy of

16.5 kcal/mol with respect to the reactants. Overall, this step leads to the formation

of the [imH]+[HB(C6F5)3]
� ion pair and is exergonic.

Activated hydrogen being available in [imH]+[HB(C6F5)3]
�, subsequent reduc-

tion of the iminium by the hydridoborate can easily occur. An internal rearrangement

of the [imH]+[HB(C6F5)3]
� ion pair gives an isomer (r-[imH]+[HB(C6F5)3]

�, not
shown in the energy profile) wherein the B–H bond points toward the unsaturated

carbon atom of iminium (Fig. 27a). The hydride transfer in r-[imH]+[HB(C6F5)3]
�

occurs via TSht (Fig. 27b) with a rather low activation free energy (10.5 kcal/mol

with respect to the more stable form of the ion pair). This step is exergonic as well

and yields an adduct of the neutral amine and borane, bound by secondary

interactions (r-am···B(C6F5)3, Fig. 27c). Thermodynamically favored dissociation

of this weak adduct regenerates the free borane and completes the catalytic cycle.

Considering the free energy profile shown in Fig. 26, it is apparent that the

hydrogen splitting represents the rate limiting step in this cycle or, more precisely

[122], the turnover frequency is determined by the states im + B(C6F5)3 + H2 and

TSim, leading to an estimated activation free energy of 16.5 kcal/mol. Importantly,

as the reaction proceeds and am develops in considerable amounts, the free

B(C6F5)3 catalyst is quenched in the stable amine–borane dative adduct. This

implies that the turnover determining intermediate will be the am–B(C6F5)3
datively bound off-cycle species, and the free energy required to dissociate the

am–B(C6F5)3 dative bond (7.0 kcal/mol) must be included in the barrier. Thus, the

overall activation free energy of the cycle is estimated to be 23.5 kcal/mol. This

value is consistent with the required higher temperature for the reaction.

The experimental results for the stoichiometric reaction pointed out that the

amine–borane pair am + B(C6F5)3 is able to cleave dihydrogen at elevated

temperatures. We envisioned that this process may also play a role in the

catalytic hydrogenation of im. In Fig. 28 we present the calculated free energy

profile for a catalytic pathway that can be associated with the amine–borane H2

Fig. 27 Optimized structures of the stationary points for the hydride transfer step: rearranged

iminium hydridoborate ion pair (a), transition state of hydride transfer (b), and weakly bound

amine–borane product complex (c). Borane B(C6F5)3 is denoted as B
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cleavage (cycle 2). After passing through the amine–borane frustrated complex

am···B(C6F5)3 and the hydrogen cleavage transition state TSam, the first stable

intermediate in this cycle is the ammonium hydridoborate compound

[amH]+[HB(C6F5)3]
�. The activation free energy of this step is almost identical

to that predicted for the imine–borane pair, pointing to competing reaction

channels in H2 activation. We found that a subsequent proton exchange between

the ammonium ion and the imine molecule is feasible in a ternary

im···[amH]+[HB(C6F5)3]
� complex, ultimately producing the free amine and the

iminium hydridoborate ion pair [imH]+[HB(C6F5)3]
�. Although the proton activation

of imine in terms of the [amH]+[HB(C6F5)3]
� + im ! [imH]+[HB(C6F5)3]

� + am

reaction is slightly endergonic, the subsequent hydride transfer (via TSht) and the

dissociation of the r-am···B(C6F5)3 species (already described for cycle 1) provide

significant stabilization along the reaction pathway and render the overall reduction

process thermodynamically feasible as well.

The above computational results point out that cycle 1 proposed by Stephan et al.

[44] can be extended by cycle 2, based on H2 splitting via the amine–borane pair,

followed by its transfer to the imine. The two catalytic cycles share the reduction

and product dissociation steps, and they are therefore interconnected, as illustrated

in Fig. 29. The catalysis starts necessarily on cycle 1, i.e., with imine-mediated

heterolytic H2 cleavage, but as soon as the amine product appears in notable

amounts, cycle 2 represents a competing reaction pathway. On the basis of the

product participating in the catalysis, we originally termed this route as autocata-

lytic but, in more precise terminology [123], this is an example of autoinductive

catalysis, where the product is involved in a new catalytic cycle with the original

catalyst (B(C6F5)3) still being necessary. However, with respect to cycle 1, we note

here that the participation of the substrate in hydrogen activation qualifies neither

as an autocatalytic nor as an autoinductive process, in contrast to Privalov’s

Fig. 28 Solution-phase Gibbs free energy profile at T ¼ 80 �C for catalytic cycle 2. The barrier

for the proton exchange step (shown in red) was estimated from a PES scan calculation. Borane

B(C6F5)3 is denoted as B
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classification [92]. Cycle 2 can also be regarded as a prototype of a more general

FLP-catalyzed hydrogenation, where the am/B(C6F5)3 pair cleaves H2 and transfers

it to the im substrate, without the involvement of the latter in the hydrogen

activation process.

5.2 Hydrogenation of Quinolines with B(p-C6F4H)2Mes

Closely related to the above reaction is the partial hydrogenation of quinolines to

1,2,3,4-tetrahydro-quinolines using electron-deficient boranes. Stephan et al.

reported such reactivity of B(C6F5)3 [124], but in this case only quinolines with

bulky substituents can be employed. The Soós group showed that tuning the steric

factors around the borane, together with some reduction in the Lewis acidity and

increase in stability, can lead to the B(p-C6F4H)2Mes catalyst, capable of partial

reduction of various quinolines, including the unsubstituted base compound

(qno; see Fig. 30) [24].

The catalytic cycle of the reduction process is expected to start with FLP

hydrogen activation, followed by a hydride transfer step. Experimental attempts

to detect any intermediates were unsuccessful; combined theoretical calculations

and deuterium labeling studies were therefore applied to elucidate the mechanism.

As the first steps seem to have a rate-determining role, the computational efforts

were devoted to the understanding of the beginning of the reduction.

Results from the exploration of hydrogen cleavage by the qno/B(p-C6F4H)2Mes

pair were described in Sect. 4.3.5. Here we only recall that several close-lying isomers

for the hydrogen cleavage transition state and the [qnoH]+[HB(p-C6F4H)2Mes]� ion

pair could be identified, pointing to a variety of competing H2 activation channels.

Fig. 29 Interconnected

catalytic cycles for imine

hydrogenation. Borane B(C6F5)3
is denoted as B

N N
H

qno qnoH4

cat. B(p-C6F4H)2Mes

H2Fig. 30 Partial metal-free

reduction of unsubstituted

quinoline
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Importantly, the hydrogen cleavage yielding this ion pair was found to be thermody-

namically unfavorable; the computed solution-phase DG of 12.0 kcal/mol indicates

that the ion pairwould only form in small concentration even if a pre-equilibriumwere

established (see Fig. 31).

In principle, the subsequent hydride transfer step can occur at both the 2- and

4-positions of the protonated quinoline to result in 1,2- and 1,4-dihydroquinolines

(qnoH2-1,2 and qnoH2-1,4). The relative stabilities of the hydride transfer transi-

tion states indicate that the formation of qnoH2-1,2 is kinetically favored, which

can be easily rationalized by considering that the charge separation occurring in the

[qnoH]+[HB(p-C6F4H)2Mes]� ion pair on the pathway toward the qnoH2-1,4
species represents notable destabilization with respect to the 1,2-addition route.

The neutralization of the ion pair via hydride transfer to either position leads to

significant energy gain, and the overall reduction of qno to both qnoH2-1,2 and

qnoH2-1,4 species is essentially neutral in free energy. Our results thus suggest

that quinoline and borane can heterolytically cleave H2 and generate the 1,2-

hydrogenated qnoH2 isomer in a kinetically controlled step.

Our collaborators carried out a series of isotopic labeling experiments. In one of

these attempts, quinoline was reduced with D2 using the catalyst B(p-C6F4H)2Mes

until 35% conversion was reached (Fig. 32). Deuterium enrichment in the 2- but

not in the 4-position of the starting material suggests that it is indeed the

Fig. 31 Solution-phase Gibbs free energy profile (T ¼ 25 �C) computed for the partial reduction

of quinoline

N cat. B(p-C6F4H)2Mes

D2

35% conv.

NN
H

D

D

D
D

D D
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0.88

0.70 0.50
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Fig. 32 Results of one of the isotopic labeling experiments
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1,2-hydrogenated product that forms after H2 activation, in line with the computa-

tional results. This species can then function as a reducing agent and transfer H2 to

quinoline or other partially reduced quinolines, which also explains the unequal

distribution of deuterium in the qnoH4 product.

1,2-Dihydroquinolines are known to be quite stable against additional hydride

attack, but they easily undergo disproportionation to qno and qnoH4 with the

intermediacy of 1,4-dihydroquinolines [125]. On the basis of this reactivity pattern

and further labeling experiments, a catalytic cycle was formulated, consisting of the

following key steps (see Fig. 33): (1) quinoline and borane cleave H2 heterolytically

to generate the [qnoH]+[HB(p-C6F4H)2Mes]� intermediate; (2) this intermediate

forms the qnoH2-1,2 organohydride in a step that is kinetically favored over the

reduction to qnoH2-1,4; (3) quinoline is reduced by qnoH2-1,2 to afford qnoH2-1,4
(in a possibly H+ or Lewis acid catalyzed step); (4) in the last step, the half-reduced

qnoH2-1,4 is fully saturated again by the strong reducing agent qnoH2-1,2.

5.3 Related Studies in the Literature

As ramifications of the B(C6F5)3-catalyzed imine hydrogenations, we would like to

direct the reader’s attention to two experimental papers from the Stephan group. First,

this kind of hydrogenation was later shown to provide modest to excellent diastereos-

electivities in the reduction of chiral ketimines [126]. Apparently, the bulkiness of the

hydride donor [HB(C6F5)3]
� and the chiral center near to the imine carbon atom lead

N
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N N
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H2
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3 4
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to preferential attack from one of the diastereotopic faces, although the sense of

diastereoselection was not easily interpretable. Second, the key steps of the

hydrogenation can be combined in a different way in a reaction where B(C6F5)3
was shown to act as an imine/amine transfer hydrogenation catalyst [127].

In the FLP context, theoretical studies about various hydrogenation processes

have been published. We have already mentioned Privalov’s parallel work on imine

hydrogenation via B(C6F5)3 [92]. He also reported an investigation of direct imine

reduction catalyzed by the linked system R2P–C6F4–B(C6F5)2, confirming the

two-step, proton-first mechanism [128] suggested from experiments [56]. A

more complicated situation arises in the reduction of FLP-bound CO2 by

ammonia–borane, reported experimentally by Stephan et al. [129] and studied

computationally by Paul et al. [130], where a combination of stepwise and

concerted reduction steps leads to the final methanol product.

A bolder application of computational chemistry is to analyze hitherto undis-

covered molecules and reaction pathways with the aim of providing new ideas for

experimental realization. The findings in Privalov’s study [112] on the possibility of

the conversion of alcohols to oxo compounds by R2P–BR
0
2 phosphinoboranes still

wait for experimental confirmation. A paper by the same research group showed

that the catalytic reduction of carbonyl moieties via B(C6F5)3 should be feasible

[93]; as discussed previously, experiments later confirmed that carbonyl/borane

pairs can indeed cleave H2, but side reactions not considered in the theoretical work

still hamper the construction of catalytic systems [100]. Li, Zou, and coworkers

envisioned that the dehydrogenation of ammonia–borane could be catalyzed by

FLPs and confirmed computationally that this process should be feasible using the

linked tmp–CH2–C6H4–B(C6F5)2 as catalyst [131]. In a parallel experimental

study, Miller et al. revealed that NH3BH3 can in fact react with a stoichiometric

amount of the t-Bu3P/B(C6F5)3 pair to yield the dehydrogenated product [132].

Wang and coworkers have been perhaps the most active in the computational

design of FLP catalysts. We have already mentioned their works on the CH2-linked

or similar intramolecular FLPs [63, 64]. Another paper from this group deals with

ways of mimicking the electronic effects of transition metal pincer catalysts [96].

FLP systems have been engineered for the catalytic hydrogenation of imines [60,

62] and computed to be active for the reduction of ketones [95]. A simpler analogue

was probed in the catalytic reduction of alkenes, imines, ketones, and silyl enol

ethers [97]. Some of these highly optimized compounds seem to present a signifi-

cant challenge for synthesis; nevertheless, experiments show that the design

principles are successful in practice [43, 113].

6 Summary and Outlook

Within its only 6 years of existence, the field of FLP chemistry has undergone

remarkable development. The range of FLP systems and explored reactions has

grown significantly, and our understanding of this intriguing chemistry has also

deepened. Hand in hand with experiments, computational studies provided insight
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into many aspects of the sometimes surprising chemical behavior. We begin to see

how thermodynamics controls FLP reactivity and to which extent this is determined

by acid–base strength. We have an idea why it is difficult to detect the actual species

reacting with H2, and why it is reactive enough to break the strong H–H bond,

approaching the activity of transition metal complexes. We have started to explore

the intertwined catalytic cycles of FLP-mediated hydrogenations. Nevertheless, a

number of new questions have also emerged from these studies, and many old ones

have remained unanswered; here, we mention a couple of these open problems.

More and more pairs are discovered that are quenched in equilibrium and still

react with H2. In these systems, the acid–base properties affect both the dative bond

strength and H+/H� binding. The overall effect on thermodynamics is therefore

supposed to be more complex and may be worthy of more detailed study, in order to

see where the boundary of classical and frustrated behavior can be pushed. Still in

the realm of thermodynamics, the reversibility of H2 activation should be, to a

first approximation, related to the DG values, but our computations did not allow a

clear-cut distinction on their basis. It remains to be seen whether more accurate

thermodynamics or kinetic data, such as forward/backward free energy barriers, can

explain the observed behavior.

Considering the mechanism of H2 cleavage, the cooperative Lewis acid/base

mechanism was found to be in agreement with experiments and provides links to

other H2 activating systems. Nevertheless, the proposed alternative, electric field

based model comprises a conceptually different picture of bond activation; its limits

of validity and usefulness still need to be explored. In any case, cooperative action

of the acidic and basic components of an intermolecular FLP seems necessary,

and so far no experimental evidence confirms the existence of the reactive,

preorganized frustrated complexes. Here, more detailed computational studies on

the dynamics of frustrated complex formation/dissociation and on its reaction with

H2 can also uncover further aspects that might be expedient in FLP design. In

contrast to all these mechanistic considerations, a stepwise mechanism was

predicted for one particular FLP, but we do not know yet the factors determining

the stepwise or concerted nature of the cleavage and whether these mechanisms

imply different design principles. Finally, and more specifically, seemingly

contradicting pieces of data are available for the H2 activation mechanism by the

C6F4-linked systems, which would be interesting to clear up, not only because it is

the first compound of its kind but also because it is one of the most active H2

cleavage systems.

In FLP-mediated hydrogenation catalysis we saw good correspondence between

the data from theory and experiments. However, the scope of the investigated

systems is limited, and there are still points not fully understood. An important

example is the sense of diastereoselectivity in the hydrogenation of bulky imines; as

selective catalysis is an important development goal today and easily realized via

transition metal systems, further insight into the selectivity-determining step with

FLPs would be essential.

In short, computational chemistry has been able to provide answers to a number

of puzzling mechanistic questions in the field of FLPs, but a series of fascinating
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problems are still ahead. Numerous laboratories around the world, including ours,

are working to garner further insight and to complement the ongoing experimental

efforts. It will be intriguing to see what directions the development will take, and

how the lessons learned here will prove useful in other branches of chemistry.
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81. Rosorius C, Kehr G, Fröhlich R, Grimme S, Erker G (2011) Electronic control of frustrated

Lewis pair behavior: chemistry of a geminal alkylidene-bridged per-pentafluorophenylated

P/B pair. Organometallics 30:4211

82. Sumerin V, Chernichenko K, Nieger M, Leskelä M, Rieger B, Repo T (2011) Highly active
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Abstract We discuss methodological aspects of the computation of structures and

energies of three common FLPs which are able to activate dihydrogen under

ambient conditions. The effect of London dispersion corrections by the DFT-D3

scheme and solvent as well as rovibrational corrections to yield free reaction enthalpies

in solutions are described. Common density functionals of semi-local, hybrid, and

double-hybrid type as well as (SCS-)MP2 wave function based methods with very

large AO basis sets are investigated. It is found that reliable structures (in compa-

rison to X-ray data) are already obtained using relatively cheap DFT methods like

TPSS-D3/TZ. The variations between different density functionals for electronic

reaction energies are small to moderate (1–2 kcal/mol which is about 10% of the H2

was addition energy). Dispersion corrections are found to be essential for accurate

thermochemistry. Computed free H2 reaction enthalpies in the gas phase are close

to zero while values computed in common solvents with the COSMO-RS contin-

uum solvation model are strongly exergonic (about �10 kcal/mol in CH2Cl2). This

new finding emphasizes the important role of the solvent for FLP chemistry

involving zwitterionic species. According to our results the future for reliable

quantum chemistry of FLP processes is bright.
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1 Introduction

Activation reactions have always been a major point of interest to the chemical

community, but lately some change has happened in this field. The discovery of

Frustrated Lewis Pairs (FLPs) some years ago [1] shifted some attention from

metal-mediated to metal-free activation reactions. Various FLPs and even more

possible substrates were discussed, discovered, and invented by several groups all

over the world [2]. Of course it did not take long until the quantum chemical

community also became interested in this aspiring topic.

Since then, several dozens of studies have been published discussing geometries,

energies, orbital interactions, suggesting new mechanistic pathways, and proving

why (or why not) a reaction would be possible in experiment. As one may expect,

the theoretical approaches were as manifold as the studies, some suggesting

M05-2X as a good Density Functional Theory (DFT) method for these systems

[3, 4], some relying on “good old” B3LYP/6-31G* [5–7], some stressing the

importance of dispersion effects [8], and some preferring wave function based

methods like MP2 [9, 10]. Also, there seemed to be no consensus on whether it

would be necessary to include statistical thermodynamic corrections or solvent

effects or even on which method would be appropriate for a decent geometry

optimization of molecular structures.

For this reason we decided to have a closer look at the various methodological

aspects of quantum chemical studies on FLPs and their prototypical reactions. We

would like to give the reader some suggestions on how to produce accurate

quantum chemical ab initio results for structures and thermodynamic properties.

Mechanistic aspects as well as theoretical bonding analyses will not be considered

(for a recent theoretical study of cooperative phenomena in FLP reactions see [11]).

For this purpose we chose three sample FLP reactions from the literature which

shall be introduced shortly in the next section. Afterwards, we will show how to

calculate step by step accurate free reaction enthalpy (DG) values starting from, for

example, experimental X-ray structures. We will initially study the computation of

characteristic bond distances, will then have a closer look at electronic energies,

(statistical) thermal corrections yielding DGgas, and will finally discuss the importance

of solvation leading to accurate DGsolution values. We concentrate here on equilibrium

properties, which seems to be appropriate when discussing many FLP systems because

the corresponding reaction barriers are small (thermodynamic control).

214 B. Schirmer and S. Grimme



2 Example Systems

We selected three different example FLP systems from the literature which shall

now be introduced (Scheme 1).

The first system – from now on dubbed a – was synthesized by the group of

Matthias Tamm in 2008 [12]. It consists of the commonly used Lewis acid (LA)

B(C6F5)3 (¼BCF) and an N-heterocyclic carbene as Lewis basic part. These

compounds have been shown to activate different molecules successfully, especially

H2, provided that the substituents on the nitrogen atoms are chosen to be sufficiently

large and bulky [12]. For this combination a crystal structure of an adduct was

obtained which shows an unexpected orientation – the boron compound has added

to one of the carbons in the double bond of the heterocycle while the hydrogen which

was originally occupying this position has moved to the carbene-carbon. This leads to

a negative charge on the boron atom and a positive charge in the heterocycle where it

is delocalized over the carbon and the two nitrogens. This “abnormal” adduct was

reasoned to be a dead-end for further activation reactions due to its high thermody-

namic stability and hence a second “classical” adduct was suggested. Since a crystal

structure of this thermodynamically less stable adduct could not be obtained, we

decided not to include it in this study.

Upon addition of H2 the hydrogenation product is formed which also exhibits an

untypical orientation. The X-ray structure shows that the two fragments of the
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Scheme 1 Structures of the three selected example systems
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zwitterionic complex are oriented towards each other in such a way that the newly

added hydrogens face opposite directions. In this case, we suggest a different

structure a’ in which the hydrogen atoms face each other and which can be reasoned

to originate directly from the hydrogenation reaction. Probably this structure exists

in solution and only rearranges to the observed conformer in the crystal where

packing as well as long-range electrostatic effects play a role. Both structures are

shown in Fig. 1.

The second system we chose to investigate was presented by the group of

Gerhard Erker in 2011 [13]. This FLP b was made via a hydroboration reaction

of the enamine piperidino-cyclohexene with HB(C6F5)2. X-ray analysis reveals that

it consists of a chair-shaped cyclohexene ring to which the boron and nitrogen

components are bound in adjacent equatorial positions. The bond between them

closes a strained four-membered ring which is annellated to the cyclohexane ring.

Interestingly, this compound bears two chiral centers on the carbons directly

connected to B and N. Their orientation is dictated by the procedure in which the

compound was made and is therefore fixed for this system. Upon reaction with H2

the B–N bond opens and a zwitterionic hydrogenation product is formed in which

the hydrogen atoms originating from H2 point towards each other.

One year earlier the same group suggested another FLP [14] which will serve as

our third example in this study. Compound c resembles b in that it also contains a

chair-shaped cyclohexane ring to which a B(C6F5)2 moiety is bound. In contrast

to b, the Lewis base part in this FLP is a phosphane with two large mesityl

substituents. A weak bond between LA and LB can also be observed here as well

as the chirality on the C1 and C2 atoms as explained for structure b. The behavior

upon addition of gaseous H2 is also as expected – the four-membered ring opens

and the zwitterionic hydrogenation product forms.

Fig. 1 TPSS-D3 optimized structures of systems a (from X-ray) and a’ (suggested structure in

solution)
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3 Geometry Optimizations

The first and maybe most important prerequisite to get realistic computational

results is, of course, a good molecular structure. Since we explicitly chose systems

for which crystal structures are available, we already have good starting points.

Although this is by no means mandatory and one could start the modeling from

scratch, it is clear that many of the functional FLPs often contain large groups with

some flexibility which would require systematic conformational searches.

Due to the size of the systems, wave function based methods are usually not

feasible for geometry optimization and density functional theory (DFT) is the

method of choice. Our experience over the years in dozens of applications has

shown that structures computed with the (dispersion-corrected) meta-GGA func-

tional TPSS-D3 [15, 16] compare very well with experimental data. This also holds

for non-covalently bound systems [16, 17]. For complicated cases, for explample

transition metal complexes, TPSS has also been found to perform very well [18].

Another point of discussion and important aspect in terms of computing time as

well as accuracy is the choice of a decent atomic orbital (AO) basis set. To

investigate the effect of the basis set size on the accuracy of the geometry we

optimized all tested FLP-structures with three different Gaussian-AO basis sets: the

split-valence double zeta basis set def-SV(P), the bigger triple zeta basis set

def2-TZVP, and the large quadruple zeta basis set def2-QZVP as implemented in

the TURBOMOLE 6.3 suite of programs [19, 20]. The latter basis provides results very

close to the Complete Basis Set (CBS) limit for many properties with semi-local or

hybrid density functionals.

These geometry optimizations were all carried out twice, first with the plain

density functional and then including the atom-pair wise D3 London dispersion

correction recently developed in our group [16, 17]. This enables us to discuss the

effect of dispersion on the quality of the resulting structures. Both calculations used

the experimental crystal structure as a starting point.

The D3-dispersion correction was constructed to correct for the asymptotically

incorrect behavior of most commonly available density functionals in an easily

applicable way and at almost no additional computational costs. This is achieved by

calculating a dispersion term which is added to the energy from the density

functional calculation. The general formula used for this is

E
DFT�D3ðBJÞ
disp ¼ � 1

2

X

A 6¼B

X

n¼6;8

sn
CAB
n

Rn
AB þ fdampðR0

ABÞn

in which the sum is over all atom pairs in the system,CAB
n is the nth-order dispersion

coefficient for each atom pair AB, and RAB is the distance between these two atoms,

while sn is a global scaling factor depending on the functional. The damping

function fdamp is necessary to avoid near-singularities for small values of R and
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double-counting-effects of correlation at medium distances. The formula by Becke

and Johnson (BJ) [21], which is applied consistently throughout this study, reads

fdampðR0
ABÞn ¼ a1R

0
AB þ a2

with R0
AB ¼

ffiffiffiffiffiffiffiffi
CAB
8

CAB
6

s

and fit parameters a1 and a2

and leads to a constant contribution to the correlation energy from each spatially

close pair of atoms (for example in a bond). The Minnesota functionals (M05-2X

and M06-2X) proved incompatible with this dispersion correction because they

Table 1 Geometry data for structure a (bond lengths r in Å, angle a in degree)

Property

Without dispersion correction With D3 correction X-ray

datadef-SV(P) def2-TZVP def2-QZVP def-SV(P) def2-TZVP Def2-QZVP

r(B-Ring) 1.670 1.665 1.665 1.657 1.652 1.651 1.650

a(NCN) 109.9 109.9 109.9 109.5 109.4 109.4 110.0

r(C+-H) 1.085 1.074 1.072 1.084 1.073 1.072 –a

r(C═C) 1.380 1.372 1.372 1.378 1.371 1.371 1.350
aH-bond lengths are not correctly obtained in X-ray structure measurements

Table 2 Geometry data for structure b (bond lengths r in Å, dihedral angle y in degree)

Property

Without dispersion correction With D3 correction X-ray

datadef-SV(P) def2-TZVP def2-QZVP def-SV(P) def2-TZVP def2-QZVP

r(N-B) 1.875 1.866 1.867 1.820 1.810 1.812 1.824

r(N-Ring) 1.523 1.524 1.524 1.519 1.519 1.519 1.508

r(B-Ring) 1.645 1.640 1.640 1.644 1.639 1.638 1.634

r(B-R1) 1.628 1.627 1.628 1.621 1.621 1.621 1.615

r(B-R2) 1.640 1.639 1.639 1.632 1.631 1.631 1.634

y(NCCB) �29.7 �29.8 �29.9 �29.3 �29.3 �29.4 �28.2

Table 3 Geometry data for structure c (bond lengths r in Å, dihedral angle y in degree)

Property

Without dispersion correction With D3 correction

X-ray

data

def-

SV(P)

def2-

TZVP

def2-

QZVP

def-

SV(P)

def2-

TZVP

def2-

QZVP

r(P-B) 2.278 2.286 2.290 2.168 2.158 2.161 2.206

r(P-Ring) 1.887 1.871 1.870 1.873 1.855 1.854 1.841

r(B-Ring) 1.645 1.638 1.638 1.648 1.643 1.642 1.623

r(P-Mes1) 1.862 1.850 1.849 1.845 1.832 1.832 1.820

r(P-Mes2) 1.886 1.873 1.873 1.871 1.858 1.858 1.856

r(B-R1) 1.664 1.645 1.645 1.639 1.641 1.641 1.643

r(B-R2) 1.617 1.616 1.617 1.611 1.611 1.611 1.613

y(PCCB) 40.7 41.1 41.0 39.7 40.0 40.0 38.3
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already include short-range dispersion terms (see e.g. [22]). For these, a slightly

different version of D3 published earlier and including a different kind of damping

is more appropriate. Whenever this so-called “zero-damping” variant is used in this

study, it will be marked separately (by the tag D3(zero)); in all other cases the

Becke-Johnson damping is applied.

Tables 1, 2, and 3 summarize the calculated and measured structural data for

compounds a to c.

For all systems the general trend holds that the bond lengths decrease with an

increase of the basis set size, while bond angles and dihedral angles do not seem to

be influenced much. Within one set of calculations (with or without D3 correction)

the difference between TZ and QZ basis sets is rather small (on average 0.001 Å and

0.05�) compared to the difference between DZ and TZ (about 0.008–0.013 Å and

0.08–0.3�). Therefore we can conclude that for most cases a triple zeta basis set

should yield sufficiently converged structures, and within much shorter computa-

tion times.

Comparing the two sets of calculations with one another, it is first observed that

the bond lengths from the calculations with D3 are always shorter than without.

This effect is most pronounced for the long, more flexible bonds. In particular, for

the most interesting bonds between LA and LB this shrinking effect of the disper-

sion correction on the bond length ranges from 0.013 Å for system a to a large value

of 0.130 Å for system c. The dispersion effect for bond angles is smaller and

differences between values with and without dispersion correction of only about

0.5� are observed. For dihedrals the effect is a little more pronounced but still small,

leading to deviations of 0.3–1.1� between dispersion corrected and non-dispersion

corrected values. It should be noted that the values computed with dispersion

correction are still closer to the experimental values than the non-corrected values,

leading to remaining deviations of only about 1.1� (b) to 1.8� (c). These effects on
the geometry are almost independent from the basis set size and up to two orders of

magnitude bigger than the basis set effects discussed above.

If we now compare these theoretical data to the experimentally observed

geometries from X-ray diffraction we find significantly smaller deviations for the

dispersion corrected values. A very impressive example is structure c where the

deviation from the X-ray structure drops from about �0.028 Å for the non-

dispersion corrected bond lengths to �0.003 Å for the dispersion corrected values.

C–H bonds are not taken into account here as they cannot be accurately measured

by X-ray diffraction and are usually assigned too short values. Their lengths are

generally accepted to be more realistic in DFT calculations.

Figure 2 also visualizes the effect of the dispersion correction on the optimized

structure of system b and shows the good congruence with the experimentally

determined crystal structure of the system. According to visual inspection of this

figure there seems to be no advantage when applying dispersion corrections but one

has to keep in mind that, especially the bulky groups are significantly influenced by

neighboring molecules (crystal packing). More realistic comparisons between

theory and experiment should hence be undertaken using periodic DFT-D3

calculations as discussed recently [23].
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These results prove that the inclusion of dispersion effects is crucial for systems

like FLPs, which are largely influenced by non-covalent interactions between their

large substituents. Similar observations were recently made in a combined

DFT-D3/NMR study of the B–P distances in some FLPs [24]. Since the effect of

the dispersion correction could be shown to be up to two orders of magnitude bigger

than the basis set effect, we highly recommend its use as the default in all DFT

investigations of large systems as already recently noted for the computation of

thermodynamic properties [25].

4 Electronic Energy Calculations

Next, we would like to discuss the calculation of accurate reaction energies. For this

purpose we chose the activation reaction of H2 as depicted in Scheme 1.

Single point calculations have been carried out with various methods on the

basis of TPSS-D3/def2-TZVP optimized structures. For the GGA functional PBE

(0% Fock-exchange) [26], the widely used hybrid GGA functional B3LYP (20%

Fock-exchange) [27, 28], and the double-hybrid functional B2PLYP (53% Fock-

exchange and 27% perturbative correlation energy) [29], the TURBOMOLE 6.3 [20]

code has been used, while the calculations with the hybrid GGA functional

PW6B95 (28% Fock-exchange) [30] were carried out with a modified version of

TURBOMOLE 5.7 [31]. All these functionals were enhanced with the afore-mentioned

Fig. 2 Overlay of the X-ray

structure (blue), the
TPSS-D3-optimized structure

(green) and the TPSS

(without D3) optimized

structure (red) of FLP b
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D3-dispersion correction [16, 17]. For the meta-hybrid GGA functionals M05-2X

(56%Fock-exchange) [32, 33] andM06-2X (54%Fock-exchange) [34] the GAUSSIAN09

program package was used [35]. These functionals are supposed to describe at least

medium-range dispersion effects, but as parameters for M06-2X in the zero-

damping version of D3 exist, we also included results for this combination of

methods. For comparison we also added the energy values originating from the

geometry optimizations with TPSS and TPSS-D3. All these calculations were

carried out using the large Gaussian-AO def2-TZVP basis set.

As an example of commonly used wave function methods we included triple

zeta, quadruple zeta, and CBS(TQ) extrapolated [36] values for MP2 [37] and SCS-

MP2 [38] (all computed with TURBOMOLE 6.3). All TURBOMOLE calculations were

converged to 10�7 for the energy and 10�5 for the gradient; for GAUSSIAN

calculations the tight criterion was used. For the DFT calculations the m4 and fine
grids were used, respectively.

Table 4 summarizes the results of these investigations.

Since CCSD(T) calculations [39–41] are not feasible due to the size of the

systems under consideration, we mainly discuss the differences between the tested

methods. From previous experience for huge thermodynamic benchmark sets [25] it

is known that double-hybrids like B2PLYP-D3 should yield the best results closely

followed by PW6B95-D3 and M06-2X. For the non-metallic main-group systems

studied herein, SCS-MP2/CBS is also expected to perform well.

Table 4 Electronic reaction energies for the activation of H2 in kcal/mol

Method System a System a’ System b System c

TPSS-D3(opt)/TZ �10.3 �11.8 �12.9 �10.9

TPSS-D3(opt)/QZ �10.3 �12.3 �13.6 �11.6

TPSS(opt) �14.1 �15.6 �14.4 �12.8

PBE-D3 �12.2 �13.5 �15.8 �10.8

B3LYP-D3 �13.5 �14.6 �15.5 �12.5

PW6B95-D3 �11.7 �13.5 �13.9 �9.4

M05-2X �12.6 �13.8 �15.7 �11.7

M06-2X �11.0 �12.7 �14.8 �9.9

M06-2X-D3a �11.2 �13.2 �14.8 �10.1

B2PLYP-D3 �10.3 �11.3 �13.4 �9.4

B2PLYP-D3/CBS
b �11.3 �12.5 �14.8 �10.7

MP2/TZ �2.3 �2.6 �8.3 �2.0

MP2/QZ �4.3 �5.2 �11.3 �4.7

MP2/CBS �5.9 �7.1 �13.2 �6.5

SCS-MP2/TZ �4.7 �5.7 �9.1 �4.2

SCS-MP2/QZ �6.6 �8.1 �11.8 �6.8

SCS-MP2/CBS �7.9 �9.7 �13.6 �8.4
aD3 with zero-damping, compare text for details
bCorrected B2PLYP-D3 means B2PLYP-D3/TZ + 0.27*D(MP2/CBS-MP2/TZ); compare text for

details
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We first note that the bare reaction energy for all four systems is similar and falls

for each quantum chemical method in a rather small range with differences of only

2–5 kcal/mol. All values are negative (exothermic) and, for example, for our

optimization method TPSS-D3 we obtain values for a, a’, b, and c of �10.3,

�11.8, �12.9, and �10.9 kcal/mol, respectively. This already shows that even a

wide range of different computational methods provide qualitatively consistent

results.

The dispersion corrected TPSS-D3 method which was already used to optimize

the underlying geometries leads to a deviations between 0.2 kcal/mol (system c)

and 1.9 kcal/mol (system b) relative to the reference energies calculated at

B2PLYP-D3/CBS level (as estimated by adding the TZ-CBS difference at the

MP2 level to the corresponding B2PLYP/TZ result, i.e., E(B2PLYP-D3/CBS) ¼
E(B2PLYP-D3/TZ) + 0.27 � [E(MP2/CBS) � E(MP2/TZ)]; the factor of 0.27

represents the amount of non-local perturbative correlation in B2PLYP). In com-

parison, the corresponding non-dispersion corrected TPSS energies are about

3 kcal/mol off for systems a, a’, and c, while only system b shows a surprisingly

small energy deviation of 0.4 kcal/mol. Tentatively, this can be explained by the

nature of this system – b does not contain any large substituents like phenyl rings

which exhibit a larger amount of non-covalent interactions to their neighbors. These

results clearly indicate, once more, that for reaction energies dispersion interactions

also play an important role and should not be neglected when aiming at “chemical

accuracy” (about 1 kcal/mol). How good the performance of TPSS-D3 really is

shows a direct comparison with the B2PLYP-D3 values: for system a both methods

yield the same value of �10.3 kcal/mol, while system c shows the biggest differ-

ence between the two methods with �9.4 kcal/mol for B2PLYP-D3 and

�10.9 kcal/mol for TPSS-D3. Thus, TPSS-D3 can be seen as a computationally

cheaper alternative to the double-hybrid functional B2PLYP-D3 for the calculation

of reaction energies of FLPs.

The other tested functionals also show a reasonably high accuracy with

PW6B95-D3 being almost as good as TPSS-D3. M06-2X is only slightly behind

those two. As this functional from the Minnesota functional family does already

account for medium-range dispersion interactions, its performance was tested with

and without D3 (zero) dispersion correction. As expected, the effect of long-range

(London) dispersion, which is added by the D3 correction, is only small changing

the energies from �11.0 to �11.2 kcal/mol for system a (reference: �11.3 kcal/

mol) or from�9.9 to�10.1 kcal/mol for system c (reference:�10.7 kcal/mol). The

earlier version M05-2X, which has often been used for the quantum chemical

description of FLP chemistry [3, 4], performs only slightly worse than its successor.

PBE-D3 is on the same level of accuracy and even B3LYP-D3, the “worst”

functional tested here, can still provide reasonably accurate reaction energies with

a deviation of about 2 kcal/mol from the reference.

A surprisingly bad performance is exhibited by MP2 which shows deviations of

about 5 kcal/mol from the DFT values for all systems except b, where the deviation

is only 1 kcal/mol. SCS-MP2 significantly improves upon MP2 and results in

acceptable deviations of 2–3 kcal/mol. Notable (but not unexpected) is the much
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stronger basis set dependence of the two MP2 type methods compared to that of

DFT (cf. the TPSS-D3 values at TZ and QZ levels). The difference between triple

zeta and CBS treatments is roughly 5 kcal/mol and larger basis sets improve the

results in all cases.

In summary only SCS-MP2 together with CBS extrapolation can be

recommended as an alternative to DFT for FLPs. The fact that an accurate and

robust description of FLP thermochemistry can already be achieved with medium-

sized TZ basis sets and even semi-local functionals like TPSS-D3 is the main

reason for widespread acceptance of DFT in chemistry.

Up to here we have exclusively discussed the hydrogen activation reaction

energy but functional FLPs also have other properties – most notable is the

“frustration,” that is, an existing but not too strong bond between LA and LB. For

the case a we finally want to investigate the performance of the above theoretical

methods for the computation of the association energy in the gas phase.

The first conclusion from Table 5 is that the association of the NHC and B(C6F5)3
in the gas phase is highly exothermic with values of about �40 to �50 kcal/mol

(depending on the method). While the TPSS-D3 results on triple and quadruple zeta

levels are rather similar, the non-dispersion corrected TPSS value is higher by more

than 16 kcal/mol. This highlights the effect of dispersion interactions between the

Lewis acid and the Lewis base part in this intermolecular FLP and clearly shows how

big the error in the total reaction energy can become if dispersion interactions are

neglected.

Taking again the B2PLYP-D3/CBS value of �47.5 kcal/mol as reference, all

tested density functionals perform more or less well. M06-2X-D3(zero) yields the

Table 5 Electronic reaction

energies in kcal/mol for

the association of FLP

a from its components

(NHC + B(C6F5)3)

Method Association energy

TPSS-D3(opt)/TZ �41.9

TPSS-D3(opt)/QZ �41.5

TPSS(opt) �24.9

PBE-D3 �41.5

B3LYP-D3 �40.5

PW6B95-D3 �43.7

M05-2X �41.5

M06-2X �44.0

M06-2X-D3a �46.6

B2PLYP-D3 �45.1

B2PLYP-D3/CBSb �47.5

MP2/TZ �61.2

MP2/QZ �66.1

MP2/CBS �69.9

SCS-MP2/TZ �50.0

SCS-MP2/QZ �47.8

SCS-MP2/CBS �47.6
aD3 with zero-damping, compare text for details
bB2PLYP-D3/CBS means B2PLYP-D3/TZ + 0.27*D(MP2/

CBS-MP2/TZ), compare text for details
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smallest deviation (0.9 kcal/mol), closely followed by B2PLYP-D3, M06-2X

(without dispersion correction) and PW6B95-D3 which are all up to 4 kcal/mol

too high. The largest deviation among the tested functionals is found for B3LYP-D3

with an association energy value of �40.5 kcal/mol, resulting in an unacceptable

deviation from the reference of 7.2 kcal/mol.

As discussed for the reaction with dihydrogen, the computed association energy

is also much more basis set dependent at MP2 and SCS-MP2 levels than for DFT.

The change from TZ to QZ basis set amounts to several kcal/mol and hence CBS

extrapolation seems mandatory. Although counterpoise corrections for BSSE

would be possible in this intermolecular case, this does not hold for intramolecular

FLPs and many reactions, so that, in general, we recommend for (SCS-)MP2 the

CBS extrapolation which diminishes this source of error. In passing we note that the

SCS-MP2/CBS [42] value (�47.6 kcal/mol) agrees extremely well with the DFT

results and that MP2/CBS (as usual) strongly overestimates the interaction (by

about 22.5 kcal/mol).

5 Thermal Corrections in the Gas Phase

Up to this point we have only considered electronic energies mainly to test the

variations and differences between the methods. However, these values are not

physically observable and cannot be directly compared to experimental data. Thus,

the computation of enthalpies and free enthalpies is required which is useful to

explain or predict the outcome of experiments. Focusing again on the activation of

H2 by our example systems we calculated the statistical thermal correction terms of

translational, rotational, and vibrational origin (including vibrational zero-point

energies) which are added to the electronic reaction energies to yield DHgas and

DGgas at 298 K.

First we tried to stick to DFT for the harmonic frequency calculations, but

numerical problems leading to artificial imaginary modes prohibited the use of

these results. For other, less problematic cases, highly converged DFT-calculations

(energy: up to 10�9 Eh) on a big grid (e.g., m5) may also lead to reasonable results.

Still, special attention needs to be paid to methyl rotations and lattice vibrations of

the molecule which lead to additional imaginary modes and therefore to frequencies

which cannot be used for the calculation of thermal corrections.

Instead, we decided to switch to the semi-empirical PM6-D3H method [43–45]

which has been shown to yield reliable and sufficiently accurate vibrational

frequencies.

As can be seen from Table 6, the correction terms for DH and DG are all positive.

The reason for this is comparatively simple – when going from the FLP and H2 to

the hydrogenated FLP the number of particles is reduced from two to one (in the

case of a/a’ from three to two). This leads to a significant decrease in the entropy

contribution and therefore to a more positive DG.
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The DG contribution varies only little from 9.5 to 12 kcal/mol for the four systems,

which is a typical value for bimolecular reactions (for the hydrogenation of a the

associated FLP is taken as reference, not the separate LA and LB as in the other cases).

When the thermal corrections are added to the B2PLYP-D3/CBS electronic

reaction energies (which we consider exclusively in the following), small DGgas

values for the total activation reaction between�3.1 and 2.5 kcal/mol are obtained.

This is an important result as it shows that the reaction under gas phase equilibrium

conditions is rather unfavorable and unlikely to occur efficiently. Unpublished

calculations for other FLP/H2 reactions (including the original system from D.

Stephan) indicate that this is a general property and that the stabilization of the

formed ion pair by solvation is essential (see below).

6 Solvation Effects

All calculations presented above were gas phase calculations, whereas all of the

corresponding experiments are carried out in solution. To investigate further the

effect of solvation on the reaction (free) enthalpy we applied the COSMO-RS

solvation model [46] to our gas phase optimized structures, focusing on the two

commonly used solvents dichloromethane and pentane. This procedure yields (free)

enthalpies of solvation DHsolv and DGsolv for reactants and products which are

added to the gas phase DGgas and DHgas values from the last section in order to get

the final DHsolution and DGsolution values for the reaction in solution, which

corresponds to experimental observables. These data are summarized in Tables 7

and 8. For a thorough discussion of the performance of current solvation models the

reader is referred to [45] and [47–49].

Table 6 Thermal corrections in the gas phase at 298 K in kcal/mol

Method System a System a’ System b System c

Corr. to DH 2.8 2.4 2.6 3.8

Corr. to DG 9.5 10.2 10.3 12.0

DHgas B2PLYP-D3/CBS �8.7 �10.2 �12.2 �6.9

DGgas B2PLYP-D3/CBS �2.0 �2.3 �4.4 1.3

Table 7 (Free) enthalpies of solvation and final (free) enthalpies in solution for the solvent

pentane at 298 K

Method System a System a’ System b System c

DHsolv �2.8 �1.2 �3.2 �1.9

DGsolv �8.6 �7.2 �9.0 �7.8

DHsolution B2PLYP-D3/CBS �11.1 �11.3 �15.4 �8.8

DGsolution B2PLYP-D3/CBS �11.4 �9.5 �13.5 �6.5
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The first observation is that the difference between the effects of the two solvents

is rather small. Although dichloromethane is significantly more polar than pentane,

their DGsolv values differ only by up to 1 kcal/mol. This is already in qualitative

agreement with experimental observations that FLP reactions are only weakly

influenced by the choice of solvent. A second and very important finding is that

the (free) enthalpies of solvation presented here are of about the same size as the

gas phase thermal corrections presented in the last section but have a different sign.

The two effects almost cancel for our example reactions so that the COSMO-RS

treatment brings the total DGsolution results back down to values between �6 and

�14 kcal/mol in both solvents (compare Fig. 3).

According to these data, the activation reaction for a and b is essentially

irreversible under the experimental conditions (298 K) while c is a borderline

case with a DGsolution value of about�7 kcal/mol. In this context it seems important

to mention that aggregation and even the formation of microcrystals of the ion-pairs

might occur in reality which is of course beyond the capabilities of a reasonable

theoretical treatment. The enthalpies are much less influenced by the COSMO-RS

corrections (DHsolv values range between 1 and 4 kcal/mol) which demonstrates

Table 8 (Free) enthalpies of solvation and final (free) enthalpies in solution for the solvent

dichloromethane at 298 K

Method System a System a’ System b System c

DHsolv �3.9 �2.0 �4.6 �2.8

DGsolv �9.5 �7.9 �10.0 �8.5

DHsolution B2PLYP-D3/CBS �12.6 �12.1 �16.8 �9.7

DGsolution B2PLYP-D3/CBS �11.6 �10.2 �14.4 �7.2

Fig. 3 H2 activation reaction energies (B2PLYP-D3/CBS) and free enthalpies in the gas phase and

for two common solvents. Note the cancellation effect between entropic and solvation contributions
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that the increase of the solvent entropy during the formation of the product complex

represents a significant driving force of the reaction.

The mentioned cancelation effect between entropy and solvation can of course

not be expected to be quantitative and it is not recommended to approximate

DGsolution by DEgas even though the numerical values are similar (for a recent

discussion of this problem – including dispersion effects – see [50–53]). Instead

we suggest using the above procedure to compute all relevant terms as accurately as

possible in order to get reliable and physically reasonable results.

7 Conclusions

In this study we tried to shed some light on the different quantum chemical

methodologies that are available for the study of the energetics and structures of

FLP systems and give some advice about which factors to consider in order to

produce accurate and reliable geometries, reaction energies, and (free) enthalpies.

Three different sample FLP systems have been selected from the literature includ-

ing some of the most often found types of Lewis bases, a carbene, a phosphane, and an

amine. Detailed studies of the structures of H2 addition products in comparison to X-

ray data revealed TPSS-D3/def2-TZVP as a good and affordable first-principles

method to generate accurate geometries. The substantial effect of London dispersion

correction could once more be proved and we very strongly recommend the use of D3

or similarly accurate dispersion corrections schemes as a default in DFT.

An investigation of different density functional- and MP2-type methods shows

that FLP thermochemistry is not very sensitive to the specific choice of the method.

Approaches which perform well in standard thermochemical benchmarks also

yield rather similar reaction energies here. We can recommend PW6B95-D3 and

TPSS-D3 as somewhat cheaper alternatives to B2PLYP-D3 and also note that the

M06-2Xmethod performs well. As a non-DFTmethod the SCS-MP2 approach yields

reaction energy values close to those from DFT, whereas MP2 shows a very poor

performance with deviations on the order of 5 kcal/mol and cannot be recommended.

A big disadvantage of both MP2 based methods is (not unexpectedly) the relatively

strong dependence of the results on the size of the basis set. While for DFT methods

triple-zeta quality AO sets are sufficient and the improvement gained when going to

quadruple zeta basis sets is only small (typically <1 kcal/mol change), for (SCS-)

MP2 extrapolation to the CBS limit is mandatory.

Thermal corrections in the gas phase and in solution could be shown to almost

cancel for the systems under consideration since their contributions were of about the

same size but of different sign. Adding gas phase thermal corrections to electronic

energies alone would have left some doubt in the feasibility of reactions yielding

positive values or values just slightly below zero. This study has very clearly shown

that the FLP activation reaction of H2 under ambient equilibrium conditions is

significantly driven by the solvation of the formed ion pair. Although it seems trivial

that solvent effects should be included in quantum chemical studies when aiming for
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accurate free reaction enthalpy values in the condensed phase (for recent COSMO-

RS studies of ionic reactions in polar solvents see [54]), this does not seem to be

standard in many published studies in the field. The same holds for the application of

London dispersion corrections when using standard density functionals like B3LYP

for which these are essential even to get qualitatively correct results. In summary, the

future for DFT-D3/COSMO-RS based simulations of the structure and thermochem-

istry of FLPs and related systems seems bright.
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Computational Design of Metal-Free Molecules

for Activation of Small Molecules,

Hydrogenation, and Hydroamination

Zhi-Xiang Wang, Lili Zhao, Gang Lu, Haixia Li, and Fang Huang

Abstract Hydrogen activation is a key step in hydrogenation reactions which are

widely used in both laboratory synthesis and the chemical industry. Traditionally,

it was often considered that only transition metal complexes/systems are able to

activate hydrogen and to catalyze hydrogenations. This view has been changed

recently; more and more metal-free molecules/systems have been found capable of

activating hydrogen. Among these developments, the frustrated Lewis pairs (FLPs)

are of particular significance, not only because they exhibit high reactivity toward

hydrogen as well as other small molecules, but also because some of them can

perform direct catalytic hydrogenations, which pave the way to the development

of cheaper and greener hydrogenation catalysts. Inspired by the FLP principle,

we used quantum mechanics computations to design molecules for H2, CH4, and

NH3 activation and catalysts for hydrogenation of imines, ketones, and alkenes.

While our designed molecules are awaiting experimental preparation, the active

sites in our designed molecules anticipated the features appeared in the compounds

synthesized later by experimentalists. This chapter reviews our computational

explorations to enrich FLP chemistry.

Keywords Bifunctional reactivity � DFT calculations � Frustrated Lewis pairs �
Metal-free catalyst design � Metal-free hydrogen activation � Metal-free

hydrogenation
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1 Introduction

The hydrogen molecule is small but plays an important role in chemistry. Hydrogen

activation not only is an important chemical process (e.g., its involvement in

catalytic hydrogenation) but also enriches our understanding of the reactivity of

unsaturated compounds [1, 2]. The mechanisms whereby many transition metal

(TM) complexes cleave dihydrogen readily have long been known [3–8]. In

contrast, hydrogen activation by main group compounds under mild conditions
was unknown until 2005 [9], when Power and coworkers discovered that, unlike

acetylenes, the heavier germanium congener [e.g., Ar’GeGeAr’, Ar’ ¼ C6H3-2,

6-(C6H3-2,6-iPr2)2] can react with H2 at 25
�C and 1 atm. Since then more similar

compounds [e.g., ArSnSnAr, Ar ¼ Ar’ or Ar*; Ar* ¼ C6H-2,6-(C6H2-2,4,

6-iPr3)2-3,5-iPr2)] were found to react with H2 facilely [10]. The heavier congeners

of carbene, GeAr2 (Ar ¼ Ar’ or Ar*), and SnAr’2, were found capable of hydrogen

activation [11, 12]. Bertrand revealed in 2007 that stable (alkyl)(amino)carbenes

can activate hydrogen and ammonia just like TM complexes [13]. Earlier examples

of TM-free hydrogen activation involved transient main-group species generated by

extreme methods (e.g., laser ablation) [14–16] and TM-free hydrogenation under
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forcing conditions (135 bar and 210 �C) [17, 18]. Radom and coworkers employed

quantum chemistry computations to help understand TM-free H2 activation/

hydrogenation [19–22] and to design TM-free catalysts for the transformation of

CO2 into methanol [23, 24].

Hydrogenations are widely used in both laboratory synthesis and the chemical

industry [25]. Because direct addition of H2 to unsaturated bonds is symmetry-

forbidden, hydrogenation using H2 as hydrogen source, known as direct

hydrogenation, requires catalysts that can be heterogeneous (e.g., Raney-nickel

catalyst) [26–29] or homogeneous TM catalysts (e.g., metal-ligand bifunctional

hydrogenation catalysts, MLBHCs) [25]. Alternatively, main group hydrides (e.g.,

NaBH4 and LiAlH4) [20] or hydride surrogates (e.g., isopropanol and Hantzsch

ester) [30–36] can serve as hydrogen sources to carry out stoichiometric transfer

hydrogenation. The cost of the noble TMs (e.g., Pt, Pd, Ru, Rh, Ir, and Os), the

contamination of heavy TMs in direct hydrogenation, and the need for stoichiomet-

ric hydrogen sources and waste remediation in transfer hydrogenations have

encouraged chemists to develop cheaper and greener catalysts to perform direct

catalytic hydrogenation. To overcome the disadvantages in conventional

hydrogenation, efforts have been directed to develop hydrogenation catalysts

using readily available TMs (e.g., Fe) [37–45]. Another promising approach is to

develop TM-free or evenmetal-free hydrogenation catalysts, which is relevant to the

present chapter.

To perform catalytic hydrogenation, the hydrogen activation step must be revers-

ible or nearly reversible. A breakthrough was made by Stephan and coworkers who

discovered in 2006 that phosphino-borane (C6H2Me3)2P(C6F4)B(C6F5)2 can activate

H2 reversibly under mild conditions [46]. The experimental discovery opened the

area of so-called frustrated Lewis pair (FLP) chemistry and triggered more and more

similar systems, generally termed FLPs [47–49]. According to the centers of Lewis

acids and bases of FLPs, the known FLPs can be classified into phosphorus/boron

[50–65], nitrogen/boron [65–77], carbon/boron (where carbon is the carbon center of

stable N-heterocyclic carbenes) [78–81], and phosphorus/aluminum FLPs [82]. Some

FLPs have been shown capable of performing catalytic hydrogenations [47–49].

In addition to activating H2, some FLPs also exhibit novel reactivity toward small

molecules such as NH3 [78], N2O [83], THF [64, 84], C2H4 [85], CO2 [86], terminal

alkyne [63], and 1,3-dienes [87]. FLP chemistry has also been broadened to

organometallics, elucidating the reversible dehydrogenation/hydrogenation of nitro-

gen heterocycles catalyzed by Ir-complex [88] and developing TM-containing FLPs

[77]. The experimental developments of FLP chemistry have been timely reviewed

by Stephan and coworkers [47, 48], Stephan and Erker [49], and Piers [89],

respectively, and the experimentalists of the book will further review their studies

insightfully and extensively.

The novel reactivity of FLPs has attracted computational chemists to unveil the

origins of FLP reactivity [90–102] and the mechanisms of the reactions catalyzed

by FLPs [103–106]. Fascinated by FLP chemistry, we were interested in using

computational chemistry as an “experimental tool” to make predictions. On the

basis of the FLP principle, we designed metal-free molecules for hydrogen

[107–109], methane [110], and ammonia [111] activations and catalysts for

Computational Design of Metal-Free Molecules for Activation of Small. . . 233



hydrogenation of imines [112–114], ketones [114, 115], and alkenes [114]. As we

noticed that several computational chemists are also the contributors of the book, to

avoid repetition we will limit the scope of this chapter to the studies from our group

[107–115] with a focus on computational design.

2 General Principles for Facile Hydrogen Activation

In general, when an electron-deficient Lewis acid attacks the H–H bond, the vacant

orbital of the Lewis acid interacts with the H–H s-bonding orbital, which weakens

the H–H bond by reducing the s-bonding electrons. When an electron-rich Lewis

base attacks the H–H bond, the lone pair orbital of the Lewis base interacts with the

H–H s*-antibonding orbital, which weakens the H–H bond by giving electrons to

the H–H s*-antibonding orbital. If a system combines the two effects to operate

cooperatively, the system would possess both Lewis acid and base catalytic effects

and thus exhibit high reactivity toward H2. Essentially, the various hydrogen

activation systems, including both TM and TM-free ones, share the same general

principle but differ in the manner of how to allow both effects to operate

cooperatively.

For the TM-mediated hydrogen activation [7], as illustrated by Scheme 1a, the

H–H s-bonding orbital interacts with the empty dz
2 orbital of the TM center and

meanwhile the occupied dxy orbital interacts with the H–H s*-antibonding orbital

(i.e., the back-donation), resulting in facile H–H bond cleavage. Interestingly, the

single TM-center plays both Lewis acid and base roles. In this regard, the metal-free

(alkyl)(amino) stable carbenes activate hydrogen similarly [13]. The carbene carbon

serves as both Lewis acid and base center; the lone pair on the carbene carbon

functions as a Lewis base to donate electrons and the empty pp orbital as a Lewis

acid to accept electrons (Scheme 1b) [13].

The well-known metal–ligand bifunctional hydrogenation catalysts have separate

Lewis acid and base active sites [25]. Similarly, as represented by the prototypical

FLP, tBu3P/B(C6F5)3 (Scheme 1c), FLPs have distinguishable Lewis acid and base

components [50]. Because Lewis acids and bases prefer to form stable Lewis acid/

base adducts, sterically demanding substituents are required to prevent formations of

stable Lewis acid/base adducts. The Lewis acids and bases in FLPs can either be two

separate molecules (e.g., tBu3P/B(C6F5)3) [50] or be grafted into a single molecule

(e.g., Mes2PCH2CH2B(C6F5)2, TMPN-CH2C6H4B(C6F5)2 (TMPN ¼ 2,2,6,6-

tetramethylpiperidine)) [69, 116]. Pápai’s [90] and Li’s [91] groups proposed that

the synergic catalytic effects of Lewis acids and bases are the origins of the high

reactivity of FLPs, but the study by Grimme–Erker joint group called attention to the

electric field created by the Lewis acid/base pairs [99]. The systematic computational

study by Pápai’s group emphasized the profound effects of the Lewis acidity and

basicity of FLPs on the FLP reactivity [95].

Power and coworkers attributed the facile hydrogen activation by the heavier

alkyne congeners (e.g., Ar’EEAr’, E ¼ Ge and Sn) to the synergic interaction
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between the occupied p-orbital of E–E bond with H–H s*-antibonding orbital and

that between the empty n+ orbital of Ar’EEAr’ with H–H s-bonding orbital

(Scheme 1d) [117, 118]. Previous computational study using models of experimental

compounds suggested that the heavier alkyne analogs (Ar’GeGeAr’ in particular)

may have significant diradical character responsible for their high reactivity [119],

but our recent study on the experimental digermyne and distannyne showed that they

have no substantive diradical character [120], and the differences between the

reactions of Ar’EEAr’ (E ¼ Ge and Sn) with H2 can be ascribed to the higher

reactivity of the key intermediate Ar’GeGeH2Ar’ than that of its counterpart

(Ar’SnSnH2Ar’) due to the inert lone pair effect [120].

3 Computational Design of Metal-Free Molecules for

Activations of Small Molecules

3.1 p-FLP Strategy for H2 Activation

Hydrogen activation is the crucial step in catalytic hydrogenation [25]. To design

hydrogenation catalysts we first need to find an active site with electronic structure

capable of cleaving H–H bonds. In terms of the frontier molecular orbital (FMO)

theory, Scheme 2 illustrates our thinking of how to find the active site.

The addition of H2 to ethylene (1) is a symmetry-forbidden reaction. Because the

symmetries of HOMO and LUMO of 1 do not match those of LUMO and HOMO of

H2, respectively, H2 cannot interact with 1 effectively, resulting in a very high

activation barrier. We viewed the FMO interaction picture from another angle,

Scheme 1 Orbital interactions to operate Lewis acid/base bifunctional reactivity cooperatively
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considering each of the two pairs of FMO interactions including both favorable

(blue arcs or lines in Scheme 2a) and unfavorable (green arcs or lines) interactions.

Due to the symmetric features of 1, the favorable and unfavorable interactions in

either pairs of FMO interactions cancel each other, resulting in a very high barrier.

Along this line of thinking, to reduce the activation barrier we need to enhance the

favorable interactions and weaken the unfavorable ones. This can be fulfilled by

isoelectronic replacement of CC in 1 with BN, giving BH2NH2 (2). Because the

HOMO and LUMO of 2 are dominated by the nitrogen and boron pp atomic

orbitals, respectively (Scheme 2b), the favorable interactions are enhanced and

the unfavorable ones weakened. It can be expected that 2 has a lower activation

barrier than 1. However, there exists a p donation from nitrogen to boron in 2;

the boron pp atomic orbital and the nitrogen pp lone pair still have substantial

contributions to the HOMO and LUMO of 2, respectively. To lower the activation

barrier further, we insert a -CH2- linkage to the B–N bond of 2 to prevent

the electron donation, giving BH2CH2NH2 (3). Because the -CH2- linkage in 3

precludes the intramolecular p donation from nitrogen to boron, the contribution of

boron pp atomic orbital to the 3 HOMO and that of nitrogen pp atomic orbital to the

3 LUMO are further reduced, and thus the favorable interactions are further

enhanced and the unfavorable ones further weakened. Therefore, the activation

barrier by 3 is expected to be greatly reduced.

Figure 1 shows the computed energetic and geometric results for the hydrogen

activations by 1, 2, and 3. In accordance with the FMO analyses, the activation

energies drop significantly and sequentially. The H2 activation energies by 1, 2, and

3 are 85.2, 42.7, and 12.0 kcal/mole at the M05-2X/6-311þþG(d,p) þ ZPE(zero

point energy) level, respectively, which are close to the 85.2, 43.2, and 10.2 kcal/

Scheme 2 Schematic illustrations of how to enhance the favorable and weaken the unfavorable

interactions in the two pairs of FMO interactions. Note that the width of arcs or lines qualitatively
represent the magnitude of the interactions. From C2H4 to BH2NH2 to BH2CH2NH2, the favorable

interactions increase and the unfavorable interactions decrease
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mole predicted at the CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVTZ þ ZPE(MP2)

level. Therefore, the CH2 linkage is very effective to prevent the p-donation. The
hydrogen activation barrier by BH2CH2NH2 (3) is also less than the 17.3 kcal/mole

by BH2PH2 (4) [107] whose derivative, R2PB(C6F5)2 (R ¼ Cy, tBu), has been

experimentally demonstrated capable of H2 activation [53]. The hydrogen activa-

tion barrier of tBu2PB(C6F5)2 was reported to be 28.0 kcal/mole by Privalov et al. at

the B3LYP/6-31þG(d) þ ZPE level [105]. In terms of the ZPE-corrected energies,

the active site in 3 shows potential for reversible hydrogen activation which is

desired for designing hydrogenation catalysts.

The facile H2 activation by 3 also follows the general principle discussed in

Sect. 2. The function of the -CH2- linkage is to prevent the p electron donation

from nitrogen to boron, thereby preserving the reactivity of Lewis acidic boron and

Lewis basic nitrogen centers, respectively. The strategy is similar to FLP but differs

in constructing the active site. Scheme 3 shows the difference between 3 and

the prototypical tBu3P/B(C6F5)3 FLP. While the active site of tBu3P/B(C6F5) FLP

is constructed by blocking the s bonding in the Lewis acid/base adduct (PH3BH3),

the -CH2- linkage in 3 prevents the intramolecular p donation in 2. Because of

Fig. 1 Energetic and geometric results for the H2 activations by 1, 2, and 3. The geometries with

key bond lengths in Å were optimized at the M05-2X/6-311þþG(d,p) level, and the relative

energies (in kcal/mole) were obtained at the M05-2X/6-311þþG(d,p) þ ZPE level. The bond

lengths in the parentheses were obtained at the MP2/aug-cc-pVTZ level and the energetic values in

the parentheses at the CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVTZ þ ZPE(MP2) level
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the difference, we have termed our strategy “p-FLP” in the following for the

convenience of description.

The model 3 has a low H2 activation barrier (12.0 kcal/mole), but it is experi-

mentally impracticable, because its reactivity can be quenched by dimerization,

isomerization to more stable isomer, or formation of stable complexes with

solvent molecules (e.g., THF) [107]. To preserve its reactivity, proper chemical

scaffolds need to be constructed to protect the active site. Molecule 5 (see Fig. 2) is

such an example among many possible variations after excluding possible

deactivations [107].

Table 1 lists the energetic results of the 5 + H2 reaction in the different solvents,

and the optimized structures of 5, 5_TS (activation transition state), and 5_H2

(product) are displayed in Fig. 2. As compared in Table 1, the solvents have no

apparent effects on the activation barrier but can stabilize the product by several

kcal/mole, which can be attributed to the zwitterionic product due to the heterolytic

H2 cleavage. Because ideal gas phase model computations often overestimate the

entropic penalty for entropically unfavorable reactions in solvents [112, 121–126],

we considered the hydrogen activations to be nearly reversible, which is desirable

for design of metal-free hydrogenation catalysts. Interestingly, as the experimental

FLPs often used perfluorophenyl substituted boron-site to enhance the Lewis

Scheme 3 Comparisons of the BH2CH2NH2 p-FLP and the typical tBu3P/B(C6F5) FLP

Fig. 2 Optimized structures of 5, 5_TS, and 5_H2 at M05-2X/6-311þþG(d,p) level
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acidity [47–49], 5 has a weaker Lewis acidic site (-B(2,6-Me-C6H3)2) but still has

high reactivity toward H2, which can be attributed to the optimal bifunctional active

site (>BCH2N<) that allows H2 to interacts with the active site more efficiently.

3.2 Fine Tuning the p-FLP Active Site for Enhanced Reactivity
Toward H2

Reversible hydrogen activation is crucial for catalytic hydrogenation. It is desired

to make hydrogen activation as reversible as possible. Analyzing the HOMO and

LUMO of BH2CH2NH2 model (3), we speculated that the reactivity of p-FLP active

site could be further improved by tuning the construction of the active site [108].

Scheme 4 illustrates our reasoning for tuning the active site. In BH2CH2NH2 the

boron vacant pp orbital is nearly perpendicular to the defined BCN plane and the

nitrogen pp lone pair tilts to the plane (Scheme 4a); the orientation of the two

orbitals is not optimal to perform bifunctional reactivity. In the transition state

(Scheme 4b), the dihydrogen tends to be coplanar with the B···N axis, implying that

a transition state with dihydrogen and B···N in the same plane could lower the

barrier by relieving the strain. We hypothesized that an active site in which the two

orbitals are in the same plane and face to face (Scheme 4c) could be a better active

site. To implement such an active site, we embedded the active site in proper

molecular frameworks [108]. As exemplified by 6M-7M in Scheme 5, such an

active site can be enforced by utilizing the planarization of sp2 carbon. The bridging

nitrogen atoms in 8M and 9M are not sp2 hybridized, but the planarization due to

aromaticity of the five-membered rings can also hold such an active site.

6M–9M possess the optimal active sites, but the active sites can be deactivated

by intermolecular dimerization. To avoid the issue the molecules 6–9 were

designed. The energetic results for the reactions of 6–9 with H2 are compared

with those of the model (10M) of the experimental MLBHC (10) [127–139] in

Table 2. The metal-free 6 and 7 have kinetics and thermodynamics for reversibility

comparable with those of 10M. The molecules 8 and 9 have lower activation

barriers than 10M, but their reactions with H2 are somewhat too exothermic

(in particular 9), implying that the active sites in 8 and 9 are probably unsuitable

for hydrogenation catalyst design.

Table 1 M05-2X/6-

311þþG(d,p) free energy and

enthalpy results (in kcal/

mole) for the H2 activation by

5 in the gas phase (GAS),

toluene (TOL), THF, and

DMSO

Molecule 5

Transition states Products

DG6¼ DH6¼ DG DH

Gas phase 26.1 14.8 8.2 �1.9

TOL (e ¼ 2.38) 27.0 14.8 6.4 �4.4

THF (e ¼ 7.58) 26.7 14.5 4.0 �6.8

DMSO (e ¼ 46.7) 27.4 15.2 3.5 �7.3
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3.3 Further Fine Tuning the p-FLP Active Site for Methane
Activation

It is more difficult to activate methane than H2 [1, 2, 140]. In addition to H2, FLPs

were found to have high reactivity toward other small molecules (e.g., NH3 [78],

N2O [83], THF [64, 84], C2H4 [85], CO2 [86], terminal alkyne [63], and 1,3-dienes

[87]), but there has been no experimental or computational study to show that FLP

can activate methane. To evaluate the reactivity of FLPs toward methane, the

methane activation transition state by tBu3P/B(C6F5)3 FLP was located (FLP-TS

in Scheme 6). Because the CH3 moiety hampers effective interaction of the boron

vacant orbital with the C–H s bonding orbital of methane, the FLP cannot perform

its Lewis acidic reactivity optimally. Consistently, the methane activation barrier

Scheme 4 Idea to construct more reactive active sites for H2 activation

Scheme 5 Designed models/molecules with desired hydrogen activation sites

Table 2 M05-2X(IEFPCM, solvent¼toluene)/6-311þþG(d,p)//M05-2X/6-311þþG(d,p) free

energy and enthalpy results (in kcal/mole) for the H2 activations in toluene by 6–9, compared

with those of the model (10M) of the MLBHC (10)

Solvents

Transition states Products

DG6¼ DH6¼ DG DH

6 13.5 3.8 �2.7 �11.8

7 15.4 5.8 �7.8 �16.7

8 15.4 5.9 �12.7 �22.6

9 15.5 5.4 �32.9 �43.0

10M 17.2 7.8 �5.1 �14.4
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(DG 6¼
sol ¼ 38.3 kcal/mole, solvent ¼ cyclohexane) was predicted to be much

higher than the 13.4 kcal/mole of hydrogen activation [110]. On the basis of the fact

that a side-on attack was adopted in the methane activation by TM complex, we

reasoned that our p-FLP active site could be structurally suitable for methane

activation. Based on 6M (see Scheme 5), 11M and 12M were designed under the

considerations that the long B���N distance can further prevent the possible electron

donation from nitrogen to boron as in 6M, and the enlarged active sites could

benefit methane activation, because methane is larger than hydrogen [110].

On the basis of 11M and 12M models, more molecules were designed after

excluding possible dimerizations [110]. The molecules 11–13 in Scheme 6 are

representative. The use of CF3 and F substituents is to enhance the Lewis acidic

reactivity of the boron center. 14M is the model of the TM complex 14

(tBu3SiO)2Ti¼NSitBu3) that was experimentally shown to be able to activate

methane via 1,2-addition [141, 142]. As compared in Table 3, the methane

activations by 11–13 have barriers comparable with/or lower barriers than that by

the TM complex model (14M). The reactions of 11–13 with methane are nearly

reversible, implying that such active sites could be based to develop catalysts for

methane utilization.

The methane activation mechanism by 11–13 is similar to that by TM complex

(e.g., 14M). Their active sites are composed of electron deficient centers (boron in

11–13 and Ti in 14) and electron rich center (i.e., N) to exert the Lewis acidic/basic

reactivity cooperatively. However, the Ti- and N-centers in 14M are bound together

directly, while the N- and B-centers in 11M are separated by linkages. To gain

insight into the difference, the two orbitals of 11M, 14M, and 2 (BH2NH2)

contributing to the Lewis acidic/basic reactivity, respectively, are compared in

Fig. 3. For 14M, the LUMO is dominated by Ti dz
2 atomic orbital and the

HOMO–1 by the nitrogen pp lone pair. Because the two atomic orbitals (dz
2 and

pp) are not symmetrically compatible, the nitrogen lone pair electrons cannot

be donated to the electron deficient Ti-center, which maintains the Lewis acidity

of the center. In contrast, the vacant boron orbital and nitrogen lone pair orbital

have the same symmetry (pp) in BH2NH2, allowing them to interact with each

other, which weakens both the Lewis acidity of boron center and the basicity

Scheme 6 M05-2X/6-31+G(d,p) optimized geometry of the transition state (FLP-TS) and our

designed metal-free models/molecules for methane activation
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of nitrogen center. When the B- and N-centers are separated by linkages as

exemplified by 11M, the interaction between the vacant boron orbital and nitrogen

lone pair is spatially prohibited. It can be concluded that the principles of methane

activation by the TM complex (e.g., 14) and by our designed metal-free molecules

are the same, but the ways to preserve the effective acid/base active sites are

different; the former uses incompatible atomic orbital symmetries to prevent the

donor-acceptor interaction between the bound Ti and N atoms, and thus maintain

Lewis acidity of Ti center, while the latter uses space to prevent the donor-acceptor

interaction between B and N atoms, and thus maintain the Lewis acidity of B center.

3.4 Designing Metal-Free Molecules for H2 Activation by
Mimicking TM Pincer Catalysts

As discussed in Sect. 2, H2 activations by metal-free molecules and TM complexes

essentially share the same principle, using the reactivity of Lewis acids/bases

cooperatively, which inspired to hypothesize that one may design metal-free

molecules based on known transition metal complexes. In our exploration, the

Table 3 M05-2X(IEFPCM,

solvent¼cyclohexane)/6-

311þþG(2d,p)//M05-2X/6-

31G(d,p) free energy and

enthalpy results (in kcal/

mole) for the methane

activation

Molecules

Transition states Products

DG6¼ DH6¼ DG DH

11 22.4 10.4 �1.9 �13.6

12 20.0 7.7 �4.5 �16.7

13 20.2 8.1 �5.2 �17.4

14M 22.3 11.3 �11.4 �21.4

Fig. 3 Two critical MOs for the Lewis acid and Lewis base centers of TM-complex model (14M),

BH2NH2 and our designed molecule (11M)
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TM-pincer catalyst (e.g., 15 in Scheme 7), developed by Milstein’s group

[143–149], was chosen as a template. The catalyst 15 or its analogs have shown

great reactivity toward various s-bonds such as H–H [143, 144], C–H [145], N–H

[149], and O–H [146, 150] bonds. The reactivity of these TM complexes originates

from their novel electronic effects, including the following. (1) H2 activation is a

formal [4þ2] cycloaddition involving the two electrons of the C¼C bond, the two

nitrogen lone pair electrons, and the two s electrons of the H–H bond. The aromatic

effect due to the involvement of six electrons can stabilize the activation transition

state and thus facilitates H–H bond breaking. (2) The nonaromatic six-membered

ring in 15 gains aromaticity gradually during the H2 addition and becomes an

aromatic pyridine ring in the product (15PR). The aromatization effect can facili-

tate H–H bond breaking. (3) The Ru center and the sp2 C of the arm have Lewis

acidic/basic catalytic effects, respectively, contributing to H–H bond cleavage. To

mimic these electronic effects, the metal-free counterpart 16 of the TM complex

(15) was designed [109]. Needless to say, the metal-free counterpart 16 can mimic

the electronic effects of 15 in hydrogen activation.

Scheme 8 shows the individual contributions of these electronic effects to H2

activation in terms of the barriers heights at the M05-2X/6-311þþG(2d,p)//M05-

2X/6-31(d,p) þ ZPE level. The 93.9 kcal/mole barrier for the symmetry-forbidden

[2þ2] addition of H2 to ethylene (Scheme 8a) is lowered dramatically to 39.1 kcal/

mole due to the six electron aromatic stabilization in the transition state for the

1,4-addition of H2 to syn-butadiene (Scheme 8b) [109]. The replacement of a C¼C

bond with the isoelectronic N–B bond (Scheme 8c) lowers the barrier by

Scheme 7 Mimicking the electronic effects of TM pincer catalysts
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an additional 3.6 kcal/mole. The small decrease can be attributed to the weakened

Lewis acidity of the boron center due to the electron donation from nitrogen. The

aromatization effect utilized in Scheme 8d lowers the barrier to 22.7 kcal/mole, a

12.8 kcal/mole decrease relative to Scheme 8c.

Although the hydrogen activation free energy barrier (20.7 kcal/mole) by 16

is less than the 23.9 kcal/mole by 15 (Table 4), the activation by 16 is highly

exergonic by�23.8 kcal/mole compared with the�2.2 kcal/mole of the experimen-

tal TM complex (15). In terms of reversibility, the model 16 is thermodynamically

unsuitable for catalyst design. To achieve reversible hydrogen activation, we

designed the models 17M and 18M (Scheme 9) by tuning these electronic effects

[109], which have kinetics and thermodynamics suitable for reversible hydrogen

activation (Table 4).

The models (17M and 18M) may undergo dimerization or trimerization,

resulting in deactivation. To avoid the issue, 17–19 were constructed on the basis

of 17M and 18M. As compared in Table 4, the activation barriers of 17–19 are

higher than that of 15, but these could still be experimentally accessible. Note that

the barriers are lower than those of the two experimental TM-free systems (a model

for mono(amino) stable carbene (20), and tBu2P-B(C6F5)2) at the same computa-

tional level. As for reversible activation, 17–19 are comparable to the TM complex

15 [109].

Scheme 8 Individual contributions of electronic effects computed at the M05-2X/6-311++G(2d,

p)//M05-2X/6-31G(d,p) + ZPE level. The energy results are in kcal/mole

Table 4 Free energy

results (in kcal/mole)

at M05-2X(IEFPCM,

solvent¼cyclohexane)/6-311

++G(2d,p)//M05-2X/

6-31G**

Molecules Transition states (DG6¼) Products (DG)

15 23.9 �2.2

16 20.7 �23.8

17M 24.0 �5.6

18M 29.2 �6.3

17 26.6 �1.3

18 26.6 �3.1

19 31.2 �2.8

20 35.8 �45.1

tBu2P-B(C6F5)2 31.2 �23.6
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4 Computational Design of Metal-Free Catalysts

4.1 Designing Metal-Free Catalyst for Hydrogenation of Small
Imine

Hydrogen activation is an important process, but realizations of hydrogenation are

of more practical use [25]. On the basis of the p-FLP strategy, we proceeded to

design hydrogenation catalysts by choosing the hydrogenation of small imine

MeN¼CMe2 (im1) to amine (am1) as our target [112]. Note that the substrates in

the FLP-based hydrogenations should be sterically demanding enough to avoid

forming catalysis-quenching adducts with the Lewis acids in FLPs [59, 67].

In general, a homogeneous catalyst can be viewed as a molecule possessing the

right electronic and geometric structures. The electronic structure is a prerequisite,

determining whether a molecule has the potential to catalyze the desired reactions.

The geometric structure ensures that the electronic structure acts properly. We have

shown p-FLP strategy is effective to activate H2 [107–109]. To perform catalytic

imine hydrogenation we need to construct appropriate chemical scaffolds to protect

the p-FLP active site from deactivations. Based on the electronic structures of

p-FLP active site and the imine substrate, a set of five criteria (Scheme 10) was

devised to guide the catalyst design.

Criterion I excludes formation of intermolecular dimer and intramolecular

adduct. Criterion II avoids forming tight adducts with imine substrates. Two

types of adducts are possible: one is the conventional Lewis acid–base adduct and

the other is the addition product with a five-membered ring. If hydrogenation

reactions are carried out in the solvents containing electron-rich atoms such as O

and N, there is a concern that the catalysts may form stable adducts with solvent

molecules. We used THF as a representative to examine if a candidate can form

adduct with THF (Criterion III). It should be pointed out that Criterion III is not

Scheme 9 Schematic drawings of 17M–20
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always necessary because hydrogenation can be performed in the solvents (e.g.,

toluene) without electron-rich atoms. Criterion IV requires both hydrogen activa-

tion and hydride transfer steps to be kinetically and thermodynamically feasible.

Criterion V ensures that the reduced product (e.g., amine) can be readily released

and the catalyst can be liberated and reused in the next catalytic cycle. In short,

Criteria I–III and V prevent the side reactions and Criterion IV ensures the desired

hydrogenation occurs favorably. All the criteria are equally important and a failure

in passing any of the criteria causes the disqualification of a candidate. The

difference between a computational rationalization and a de novo design is that

the former often focuses on the main reaction channels, whereas the later must

consider all possible side reactions to avoid the desired reactions from being

overtaken by side reactions. Our experience tells that it is not so difficult to meet

Criteria I–III and V because we can always increase the steric effects to avoid

forming the various complexes. The challenge lies in maintaining a balance

between preventing the undesired reactions and simultaneously facilitating the

desired reactions.

On the basis of the five criteria, the catalysts (21 and 22, Scheme 11) were

obtained by trial and error, and they can pass the five criteria [112]. As compared in

Scheme 11, the designed metal-free catalysts resemble the well-known MLBHCs

(e.g., 10) [127–139]; the electron-deficient B-center is equivalent to the unsaturated

Ru-center and both use the electron-rich N-center as the proton acceptor. Further-

more, they also have similar hydrogenation mechanisms including hydrogen acti-

vation and hydrogen transfer. The difference lies in that hydrogen activation by the

metal-free catalysts occurs via the B–C–N linkage, while the activation by the

MLBHCs takes place through the direct Ru–N bond.
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Scheme 10 Five criteria for catalyst design

Scheme 11 Computational designed metal-free catalysts (21–22) and experimental used

MLBHCs (10)
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Figure 4 shows the geometric and energetic results for the 21-catalyzed

hydrogenation of MeN¼CMe2 (im1) to amine MeNH-CHMe2 (am1). Considering

that the ideal gas phase model computations often overestimate the entropic penalty

for entropically unfavorable reactions in solvents [112, 121–126], the energetics

indicates that 21 could act as a catalyst to mediate the transformation of imine (im1)

to amine (am1). For the im1 hydrogenation by 22, because the C–H���F hydrogen

bond interactions, the barriers for hydrogen transfer step are lower [112].

Fig. 4 (a) Energy profile and optimized structures for the MeN¼CMe2 hydrogenation by 21 at

M05-2X(IEFPCM, solvent¼THF)/6-311þþG(2d,p)//M05-2X/6-31G(d,p) level. (b) Optimized

structures of the stationary points, along with the key bond distances in Å. Trivial hydrogen

atoms are omitted for clarity
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4.2 Catalytic Hydrogenations of Both Small and Large Imines

The catalysts 21 and 22 (Scheme 11) were designed using the hydrogenation of the

small imine (MeN¼CMe2, im1) as a target [112]. It is unknown whether they are

able to hydrogenate bulky imines. Note that the catalytic effect of a catalyst is

closely related to the substrates. Even for the same class of substrates, the perfor-

mance of a catalyst can be very different. For example, the experimental system

(e.g., (C6H2Me3)2P(C6F4)B(C6F5)2) can only catalyze the hydrogenation of steri-

cally more demanding imines but perform stoichiometric hydrogenation of small

imines [59]. On the basis of the previous experimental and computational studies,

we selected tBuN¼C(H)Ph (im2) as a representative of large imines to assess the

energetics of the 21- and 22-catalyzed hydrogenations of bulky imines [113]. As

expected, the computed energetics indicates that 21 and 22 have higher hydrogen

transfer barriers in im2 than in im1 hydrogenation [113].

To improve the catalysis in hydrogenating large imines, we truncated the two

lower CH(CH2)3 fragments in 21 and 22, giving 23 and 24 (see Scheme 12) [113]

which were found to have improved kinetics for the hydrogenation of the bulky

tBuN¼C(H)Ph (im2) compared to 21 and 22. As compared in Fig. 5, 24 catalyzes

im2 hydrogenation with more favorable kinetics than 22. In terms of barriers in

both hydrogen activation and hydrogen transfer steps, the im1 hydrogenations

catalyzed by 23 and 24 are energetically more favorable than the hydrogenations

by 21 and 22 [113]. In addition, because of the less complex construction of 23 and

24 compared to 21 and 22, the former molecules (23 and 24) were recommended for

experimental realizations and could be suitable for hydrogenation of both small and

large imines.

Interestingly, comparing the hydrogen transfer steps in the eight hydrogenations

(imN/X, N ¼ 1, 2; X ¼ 21–24), it was observed that the mechanism for the

hydrogen transfer step in the catalytic cycles depends on the steric effect between

the catalysts and substrates [113]. The hydrogen transfer mechanism can be

switched from stepwise in the case of large steric effect to concerted in the case

of small steric effect. For examples, among the eight hydrogenations (im1-im2/21-

24), the steric effect between im1 and 23 is least and the hydrogen transfer in im1/23

takes place via a concerted mechanism (see 23_im1hts in Fig. 6). For the

hydrogenations (im2/21, im2/22, im2/24, im1/22, and im1/24) which have rela-

tively large steric effects, the hydrogen transfer steps take place via a stepwise

mechanism. For the im1/21 and im2/23 hydrogenations, the steric effect is

Scheme 12 Schematic

drawings of 21–24
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expected to be between the above two cases – both stepwise and concerted

pathways can be located [113] (the transition states, 21_im1hts and 23_im2hts,

for the concerted pathways in im1/21 and im2/23 are given in Fig. 6), but stepwise

is more energetically favorable.

4.3 Catalytic Hydrogenations of Bulky Ketones

Ketone hydrogenation is another class of important reactions [25]. In comparison

with imine hydrogenation, two issues may complicate FLP-based ketone

hydrogenation. First, like imine hydrogenations catalyzed by B(C6F5)3, if ketone

Fig. 5 Energy profile in THF (in kcal/mole) and the structures of the stationary points in the

catalytic cycle for 22- and 24-mediated hydrogenation of im1 and im2. The values in the square

brackets are free energies (in kcal/mole)

Fig. 6 M05-2x/6-31G(d,p) optimized structures of 21_im1hts, 23_im1hts, and 23_im2hts (bond

distance in Å) and the vibration vector corresponding to the imaginary frequencies
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substrates are required to play a Lewis base role to break H–H bond, ketones may

not be Lewis basic enough to form FLPs to activate hydrogen, which could be one

of the reasons for the lack of experimental FLPs combining a Lewis acid and an

oxygen-centered Lewis base. Experimentally, Stephan and coworkers observed that

the proton transfer from the phosphonium center to the oxygen atom of ketones is

more difficult than to the nitrogen atom of imines [59]. Computationally, the study

by Privalov’s group indicated the hydrogen activation by benzophenone/B(C6F5)3
FLP is endergonic by 18.8 kcal/mole [151], while the hydrogen activation by the

imine (tBuN¼C(H)Ph)/B(C6F5)3 FLP conducted by Papái’s group is exothermic by

27.1 kcal/mole [104]. Second, ketones are easier to form Lewis acid–base adducts

with the Lewis acids than imines because of the exposed oxygen atom of the ketone

C¼O double bond. The formations of such adducts can disable the reactivity of

FLPs. In addition, experimental studies have shown that FLPs can also undergo

1,2-additions to carbonyl groups [49, 61]. We envisioned that small ketones could

also form Lewis adducts with our designed catalysts, and thus use the more

sterically demanding cyclohexanone (25, Fig. 7) and its derivatives (26–28) as

ketone representatives to examine whether the catalyst (21) can complete the

catalytic cycle of ketone hydrogenation with feasible energetics [115].

It was confirmed that these ketones and their reduced alcohols cannot form

stable complexes with 21 [115]. In addition to the side reactions considered in

Criterioa I–III and V (Scheme 10), another possible side reaction in ketone

hydrogenation was considered; the catalyst may break the O–H bond of the alcohol

products to form stable alkoxide complexes which prevent the release of the alcohol

products [139, 152, 153]. We also confirmed that these side reactions cannot occur

in these ketone hydrogenations [115]. Figure 8 shows the energetic results (free

energy) for the hydrogenations of 25–28 catalyzed by 21, which indicate the

catalyst 21 could be effective for the hydrogenations of bulky ketones (25–27),

but the hydrogen transfer barrier in the hydrogenation of 28 is too high.

With regard to our designed catalysts (21–22, Scheme 11), as well as 23 and 24

(Scheme 12), while they are awaiting experimental synthesis we envision that the

catalysts could have the following advantages. (1) Similar to the MLBHC-catalyzed

hydrogenation, the hydrogen activation step takes place separately without the

involvement of the substrate (e.g., imine), in contrast to the B(C6F5)3-mediated

imine hydrogenation in which the substrate functions as the Lewis base of FLP to

activate hydrogen. This feature can benefit the hydrogen addition to the double

bonds which lack strong Lewis basic center. (2) Like the hydrides of MLBHCs,

the two activated hydrogen atoms in the hydrides of the catalysts lie closely on the

Fig. 7 Four ketones used to explore the catalytic reactions with catalyst 21
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same side of the catalysts, which can facilitate the hydrogen transfer step in the

catalytic cycles. (3) The relatively rigid frameworks of our designed catalysts may

help realize asymmetric hydrogenation because, like MLBHCs (10), one can design

proper substituents to favor the reaction channel to give the desired enantiomer over

the other. Efforts have been made to realize asymmetric hydrogenation of imines

based on FLP chemistry [68, 154].

4.4 Catalytic Hydrogenations of Various Unsaturated Compounds

In our previous study we have shown that the molecule 5 is able to activate H2

reversibly [107] but it was unknown whether 5 can be used as a hydrogenation

catalyst. Although our designed molecules have not been synthesized, the active

sites in our designed molecules have features present in the compounds synthesized

later [156–161]. The compounds 29 [155] prepared by Tamm and coworkers, 30 by

Lammertsma–Uhl’s group [156], and 31 by Slootweg–Lammertsma group [157],

drawn in Scheme 13, have features akin to those in 8, 6, and 7 (Scheme 5),

respectively. In addition, 5 bears a resemblance to the intermediate (32) reported

by Baceiredo et al. when they synthesized boryl(phosphino) carbene [158].

Encouraged by the experimental successes [155–157, 159–161] and the resem-

blance of 5 to the experimentally accessed 32 [158], we speculated that 5 may be

synthesized and thus carried out a computational experiment in an attempt to

encourage experimental preparations. Using ethylene (33), silyl enol ether

(CH2¼C(Me)OSiMe3 (34)), imines (Me2C¼NMe (35) and Ph(Me)C¼NMe (36)),

Fig. 8 Free energy profiles in THF (in kcal/mole) and the structures of the stationary points in the

catalytic cycle for 21-mediated hydrogenations of 25–28
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and ketone (Ph(Me)C¼O (37)) as representatives, we computed the energetics of

these 5-mediated hydrogenations.

To be a hydrogenation catalyst, molecule 5 must be able to overcome the deacti-

vation issues due to side reactions. In addition to the side reactions described

in Scheme 10 (I–III and V), another possible reaction that 5 may undergo – the

borohydride elimination to give (2,6-Me-Ph)2B-H and 1,2,3,4-tetrahydro pyridine –

was considered. The exclusions of these side reactions were detailed in [107]. We

give below the energetic results of the main reactions. Scheme 14 shows the common

features (three steps) of the catalytic cycles of the hydrogenations, including hydro-

gen activation (5!5_TS!5_H2), hydride transfer (X_IN1!X_TS!X_IN2), and

product release (X_IN2!5 þ XPR) (X ¼ 33–37). Since the hydrogen activation

step is reversible (DG6¼ ¼ 23.0 kcal/mole and DG ¼ 1.5 kcal/mole) and the

hydrogenation reactions share this step, we only give the energetic results for the

hydrogen transfer and product release steps in Table 5.

The energetic results in Table 5 indicate that 5may serve as a catalyst for alkenes

(e.g., CH2CH2 (33) and CH2¼C(Me)OSiMe3 (34)) hydrogenations, but slightly

forcing experimental conditions (i.e., at evaluated temperature and pressure) could

benefit the reactions, because of the relatively high free energy barriers (ca. 33 kcal/

Scheme 13 Comparing the active sites in the computationally designed molecules (5–8,

Scheme 5) and experimentally synthesized FLPs (29–32). 32 is an experimentally accessed

intermediate akin to 5

Scheme 14 General features of the catalytic hydrogenation cycle
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mole). The hydride transfer free energy barriers for the hydrogenation of the other

compounds (e.g., imines (35 and 36) and bulky ketone (37)) are less than 27.0 kcal/

mole, which are within the range for experimental realization. Because the imine 36

and ketone 37 have a prochiral carbon center, two hydride transfer pathways

leading to R- and S-enantiomer products, respectively, were considered [114].

The small free energy barrier differences for the two different pathways of 36 and

37 indicate that molecule 5 cannot serve as an effective asymmetric hydrogenation

catalyst. This is understandable because the B–C single bond in 5 can rotate easily

and the two substituents on the boron atom are the same. To perform asymmetric

hydrogenation, the molecule needs to be tailored to create asymmetric

environments, e.g., incorporating the active site in relatively rigorous molecular

frameworks or using different substituents on the B-center.

FLPs were initially developed for metal-free hydrogen activation and hydro-

genation. Recently, FLPs have also found applications in CO2 fixation, including

CO2 adsorption [86, 156] and chemical conversions [162]. Stimulated by these

studies, the binding of CO2 to 5 and the hydrogenation of CO2 mediated by 5 were

investigated. The energetic and geometric results in Fig. 9 indicate that the binding of

CO2 to 5 is reversible and energetically feasible for experimental realization. To

verify this conclusion, the energetics for the reversible CO2 binding to the

(Me3C6H2)2PCH2CH2B(C6F5)2 [86] was calculated at the same level of calculations.

The addition barrier and the free energy of binding of the system were predicted to be

13.3 and �3.3 kcal/mole, respectively, comparable to the values, 9.8 and �4.6 kcal/

mole, for the binding of CO2 to 5.

The binding of CO2 to 5 is reversible and the H2 activation can take place

favorably. It is intereting to investigate the reaction of H2 with CO2 mediated by 5

[114]. The energetic and geometric results in Fig. 10 indicate that the reaction of H2

and CO2 under the catalytic influence of 5 is kinetically feasible and thermodynam-

ically possible. However, similar to the some TM-mediated carbonyl reduction

reactions [152, 153, 163, 164], the OH bond of HCOOH can easily be broken by 5

to form a stable formate complex CO2_IN3. If no additional reaction conditions

were afforded, the final product of 5-mediated CO2 hydrogenation would be

Table 5 M05-2X(IEFPCM, solvent¼THF)/6-311þþG(d,p)//M05-2X/6-311þþG(d,p) Energet-

ics results (in kcal/mole) for the hydrogenations of 33–37

5_H2þX X_IN1 X_TS X_IN2 5þXPR

DG[DH] DG[DH] DG6¼[DH6¼] DG[DH] DG[DH]

CH2CH2(33) 0.0[0.0] 8.9[�0.5] 33.6[19.6] �18.5[�26.6] �28.8[�26.4]

CH2¼C(Me)OSiMe3(34) 0.0[0.0] 9.5[�3.4] 32.6[17.5] �9.0[�19.9] �21.0[�19.5]

Me2C¼NMe (35) 0.0[0.0] 0.5[�12.1] 21.1[5.3] �4.3[�14.3] �14.1[�12.6]

Ph(Me)C¼NMe (36R)a 0.0[0.0] 8.2[�5.3] 25.8[7.6] �5.0[�17.7] �13.5[�12.8]

Ph(Me)C¼NMe (36S) 0.0[0.0] 5.1[�6.2] 26.3[8.8] �2.9[�14.9] �13.5[�12.8]

Ph(Me)C¼O (37R)a 0.0[0.0] 3.9[�9.4] 16.8[0.9] �4.2[�13.5] �7.7[�5.7]

Ph(Me)C¼O (37S) 0.0[0.0] 7.1[�6.0] 16.8[�0.3] �5.7[�17.4] �7.7[�5.7]
aFor imine Ph(Me)C¼NMe (36) and ketone (Ph(Me)C¼O (37), two hydrogenation pathways

leading to R- and S-enantiomers, respectively, have been considered
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Fig. 9 M05-2X(IEFPCM, solvent¼THF)/6-311þþG(d,p)//M05-2X/6-311þþG(d,p) energetic

(kcal/mole) and geometric results for the binding of 5 to CO2. The bond lengths are given in Å.

Trivial hydrogen atoms are omitted for clarity (color code, C: black, B: pink, N: blue, O: red, H: gray)

Fig. 10 M05-2X(IEFPCM, solvent¼THF)/6-311++G(d,p)//M05-2X/6-311++G(d,p) energetic

(in kcal/mole) and geometric results of 5-mediated CO2 hydrogenation; the optimized bond

parameters are given in Å. Trivial hydrogen atoms are omitted for clarity (color code, C: black,
B: pink, N: blue, O: red, H: gray)
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the formate complex CO2_IN3 rather than HCOOH. However, one may promote

the product release and the catalyst liberation by using a proper base to extract the

product.

The computational results predicted that the designed molecule 5 could go

further to serve as a catalyst for the hydrogenations of unsaturated compounds

such as olefins, imines, and bulky ketones. In addition, the binding reaction of CO2

to 5 is reversible. The promising results call for experimentalists to try to synthesize

5 or molecules with similar active sites.

4.5 Catalytic Intramolecular Hydroaminations of Non-activated
Aminoalkenes

FLPs have been empolyed to carry out metal-free hydrogenation [47–49] but not

yet to catalyze hydroamination, although NH3 activation by main group compounds

have been reported [11–13, 78]. For NH3 activation, because NH3 is a small Lewis

base and tends to form stable complexes with Lewis acids including TM complexes

(i.e., Werner-type complexes) and main group compounds (i.e., Lewis acid/base

adducts), NH3 activation is challenging and successful examples have been

reported [13, 78, 149, 165–169]. Because the boron centers in 17–19 are weakly

Lewis acidic, due to the electron donation of nitrogen, to circumvent the problem of

foming stable Lewis acid/base adduct we envisioned that these molecules could

activate NH3 and subsequently perform hydroamination [109].

Figure 11 shows the energetic results for the NH3 activations by 17–19, along

with the optimized geometries of stationary points involved in the 17-mediated

NH3 activation. In agreement with our speculation, NH3 cannot form stable

complexes with 17–19; the binding free energies of the complexes X_NH3_a

(X ¼ 17–19) are 2.1–2.9 kcal/mole. The barriers for N–H bond cleavage range

from 2.9–5.1 kcal/mole and the reactions are exergonic by 5.0–8.6 kcal/mole. The

energetic results signify the possibility of using these molecuels as hydroamination

catalysts. To verify this we examined the intramolecular hydroaminaion (Eq. 1)

catalyzed by 17–19 using g-aminoalkene (38) as the substrate. Aminoalkene

hydroamination via intramolecular cyclization is an efficient and atom-economical

approach to synthesizing nitrogen heterocycles. Because the direct addition of the

N–H bond to the C¼C bond is symmetry-forbidden, catalysts are required. Much

effort has been devoted to developing hydroamination catalysts including TM

(e.g., Rh, Ir, and lanthanide) complexes [170–172] and main group compounds

(e.g., TfOH) [173–175].

As an example, Fig. 12 shows the free energy results for the 17-catalyzed Eq. (1)

reaction. Possible side reactions which may cause catalyst deactivation were con-

firmed to be energetically unfavorable [111]. When amine 38 interacts with the

catalyst 17, it can bind to the B-site of 17 from either side of the plane of 17.
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Fig. 11 (a) M05-2X(IEFPCM, solvent¼THF)/6-311þþG(2d,p)//M05-2X/6-31G(d,p) free

energy (in kcal/mole) profiles for NH3 activations by 17–19. (b) M05-2X/6-31G(d,p) optimized

geometries of stationary points involved in the activation by 17, together with key bond lengths in

Å. Trivial hydrogen atoms are omitted for clarity (similarly henceforth). Geometries for the other

two reactions are included in [109]

Fig. 12 M05-2X(IEFPCM, solvent¼THF)/6-311þþG(2d,p)//M05-2X/6-31G(d,p) free energy

(in kcal/mole) profiles of the 17-catalyzed 38 hydroamination
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Because 17 is nearly planar symmetric, we only considered the scenario in which 38

lies above the molecular plane. On the basis of the arrangement of the N-methyl

group of 38 and the B-methyl group of 17, there are two possible pathways, both of

which can lead to products (S-enantiomer, 38PR-S, and R-enantiomer, 38PR-R).

On the black pathway the N-methyl and B-methyl groups trans to each other, while
the two are cis to each other on the red pathway. Because the cis arrangement

causes larger steric effect than the trans arrangement, as compared in Fig. 12, the

black pathway is more favorable than the red pathway. The reaction proceeds via

two steps; 17 first mediates aminoalkene (38) N–H bond cleavage and the C–N

bond then forms by transferring the hydrogen and amino group to the C¼C double

bond, respectively. The N–H bond activation is reversible. The C–N bond forma-

tion undergoing a concerted mechanism follows the Markovnikov addition rule.

Along the most favorable pathway, the highest transition state is 17_38_ets_S

which is 24.0 kcal/mole higher than 17 þ 38 and the reaction is exergonic by

15.3 kcal/mol. Therefore, the catalytic reaction is feasible both kinetically and

thermodynamically.

ð1Þ

Because the transition state 17_38_ets-S is 4.7 kcal/mole lower than 17_38_ets-R,

17 seems to be able to catalyze the hydroamination to produce 38PR-S selectively.

However, it should be emphasized that Fig. 12 only considers the scenario in which

38 binds to the B-site of 17 from above the molecular plane. Alternatively, 38 can

also bind to the B-site from below the molecular plane of 17. In this scenario, the

favorable pathway should be that leading to 38PR-R according to the stereoche-

mistry. Because of the nearly symmetric character of the catalyst, the two scenarios of

substrate binding to the catalyst could not result in much energetic difference.

Therefore, the intramolecular hydroamination of 38 catalyzed by 17 could give

racemic mixture of 38PR-S and 38PR-R. On the other hand, the catalyst 17 may

change its chirality via interconversion, which also limits the catalytic reaction

selectively to give one enantiomer (38PR-S or 38PR-R).

We further extended the substrate in Eq. (1) to other aminoalkenes, including the

methyl and phenyl b-substituted aminoalkenes (i.e., 39 and 40, respectively), the

benzyl-protected primary aminoalkene (41), and the d-aminoalkene (42) [176].

It has been found that these intramolecular hydroaminations also have feasible

energetics; the free energies of the highest stationary points relative to the respec-

tive reactants, corresponding to the 17_38_ets-R in Fig. 12, are 31.0 (39), 29.7 (40),

25.2 (41), and 23.8 kcal/mole (42), respectively and the reactions are exergonic by

ca. 14–17 kcal/mole [111] (Scheme 15).
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5 Concluding Remarks

Traditionally, hydrogen activation/hydrogenation is considered to be achievable

only by transition metal complexes. The recent advances in metal-free hydrogen

activation/hydrogenation (in particular, the discovery of FLP chemistry) demon-

strate that this view needs to be changed. TM complexes and metal-free molecules

share the same basic principle to achieve high reactivity toward H2. If properly

designed to utilize the Lewis acid/base bifunctional reactivity optimally, the

metal-free systems can reach the reactivity comparable with that of TM complexes.

This is shown by the methane activation by our designed molecules. Although FLPs

can catalyze the hydrogenation of a variety of unsaturated substrates, the asymmetric

metal-free hydrogenations with high ee values have been rarely reported. Realization
of metal-free asymmetric hydrogenation with high ee value would be the next goal

of the field. In addition, metal-free hydrogenations of ketones and small imines and

FLP-based hydroaminations are awaiting experimental development, although these

have been demonstrated computationally.

Computational chemistry contributed to the understanding of the FLP reactivity

and the catalytic mechanisms of reactions involving FLPs. On the basis of the FLP

principle, we demonstrated that computational chemistry can be utilized to design

new molecules/catalysts. However, there is a gap between computational design

and experimental realizations. To bridge the gap, on the one hand, computational

chemists should keep it in mind to construct molecules closer to experimental

reality. The side reactions which may deactivate designed molecules should be

carefully checked and avoided. On the other hand, experimentalists should not be

limited to the proposed molecules. While the reported molecules designed by

computational chemists may be good targets, these are often used to demonstrate

the applicability of principles. The principles behind the molecules could be more

important than the molecules themselves. Experimentalists can use the principles to

synthesize similar molecules. Indeed, our proposed p-FLP strategy has been

borrowed by experimentalists to synthesize new metal-free molecules with similar

active sites, capable of activating hydrogen and binding CO2. Finally, we call for

experimental effort to synthesize the molecules we have reported or molecules with

active sites similar to those in our designed molecules.
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Scheme 15 Schematic drawing of other aminoalkenes (39–42)
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45. Wang D, Zhang M, Bühlmann P et al (2010) Redox potential and C-H bond cleaving

properties of a nonheme FeIV¼O complex in aqueous solution. J Am Chem Soc

132:7638–7644

260 Z.-X. Wang et al.



46. Welch GC, Juan RRS, Masuda JD et al (2006) Reversible, metal-free hydrogen activation.

Science 314:1124–1126

47. Stephan DW (2008) Frustrated Lewis pairs: a concept for new reactivity and catalysis. Org

Biomol Chem 6:1535–1539

48. Stephan DW (2009) Frustrated Lewis pairs: a new strategy to small molecule activation

and hydrogenation catalysis. Dalton Trans 3129–3136

49. Stephan DW, Erker G (2010) Frustrated Lewis pairs: metal-free hydrogen activation and

more. Angew Chem Int Ed 49:46–76

50. Welch GC, Stephan DW (2007) Facile heterolytic cleavage of dihydrogen by phosphines and

boranes. J Am Chem Soc 129:1880–1881

51. Spies P, Erker G, Kehr G et al (2007) Rapid intramolecular heterolytic dihydrogen activation

by a four-membered heterocyclic phosphane-borane adduct. Chem Commun 5072–5074

52. Welch GC, Cabrera L, Chase PA et al (2007) Tuning Lewis acidity using the reactivity of

“frustrated Lewis pairs”: facile formation of phosphine-boranes and cationic phosphonium-

boranes. Dalton Trans 3407–3414

53. Geier SJ, Gilbert TM, Stephan DW (2008) Activation of H2 by phosphinoboranes

R2PB(C6F5)2. J Am Chem Soc 130:12632–12633

54. Jiang CF, Blacque O, Berke H (2009) Metal-free hydrogen activation by the frustrated Lewis

pairs of ClB(C6F5)2 and HB(C6F5)2 and bulky Lewis bases. Organometallics 28:5233–5239

55. Ramos A, Lough AJ, Stephan DW (2009) Activation of H2 by frustrated Lewis pairs derived

from mono- and bis-phosphinoferrocenes and B(C6F5)3. Chem Commun 1118–1120

56. Spies P, Kehr G, Bergander K et al (2009) Metal-free dihydrogen activation chemistry:

structural and dynamic features of intramolecular P/B pairs. Dalton Trans 1534–1541

57. Ullrich M, Lough AJ, Stephan DW (2009) Reversible, metal-free, heterolytic activation of H2

at room temperature. J Am Chem Soc 131:52–53
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Computational Studies of Lewis Acidity

and Basicity in Frustrated Lewis Pairs

Thomas M. Gilbert

Abstract Computational studies that characterize the effects of Lewis acidity/

basicity on FLP formation and reactivity are reviewed. Formation of the FLP

encounter complex “cage” depends on Lewis acidities and basicities of substituent

“external” atoms, and their abilities to interact intramolecularly. Computations indi-

cate that these interactions are worth 9–18 kcal mol�1 for partly fluorinated FLPs

such as (F5C6)3B···P(t-Bu)3, and less for less fluorinated species such as (H5C6)3B···P

(t-Bu)3. Reactivity within the cage depends on the “classical” Lewis acidities/

basicities of the internal atoms. Energetics here fall into the range of 5–50 kcal mol�1;

the larger the value, the greater the ability of the FLP to capture or split a substrate. In

several cases the computationally predicted reaction barriers differ little with internal

Lewis acidity/basicity, indicating that the rate-determining step involves the substrate

entering the cage rather than attack by the Lewis acid/base atoms. In others, barriers

vary sizably with Lewis acidity/basicity, indicating the opposite. In one case it was

shown that these effects cancel, such that the three component barriers are identical

for a range of substituted Lewis acid FLP components.

Keywords Barrier � Computational � Frustrated Lewis pair � Lewis acidity � Lewis
basicity
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Abbreviations

ABCO Azabicyclo[2,2,2]octane

Ad 1-Adamantyl

Ar Arene or aryl

DABCO Diazabicyclo[2,2,2]octane

DFT Density functional theory

Dipp 2,6-Di-(i-propyl)phenyl
FLP Frustrated Lewis pair

LA Lewis acid

LB Lewis base

Mes 1,3,5-C6Me3H2
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OG2R3 3-Layer ONIOM-based G2R composite theory

ONI ONIOM-based composite method
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SCRF Self consistent reaction field; continuum solvent correction model

Tmp 2,2,6,6-Tetramethylpiperidine

1 Introduction

Lewis acid/base interactions govern most chemical processes, including the behav-

ior of frustrated Lewis pairs (FLPs). While other chapters in this volume will focus

on computational studies of the mechanisms by which FLPs activate molecules, this

one will focus entirely on computational studies that compare FLPs in terms of the

Lewis acid/base strengths of the components. Both energetics of FLP formation and

of FLP reactivity will be discussed, including how the energetics change with acid/

base strength, and what this tells us about FLP characteristics. While the number of

such studies is limited, many provide considerable insight into the symbiotic

processes by which FLPs cause other molecules to react, and suggest avenues of

potential importance for study.

It is worth considering the working definitions of Lewis acidity and basicity [1, 2].

The original definition involved the energy evolved when an acid and base coordi-

nated, and this definition is generally used computationally as well. Lewis acidity and

basicity are system dependent in that the degree of acidity for an acid depends on the
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choice of base, and vice versa. Thus, degrees of Lewis acidity/basicity defined this

way are relative; no absolute scale of acidity exists in the same way that acidity in a

solvent is determined by the solvent’s autoionization equilibrium constant. Attempts

have been made to remove this restriction as applied to Lewis acidity by defining it in

terms of some inherent property, such as electron deficiency of the acid atom.

However, so far this has led to predictions inconsistent with experiment and chemical

intuition [3]. Studies over the years have shown that Lewis acidity incorporates

several structural/electronic factors beyond the electron poverty of the acid atom

[4], including the energy required to deform structures from trigonal planar to

pseudo-tetrahedral upon complexation to a base (DEprep) [5, 6], the relative energy

of the acid LUMO [7], and the ability of the substituents to support the lowered

positive charge on the acid atom in the complex [8]. In this review, the energetic

definition will be employed, despite the necessity to couch degrees of acidity and

basicity in terms of the conjoining molecule.

As the science of FLPs has evolved, many types of FLPs have been

characterized, and it is likely that many more will be in the future [9]. To keep

the discussion manageable, this chapter will focus on FLPs comprised of main-

group components including boranes, alanes, carbenes, amines, and phosphines. As

for notation, systems that are known to be FLPs, or that are predicted to have

LA–LB distances well in excess of typical bonding distances, will be denoted

LA···LB (sometimes LA atom···LB atom). Systems that are known to be classical

Lewis pairs, or that are predicted to have typical LA–LB bonding distances, will be

denoted LA–LB. Systems where equilibrium exists between the two, where the

interaction is ambiguous or unknown or variable, or where a generic pairing is

meant, will be denoted LA/LB.

The term “model chemistry” is used below to denote a combination of a

computational model and a basis set. The shorthand used is the common one:

model chemistry used for energies/basis set used for energies//model chemistry

used for structural optimization/basis set used for structural optimization, e.g., SCS-

MP2/6-311++G(d, p)//B3LYP/6-31+G(d, p). This is shortened further when the

model chemistries used for energies and optimizations are identical. Readers

unfamiliar with computational model chemistries should be aware that numerous

mixtures of computational models and basis sets are used in the field, and most

research groups have particular favorites. Only rarely can results from different

model chemistries, different computational models, or different basis sets be

properly compared. This particularly holds when attempting to compare results

from perturbation theory calculations with those from density functional theory

calculations, or those using double-zeta basis sets with those using triple-zeta basis

sets. Unfortunately, abbreviations used for model chemistries are often uninforma-

tive as to the likely accuracy of the calculation. Readers interested in this level of

detail are strongly encouraged to read an introductory textbook in the field, and to

view critically the information below and in the original work. When references are

cited more than once in the text below, model chemistries used will generally be

noted only when first cited.
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2 Calculations Regarding Lewis Acidities/Basicities

of the Components of FLPs

A number of computational studies have probed the structural nature of FLPs.

Generally speaking, models suggest that the pair form an encounter complex that is

structurally a “cage” held together by long-range Lewis acid/base dispersive

interactions between substituent atoms (hereafter the external atoms), such that

the Lewis acid/base atoms (those that would be bonded in a classical complex;

hereafter the internal atoms) are held a sizable distance apart [10–12]. The disper-

sive interactions are number dependent, meaning that the greater the number of

interactions, the more strongly the cage holds together. Thus systems with arene

rings (allowing for atom–p cloud interactions), fluorine atoms (allowing for strong

dipolar interactions such as C–H···F–C), and large substituents that can extend

sufficiently far into space to allow these interactions are more likely to form FLP

cages. Dispersive interactions are also “position ambivalent,” meaning that, for the

most part, they should be independent of which internal atom holds the donor/

acceptor external atoms/substituents. For example, one expects these interactions to

be approximately isoenergetic for the well-known (F5C6)3B···P(t-Bu)3 FLP and for

its “reverse” isomer (t-Bu)3B···P(C6F5)3.

The internal atoms generate an environment within the cage that forces the

added substrate to react. The nature of this environment has been characterized as

one where base HOMO and acid LUMO interact [12], and as one where the acid

and base atoms generate a polarized electric field between them that assists in

activating the substrate [10]. While these views diverge at points, basically they are

similar in describing the environment as one where the three-dimensional distribu-

tion of electron density in the cage dictates reactivity between the FLP and

substrate. Hereafter, this environment will simply be called the field. The field

distorts in the direction of the Lewis acid as it draws electron density toward itself.

The degree of distortion is directly related to the inherent electron poverty/richness

of the internal acid and base atoms, plus additional poverty/richness engendered by

the electron-withdrawing/donating properties of their substituents. This is what is

usually meant by the term “inherent Lewis acidity/basicity,” and is the “chemical

intuition” view of Lewis acidity/basicity. In contrast to the dispersive interactions,

the internal interactions are highly “position dependent.” To use the example above,

(F5C6)3B···P(t-Bu)3 is properly organized, because the acceptor internal atom has

acceptor substituents and the donor internal atom has donor substituents. It should

exhibit a highly polarized field, and considerable reactivity. In turn, (t-Bu)3B···P
(C6F5)3 is mismatched, and so would be expected to exhibit a less polarized field

and lower reactivity. Calculations and solid-state NMR experiments have recently

addressed this concept [13].

Both types of Lewis acid–base interactions and their degrees must be considered

in relating the behavior of an FLP to Lewis acidity/basicity of the components. One

must understand the Lewis acidities/basicities of the external atom/substituents in

order to evaluate the dispersion energetics that determine the strength of the cage
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and its ability to place the Lewis acid/base atoms in proximity. One must also

understand the Lewis acidities/basicities of the internal atoms, as these will deter-

mine the strength of the polarized field, and in turn the ability of the FLP to cause

the small molecule to react. It is challenging to isolate each type, but approaches

have done so, with reasonable degrees of success.

2.1 Calculations Regarding Lewis Acidities/Basicities Associated
with Dispersive Interactions Between External Atoms

Pápai et al. [12, 14], Gille and Gilbert [15], and Kim and Rhee [16] have provided

data assessing dispersive Lewis acid/base interactions in FLPs by computationally

comparing the interaction energies of (F5C6)3B···P(t-Bu)3 and its parent (H5C6)3B···P

(t-Bu)3. As shown in Table 1, different model chemistries gave rather different

predictions. Focusing on the B···P distance, the HF and B3LYP optimizations suggest

that substituting fluorine for hydrogen on the arene rings increases the distance, while

MPW1K optimizations suggest the distance should decrease. It is unclear what merit

to ascribe to this observation, as all models indicated that the potential energy surface

for increasing/decreasing the distance is rather flat. Moreover, arguments can justify

either result. Replacing arene hydrogen with fluorines provides for more possible

C–H···F interactions, likely decreasing the B···P distance, but the increased steric bulk

of the perfluorinated arenes could repel the phosphine moiety, increasing it. The latter

view was supported by the prediction that the B–P/B···P distances in the series of

classical complexes (F5C6)3B–P(CH3�xMex)3 (x ¼ 0–3) increased nonlinearly with x
[15]. The B–P bond distances for x ¼ 0–2 (between PMe3 and P(i-Pr)3) changed only
from 2.068 to 2.194 Å. The distance then jumped dramatically to 3.8 Å for x ¼ 3, P(t-
Bu)3, where the complex converted to an FLP. That said, it is unclear that arguments

applying to classical complexes also apply to FLPs.

The predicted dispersive interaction energies differed with model chemistry as

well. The SCS-MP2 models predicted that the dispersive interactions provided by

C–H···F interactions and p-atom interactions enhanced by the increased Lewis

acidity of the perfluorinated arene ring, if they exist at all, stabilize (F5C6)3B···P

(t-Bu)3 over (H5C6)3B···P(t-Bu)3 by only ca. 3 kcal mol�1. This seems small

Table 1 Predicted B···P distances (Å) and interaction energies (kcal mol�1) of (R5C6)3B···P

(t-Bu)3 FLPs (R ¼ F, H)

Lewis acid Lewis base d(B···P) DE model chemistry DE Ref

B(C6H5)3 P(t-Bu)3 3.7 SCS-MP2/cc-PVTZ//HF/6-31G(d, p) �12.0 [16]

B(C6F5)3 P(t-Bu)3 4.0 SCS-MP2/cc-PVTZ//HF/6-31G(d, p) �14.9 [16]

B(C6H5)3 P(t-Bu)3 4.2 OG2R3//ONIOM MPW1K/6-31+G(d) �5.0 [15]

B(C6F5)3 P(t-Bu)3 3.8 OG2R3//ONIOM MPW1K/6-31+G(d) �19.0 [15]

B(C6H5)3 P(t-Bu)3 3.7 SCS-MP2/cc-PVTZ//B3LYP/6-31G(d) �8.5 [12]

B(C6F5)3 P(t-Bu)3 4.2 SCS-MP2/cc-PVTZ//B3LYP/6-31G(d) �11.5 [12]
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because each C–H···F–C interaction appears to be worth ca. 2 kcal mol�1 of

stabilization [17] (although it appears no case of C(alkyl)–H···F–C(aromatic) has

been examined computationally), and optimized structures suggested the presence

of at least a few of these in (F5C6)3B···P(t-Bu)3. In contrast, the OG2R3 composite

model (which estimates the CCSD(T)/6-311++G(2df,2p) energy) suggested that the

additional dispersive interactions stabilize the fluorinated FLP by 14 kcal mol�1.

This seems rather too large.

Kim and Rhee [16] probed this further by examining interactions between

P(t-Bu)3 and the face of C6F6. Their data showed that the two interact with a

maximum stabilization of ca. 12 kcal mol�1. The data were not partitioned to

separate lone pair-p cloud and C–H···F effects (although long range electrostatic

effects were shown to be negligible), but nonetheless it appears that long range

interactions such as occur in FLPs can be worth in excess of 10 kcal mol�1, as

suggested by the OG2R3 results. It is worth noting that Kim and Rhee also

estimated the energy associated with the internal B···P interaction in (F5C6)3B···P

(t-Bu)3 and (H5C6)3B···P(t-Bu)3. They found that this interaction in both FLPs is

stabilizing by ca. 5 kcal mol�1 at ca. 4 Å, a value that appears large, given that this

distance is nearly twice the bonding distance. If this is correct (and see below) it

implies that dispersive Lewis acid/base interactions here are worth 7 kcal mol�1 in

(H5C6)3B···P(t-Bu)3 and 10 kcal mol�1 in (F5C6)3B···P(t-Bu)3. The former

represents a surprisingly large value for the p-atom interactions in (H5C6)3B···P(t-
Bu)3, an FLP with no C–H···F–C interactions.

In related work, Grimme et al. predicted FLP formation energies between

P(t-Bu)3 and RB(C6F5)2 (R ¼ n-C6H13, c-C6H11, Cl, and H) as part of a study of

CO2 activation by FLPs (see below) [18]. In order, the values were �10.4, �7.3,

�10.8, and �20.9 kcal mol�1 (B2LYP-D3/def2-TZVP model). No B···P distance

data were provided, but it seems likely that the first three have longer B···P distances

than the last. It is notable that the values for the first three were near 10 kcal mol�1,

similar to that predicted for (F5C6)3B···P(t-Bu)3, despite the fact these have at most

two-thirds as many C–H···F–C interactions as this FLP. This argues that an interac-

tion energy of �14 kcal mol�1 for (F5C6)3B···P(t-Bu)3 is more reasonable than a

smaller value.

Wang et al. made direct computational comparisons between (F5C6)3B···N(t-Bu)3
and (F5C6)3B···P(t-Bu)3 [19]. They found the B···N distance in the amine FLP

(4.779 Å) to be much longer than the B···P distance in the phosphine FLP

(4.050 Å), consistent with the greater crowding and smaller size of the basic atom

in the former (M05-2X/6-31G(d, p) model). Nonetheless, the FLP formation energies

(M05-2X/6-311++G(d, p)//M05-2X/6-31G(d, p) model) were similar (�2.9 and

�6.2 kcal mol�1), denoting that interaction energetics mostly involved the peripheral

atoms. Given this, one might expect the formation energies to be more nearly equal.

In this regard, the authors also examined the carbene-base FLPs (F5C6)3B···1 and

(F5C6)3B···2 (Scheme 1). Optimizations of these again gave markedly different B···C

distances (3.717 and 4.316 Å), but similar FLP formation energies (�5.7 and

�4.4 kcal mol�1) that differed by less than did the amine/phosphine pairs. The

data thus suggested that FLPs where the acids and bases have similar steric
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environments and similar peripheral interactions will display similar formation

energies, even if the acid atom/base atom distance differs substantially. This in turn

supports the view that nearly all the interaction energy predicted for FLPs arises from

external interactions rather than internal ones, so the 5 kcal mol�1 contribution

suggested for the latter by Kim and Rhee (see above) appears overestimated.

2.2 Calculations Regarding Lewis Acidities/Basicities
Associated with Interactions Between Internal Atoms

Characterizing Lewis acidities/basicities of internal atoms in the context stated

above requires examining coordination/dissociation energies for classical Lewis

acid/base complexes. Many publications have focused on assessing the relative

acidities/basicities of components of classical Lewis acid/base complexes. As noted

above, discussion here will focus on main group systems relevant to FLPs.

2.2.1 Lewis Acids

As most FLPs involve B(C6F5)3 or a variant, the Lewis acidity of this borane will be

discussed first. Dissociation energies of classical (F5C6)3B–LB complexes have

been predicted for an array of bases. Jacobsen et al. found a sizable range of bond

energies for different LB, from 26.8 kcal mol�1 for LB ¼ CNMe to 12.4 kcal mol�1

for LB ¼ PH3 to 9.1 kcal mol�1 for LB ¼ CO (BP86/ADF V model) [20]. Simi-

larly, Gille and Gilbert examined (F5C6)3B–NMe3 and (F5C6)3B–P(CH3�xMex)3
(x ¼ 0–3), finding a value of 21 kcal mol�1 for the amine base complex and values

of 41, 36, and 32 kcal mol�1 for the PMe3, PEt3, and P(i-Pr)3 complexes, respectively

(OG2R3//ONIOM MPW1K/6-31+G(d) model) [15]. Timoshkin and Frenking

published computed bond energies between borane Lewis acids BCl3, B(C6H5)3, B

(C6H4-4-F)3, and B(C6F5)3, and several Lewis bases [21]. The work compared the three

triarylboranes with the well-studied BCl3, finding broadly that the relative Lewis

acidities trended as B(C6H5)3 � B(C6H4-4-F)3 � B(C6F5)3 � BCl3 (RI-BP86/

def2-TZVPP model). The data in Table 2 expand on Timoshkin and Frenking’s

study by comparing X3B–YMe3 complexes (X ¼ F, Cl, C6F5; Y ¼ N, P). One sees

that the data are scattered, probably owing to the different model chemistries

employed; nonetheless, qualitatively they confirm Timoshkin and Frenking’s char-

acterization of B(C6F5)3 being about equal in Lewis acidity to BCl3.

Scheme 1 NHCs used as Lewis bases in computational studies by Wang et al. [19]
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Caveats regarding these data should be noted. Showing the difficulties associated

with different DFT model calculations, Timoshkin and Frenking found a bond dissoci-

ation energy for (F5C6)3B–PH3 of 5.7 kcal mol�1, less than half the value of

Jacobsen et al. Moreover, they found a dissociation energy of 23.2 kcal mol�1 for

(F5C6)3B–NH3, some four times the value for the phosphine homologue. This ratio is

completely inconsistent with those for alkyl-substituted amines/phosphines (which are

more relevant to FLPs; see Table 2), showing the difficulties associated with computing

energetics when components contain small substituents. It is unclear why such oddities

arise; amongst the possibilities are, first, competition between the increased donor

ability of trialkyl bases vs the parents and the greater steric repulsions in the former and,

second, basis set incompleteness for the more complex trialkyl bases.

To probe the effect of partial arene ring fluorination on the Lewis acidity of

triarylboranes B(C6FxH5�x)3, Durfey and Gilbert determined association energies

for all versions of (FxH5�xC6)3B–YMe3 (x ¼ 0–5, Y ¼ N, P) [25]. Scaling the data

by setting the association energies of (H5C6)3B–YMe3 to zero, they found a

remarkably linear correlation between the number and positions of F atoms on

the arene rings and the Lewis acidity of the borane. Data appear in Table 3. As can

be seen, substitution at the 2 position increased Lewis acidity by an average of

13.7 kcal mol�1, by far the largest effect. Substitution at the 3 and 5 positions

increased acidity by ca. 3 kcal mol�1, substitution at the 4 position had essentially

no effect, and substitution at the 6 position decreased the acidity by ca. 5 kcal mol�1.

Taken together, the results indicate that B(C6F5)3 should be only slightly more

Lewis acidic than B(C6H4-2-F)3, and B(C6H2-2,3,5-F3)3 and B(C6H-2,3,4,5-F4)3
should be more Lewis acidic than both. B(C6H-2,3,5,6-F4)3, which is occasionally

Table 2 Predicted interaction energies of amine-borane and phosphine-borane complexes

X3B–YMe3 (X ¼ H, F, Cl, F5C6; Y ¼ N, P; kcal mol�1)

Lewis acid Lewis base DE model chemistry DE Ref

BF3 NMe3 MP2/6-311++G(d, p) �51.9 [22]

BCl3 NMe3 BP86/TZ2P �21.0 [4]

B(C6F5)3 NMe3 OG2R3//ONIOM MPW1K/6-31+G(d) �21.0 [15]

BF3 PMe3 MP2/6-311++G(d, p) �41.7 [23]

BCl3 PMe3 MP2/6-311G(2d)//MP2/6-31G(d) �33.1 [24]

B(C6F5)3 PMe3 OG2R3//ONIOM MPW1K/6-31+G(d) �41.0 [15]

Table 3 Least-squares linear substituent effect energies and errors (OG2R3//M06-2X/6-311+G(d, p),

kcal mol�1) for amine–borane and phosphine–borane complexes (C6HxF5�x)3B–XMe3 (modified

from [25])

(C6HxF5�x)3B–NMe3 (C6HxF5�x)3B–PMe3 Average

2-F �12.6(2) �14.7(8) �13.7

3-F �2.2(2) �3.3(7) �2.8

4-F �0.1(1) �0.5(7) �0.3

5-F �2.5(2) �2.7(8) �2.6

6-F 6.6(2) 3.2(9) 4.9
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substituted for B(C6F5)3 in FLPs because the latter undergoes nucleophilic attack at

the 4-F position [26], should show identical Lewis acidity, not less as is commonly

assumed. Viewing acidity from the other direction, B(C6H4-4-F)3 is only very

slightly more Lewis acidic than B(C6H5)3, meaning that it can be used as an

electronic substitute for the parent with a 19F NMR “handle.” The decrease in

acidity for 6-substituted arenes seems to arise because of steric repulsions which

are, of course, integral to forming FLPs. Nonetheless, matching, for example,

B(C6H2-2,3,5-F3)3 with an amine or phosphine large enough to enforce FLP

formation should give a very reactive environment within the cage.

An as yet untested possible benefit of this observation of a linear relationship is that

one could estimate the Lewis acidity of a mixed or tethered system. For example, the

mixed triarene borane B(C6H3-2,5-F2)(C6F5)(C6H5) should be bulky enough to form an

FLP with P(t-Bu)3. To predict its Lewis acidity, and in turn the FLP reactivity, relative

to that of B(C6H5)3, one compares the rings in the mixed borane with those in the

parent. The fluorine at the 2 position in 2,5-F2-C6H3 adds 13.7 kcal mol�1 in acidity

over the parent phenyl ring, while that at the 5 position adds 2.6 kcal mol�1, for a total

of 16.3 kcal mol�1. Similarly, replacing all the hydrogens in the parent phenyl ring with

fluorines adds 13.7 + 2.8 + 0.3 + 2.6 � 4.9 kcal mol�1 ¼ 14.5 kcal mol�1. Taking a

weighted average of these to correspond to the arene substituents of B(C6H3-2,5-F2)

(C6F5)(C6H5) gives 1/3[(16.3) + (14.5) + (0)] ¼ 10.3 kcal mol�1; that is, one

estimates that B(C6H3-2,5-F2)(C6F5)(C6H5) will be 10.3 kcal mol�1 more exother-

mic/Lewis acidic than B(C6H5)3. More usefully, one could predict the relative Lewis

acidities of the acidic component of tethered FLPs. For example, the Lewis acid moiety

in (F5C6)2B(arene tether)P(t-Bu)2 would be expected to be 4.8 kcal mol�1 less Lewis

acidic than the boron in B(C6F5)3.

Lammertsma et al. compared equilibrium positions between ring and open

isomers of the tethered FLPs as shown in Scheme 2 [27]. In keeping with the

greater internal Lewis acidity of the perfluorinated arene borane moiety, 3 prefers

the cyclized form by 1.5 kcal mol�1 (M06-2X/6-31+G(d, p) model), while parent 4

prefers the chain form. Both would likely act as FLPs under reasonable reaction

conditions; unfortunately, experimentally 3 only exists transiently, rearranging to

form a bicycle. Given Durfey and Gilbert’s results, an analogue of 3 using 3,4,5-F-

substituted arene rings would clearly be of interest, displaying Lewis acidity

somewhat less than that of the perfluorinated complex, but incapable of a similar

rearrangement. In line with this, Gilbert’s calculations predict that B(C6H4-2-F)3
should form an FLP with P(t-Bu)3, with a B···P distance of 3.547 Å, that is nearly as

Scheme 2 Equilibria between

open and closed forms of

tethered FLPs, from

Lammertsma et al. [27]
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stable as the (F5C6)3B···P(t-Bu)3 FLP (�13.1 vs �15.8 kcal mol�1, OG2R3//

ONIOM M06-2x/6-31 + G(d) model), and nearly as active at capturing N2O (see

Sect. 3.2) [28]. Interestingly, related calculations indicate that B(C6H4-4-F)3 should

form a very weakly interacting FLP with P(t-Bu)3, as seen experimentally, while B

(C6H4-3-F)3 should form an equilibrium between classical and FLP complexes

(B–P ¼ 2.448 Å, interaction energy�1.7 kcal mol�1). This illustrates the interplay

between steric repulsions and intramolecular interactions associated with external

Lewis acidity/basicity, and the interactions between Lewis acid/base atoms

associated with internal acidity/basicity.

2.2.2 Lewis Bases

Basicities are generally computed as gas phase, 0 K, proton affinities, meaning that

they do not relate directly to pKa values of the relevant hydridophosphonium cations.

Calculated hydrogen affinities for several free and tethered LBs used to form FLPs

are given in [14]. Exothermicities range from 6 kcal mol�1 for poorly basic P(C6F5)3
to 80 kcal mol�1 for 2, with most falling in the range of 40–60 kcal mol�1. Generally,

LB proton affinities/basicities behave as expected from chemical intuition: trialkyl

phosphines are more basic than triarylphosphines, phosphines with better donating

substituents are more basic than those without.

Relatively few computational studies have addressed the effect of Lewis basicity

on reactivity. Geier et al. illustrated the interplay between substituent-influenced

donor strength and steric repulsion in FLPs through studies of (F5C6)3B/2,6-

(HxMe2�x)py complexes [29]. When x ¼ 0, 1, the pairs form strongly bonded

classical complexes, with association energies of ca. �32 kcal mol�1 (M06-2X/6-

311G(d, p)//ONIOM MPW1K/6-31 + G(d) model). When x ¼ 2, the association

energy is smaller, �25 kcal mol�1. As this pair experimentally forms an equilib-

rium between a classical complex and an FLP that heterolytically splits H2, it can be

derived that the energy represents the “tipping point” bond energy above which a

classical LA–LB complex forms, and below which an FLP forms. Wu et al.
expanded this study through mapping the potential energy surfaces for interaction

between B(C6F5)3 and py/2,6-Me2py [30]. They showed that Fukui function

descriptors (essentially, descriptors of the HOMO/LUMO energetics) track the

classical complex/FLP equilibrium for (F5C6)3B···2,6-Me2py.

Erös et al. compared energetics of borane-amine FLPs (C6F5)2(Mes)B/ABCO and

(C6F5)2(Mes)B···tmp [31]. The former contains a “tied-back” base with a sterically

uncongested nitrogen atom, while the latter contains a base with sterically

encumbered nitrogen. Nonetheless, the proton affinities of the two bases were

calculated to be essentially identical, meaning that energetic differences between

the two FLPs should be attributed to steric effects. Potential energy surface scans

showed that (C6F5)2(Mes)B···tmp has a single minimum with a B···N distance of

4.52 Å (M05-2X/6-31G(d) model), and an energy relative to the components

of �7.6 kcal mol�1 (M05-2X/6-311++G(d, p)//M05-2X/6-31G(d) model). In con-

trast, (C6F5)2(Mes)B/ABCO exhibited two minima, one corresponding to a classical
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Lewis acid–base complex with B–N ¼ 1.85 Å stabilized by 8.8 kcal mol�1 vs the

components, and the other an FLP with B···N ¼ 3.77 Å stabilized by 8.4 kcal mol�1

vs the components. The barrier between the two was predicted to be ca. 2 kcal mol�1.

The similarity between formation energies of the two FLPs despite the dramatic

differences in accessibility of the nitrogen atoms and in B···N distances indicates that

they reflect only the external atom energetics.

Heiden et al. investigated association energies of the tethered FLPs 5 and 6

shown in Scheme 3 [32]. Formation of a B–N bond stabilized amine-containing 5

by 5.8 kcal mol�1, while formation of a B–P bond stabilized phosphine-containing

6 by 3.0 kcal mol�1 (B3LYP/6-31G(d) model). Both still heterolytically split H2 in

the manner of FLPs (see below). That the former value is more exothermic than the

latter appears due to decreased crowding in the former complex arising from its

having smaller substituents on the nitrogen, given that B–P bonds are usually

stronger than B–N bonds (see Table 2 and [25]), and that the C6F5-substituted

boron in the latter should be more Lewis acidic than the Mes-substituted boron in

the former. This is an interesting case of formation of an FLP involving an LB with

rather small substituents.

Kronig et al. computed association energetics between B(C6F5)3 and several

N-heterocyclic carbenes (Scheme 4), as well as acyclic carbene (i-Pr)2N–C–N
(i-Pr)2 [33]. While several of these pairs experimentally acted as FLPs and others

did not, their predicted B–C (carbene) distances were all quite similar, averaging

Scheme 3 Arene-tethered

FLPs, from Heiden et al. [32]

Scheme 4 NHCs used as Lewis bases for FLPs in computations from Kronig et al. [33]
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1.706(0.025) Å (M05-2X/6-311G(d, p) model). This suggests that the FLPs are in

equilibrium with a classical pair, as in the (F5C6)3B···2,6-Me2py system above.

Predicted energetics supported this, in that FLPs exhibited DG298 of association

values near zero, while classic pairs exhibited sizably exergonic DG298 values.

Interestingly, energetic data suggested that substitution at the 4 and 5 positions of

the five-membered rings increased the steric bulk (and thus the propensity to form

an FLP) of the carbenes, despite the distance of such substitution from the carbene

carbon. Comparing (F5C6)3B···7 with (F5C6)3B···11 showed that replacing alkenyl

hydrogens with methyl groups destabilized the FLP by 6.0 kcal mol�1; replacing

them with chlorine atoms ((F5C6)3B···7 vs (F5C6)3B···10) destabilized the FLP by

13.1 kcal mol�1. This implies that chlorine substitution decreases the basicity of the

carbene carbon by at least 7 kcal mol�1, a concept reflected in the lowered

experimental FLP reactivity of (F5C6)3B···10 vs (F5C6)3B···11.

3 Calculations Involving Lewis Acidity/Basicity

and FLP Reactivity

3.1 Heterolytic Splitting of H2

By far the most computationally examined reaction of FLPs involves the heterolytic

splitting of H2. Other chapters from Grimme and Pápai in this volume will focus on

mechanistic details regarding how FLPs split H2, and the uses to which this reaction

may be put. Generally speaking, workers in this area compute the energetics

involving their particular FLP, so studies directly comparing FLP acidities/basicities

are somewhat rare. This section will be restricted to such studies. Moreover, it will

be restricted to computations within a single report, or those from one research

group, to avoid “apples-to-oranges” comparisons involving related molecules but

different model chemistries.

The most wide-ranging report in this area comes from Pápai et al. [14]. They
calculated the energetics of H2-splitting by all FLPs, free and tethered, known to be

capable of doing so at the time of publication. They included for comparison some

known FLPs that do not split H2. The most active FLP was (F5C6)3B···2,5-(t-
Bu)2NHC, with DG298 ¼ �41 kcal mol�1, while the least active was Mes3B···P

(t-Bu)3, with DG298 ¼ +28 kcal mol�1 (M05-2X/6-311++G(d, p)//M05-2x/6-31G

(d) model). Analysis of the data indicated clearly that distinctions between FLPs

that do not split H2, those that do so reversibly, and those that do so irreversibly

were largely in keeping with the reaction free energy DG298. Moreover, DG298

correlated reasonably with notions of increasing/decreasing Lewis acidity/basicity

of the FLP components. A graph of DGreaction vs (DGpa + DGha), where pa is the

proton affinity of the base, and ha is the hydride affinity of the acid, showed few

outliers from linearity, and a line of near-unitary slope. The work provides a solid
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starting point for predictions regarding whether a hypothetical FLP will experimen-

tally split H2 simply by calculating the requisite affinities.

3.1.1 Comparisons of Lewis Acids

Lammertsma et al. compared energetics for the H2-splitting reaction for the tethered

FLPs in Scheme 2 [27]. Splitting by perfluorinated FLP 3 exhibited a lower barrier

(16.6 vs 22.6 kcal mol�1) and greater exothermicity (�14.8 vs�1.6 kcal mol�1) than

it did by the parent 4. It is clear that increased Lewis acidity of the FLP affected the

reaction energy far more than the barrier. This suggests that most of the barrier energy

involves positioning the H2 molecule within the FLP cage, a needmostly independent

of inherent borane Lewis acidity, more dependent on the steric effects that set the size

of the channels into the cage.

As part of a study of the catalytic hydrogenation of imines, Wang et al. computed

the H2 splitting energies for the parent and fluorinated rigidly tethered FLPs shown

in Scheme 5 [34]. Comparing 12 with 13, and 14 with 15, showed that fluorination

lowered the barriers for splitting by only ca. 1 kcal mol�1 and the reaction

exothermicities by only ca. 3 kcal mol�1 (M05-2X/6-311++G(2d, p)//M05-2X/6-

31G(d, p) model). This suggests that little of the electron-withdrawing nature of the

fluorines transmits through the alkyl bonds; i.e., that the internal Lewis acidities of

the borons are nearly identical for each compound.

3.1.2 Comparisons of Lewis Bases

Wang and coworkers compared H2 splitting energies for the seminal FLP (F5C6)3B···P

(t-Bu)3 and the congener (F5C6)3B···N(t-Bu)3 [19]. As one expects, given the different
channel sizes and volumes of the reaction field (see above), the latter exhibited a barrier

Scheme 5 Rigidly tethered FLPs used for H2 activation, computed by Wang et al. [34]
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2.8 kcal mol�1 greater than the former (M05-2X/6-311++G(d, p)//M05-2x/6-31G(d, p)

model). Apparently the difference in inherent basicity between the phosphine and

amine contributes little here, or the difference would likely be larger. The authors

noted that calculated charges on the phosphorus and nitrogen atoms in the FLP differed

in sign, and suggested this creates a preference for H2 splitting by the amine FLP that

compensates for the greater basicity of the phosphine FLP. The reaction

exothermicities differed by nearly the same amount as the barriers, at �26.7 and

�28.9 kcal mol�1. It is notable that the amine FLP splits H2 more exothermically

despite having lower basicity and providing what is presumably a very crowded HN(t-
Bu)3

+ cation. This might be a case where greater electrostatic effects in the products

outweigh covalent interactions within the moieties.

In the same paper the authors examined H2 splitting by the carbene-base FLPs

(F5C6)3B···1 and (F5C6)3B···2 (Scheme 1). Barriers for the two differed by only

0.4 kcal mol�1, again a curious result given the differences in the B···C distances

and resulting reaction field volumes. The reaction exothermicities were also nearly

identical at�48.9 and�49.7 kcal mol�1. Evidently replacement of the CMe2 group

with an N-t-Bu group had little impact on the basicity of the carbene.

Geier et al. calculated H2 splitting energies for B(C6F5)3/py and B(C6F5)3···2,6-

Me2py [29]. The former, being a classical Lewis acid–base complex experimentally

and computationally, split H2 endothermically by 3–9 kcal mol�1, depending on

model, while the latter, being an equilibrium mixture of classical complex and FLP,

split H2 exothermically by 13–15 kcal mol�1. Nearly all the difference between the

two corresponded to the classical complex B–N bond energy, so the difference in

inherent Lewis basicity between pyridine and lutidine was negligible. Wu et al.
examined this system from another perspective, comparing mechanism pathway

energies for H2 splitting by B(C6F5)3···2,6-Me2py and BMe3/2,6-Me2py [30]. For

the former FLP, they found a barrier of only 3.5 kcal mol�1 and an exothermicity of

�19.8 kcal mol�1 (M05-2X/6-311G(d, p) model), the latter being in fair agreement

with the data of Geier et al. Interestingly, for the latter pair, they found an FLP

slightly lower in energy (2.7 kcal mol�1) than the classical complex. This exhibited

a sizable barrier to H2-splitting (18.1 kcal mol�1), and an endothermic reaction

(17.7 kcal mol�1). The difference between the two reactions arose mostly from the

difference in hydride affinity of the two boranes; indeed, formation of FLP from the

classical complex was exergonic for BMe3/2,6-Me2py and endergonic for

B(C6F5)3/2,6-Me2py, despite the decreased steric issues in the former borane.

Rokob et al. examined the effect of Lewis basicity on FLPs in the context of

investigating mechanisms for the FLP-stimulated hydrogenation of bulky imines

[35]. Surprisingly, they found that the solvent phase free energy-based barrier for

the borane/imine pair (F5C6)3B/t-BuN¼CHPh splitting H2 to form [t-BuNHCHPh+]
[(F5C6)3BH

�] was identical to that for the borane/amine pair (F5C6)3B/t-
BuNHCH2Ph and H2 forming [t-BuNH2CH2Ph

+][(F5C6)3BH
�] (16.5 kcal mol�1,

RI-SCS-MP2/cc-PVTZ//M05-2X/6-31G(d) model). As one would expect from

basicities of imine vs amine, the latter reaction was 2.8 kcal mol�1 more exergonic.

Lu et al. probed the effects of “tied-back” vs unfettered bases by calculating

energetics of H2 splitting by [2,4,6–(F3C)3C6H2]2BH and DABCO or NEt3[36].
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They found different mechanisms for the two cases. When NEt3 was the base, H2

coordinated to the borane first in an Z2 fashion, with the amine acting as a spectator.

Subsequently, the amine attacked this complex, deprotonating bound H2 to form the

product ion pair. The barrier for amine attack was very small (DG298
{ ¼ 0.1

kcal mol�1, M06-2X(SCRF)/6-311+G(2df,p)//M06-2X/mixed double zeta basis

set model), and the process was predicted to be only 1.5 kcal mol�1 exergonic.

Compared to the energy of the reactants, the barrier was 26.6 kcal mol�1. The

authors viewed the reaction as stepwise, despite the modest energetics of the amine

attack step. In contrast, when DABCO was the base, the reaction was viewed as

concerted. The base did not act as a spectator, but bound one end of the H2 molecule

as the borane bound the other, in a more conventional FLP H2 splitting process. The

barrier was computed to be 22.9 kcal mol�1, presumably reflecting the greater

basicity of DABCO resulting from its less congested nitrogen atom. Interestingly,

the overall reaction was essentially as exergonic as the NEt3 reaction. This indicates

that in this system Lewis basicity affected attainment of the transition state more

than the energetics of the ion pair products.

In quite similar work, Erös et al. computed energetics of H2 splitting by FLPs

(C6F5)2(Mes)B/ABCO and (C6F5)2(Mes)B···tmp [31]. As noted above, the FLPs

were similarly stable with respect to their components. The two FLPs showed

similar barriers to H2 activation as well, 6.2 and 7.6 kcal mol�1, respectively.

That the FLP containing the less congested base exhibited the smaller barrier was

attributed to its shorter B···N distance, which allowed for better cooperation

between acid and base. The reaction exothermicities favored the FLP with the

smaller base as well, by a margin of �25.5 to �23.0 kcal mol�1.

Heiden et al. compared energetics of the tethered amine and phosphine base

FLPs shown in Scheme 3 in H2 splitting [32]. In stark contrast to most FLPs of these

types, hydrogen splitting was predicted to be endergonic, by 10.2 kcal mol�1 for the

phosphine and by 24.3 kcal mol�1 for the amine. These values are relatively

consistent with the general concept that phosphines are more Lewis basic than

amines. That the splitting reactions were endergonic explained why experimentally

the processes continue with hydrogen addition to a borane aryl substituent and

subsequent arene loss, along with cyclization to give cyclic borane-amines/borane-

phosphines: arene loss provides the necessary driving energy for the reaction.

Surprisingly, the barriers to H2 activation were predicted to be nearly identical at

28.6 kcal mol�1 for the phosphine and 30.1 kcal mol�1 for the amine. This stands in

opposition to the results directly above. However, such a comparison might not be

appropriate for a sterically congested phosphine vs a much less congested amine, as

in Heiden’s case.

Wang et al. investigated H2 splitting by the rigidly tethered systems shown in

Scheme 6 [37]. These provided an informative series of nitrogen Lewis basicities

ranging from amine to pyridine to imidazole, along with an NHC. Surprisingly, the

barriers to splitting were remarkably similar; in particular, those for the nitrogen

bases ranged from only 3.8 kcal mol�1 for 16 to 5.8 kcal mol�1 for 17 and

5.9 kcal mol�1 for 18 (DH{, M05-2X/6-311++G(d, p)//M05-2X/6-31G(d, p)

model). The barrier for carbene 19 was 5.4 kcal mol�1. These values suggested
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that the greater inherent basicities in the amine and carbene systems were

compensated for by lower steric congestion around nitrogen in the pyridine and

imidazole systems. Some support for this view came from the reaction

exothermicities, which were smallest for 16 (�11.8 kcal mol�1), slightly larger

for the less congested but less basic 17 and 18 (�16.7 and �22.6 kcal mol�1), and

quite large for the less congested and very basic carbene 19 (�43.0 kcal mol�1).

The authors noted that 16, with its low barrier and exothermicity, should act as a

good hydrogenation catalyst. Plausibly it might also be a candidate for a hydrogen

storage/release system.

3.2 Trapping and Activation of CO2 and N2O

The Stephan and Erker groups demonstrated that FLPs can capture CO2, forming

heteroesters (Scheme 7, top) [18]. The energetics of this process were examined

computationally for the four boranes listed in Sect. 2.1. The energetics relative to

the separate reactants differed little, ranging from �24.9 kcal mol�1 for R ¼
n-C6H13 to �28.5 kcal mol�1 for R ¼ Cl. The differences were more distinct

relative to the respective FLPs and CO2, reflecting the differences in FLP formation

energies (Sect. 2.1). The system that formed the most weakly bound FLP,

(F5C6)2(c-C6H11)B···P(t-Bu)3, released the greatest amount of energy

(�19.8 kcal mol�1) upon capturing CO2, while an FLP containing a (presumably)

more internally Lewis acidic borane, (F5C6)2(Cl)B···P(t-Bu)3, released less energy

upon capturing CO2 (�17.7 kcal mol�1). The results provide an example of

Scheme 6 Rigidly tethered FLPs used for H2 activation, computed by Wang et al. [37]
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cancellation between internal and external FLP energetics, and thus cancellation of

the effects of internal/external Lewis acidities.

FLPs can also capture N2O, although in this case “w”-shaped trans–trans chain

complexes form (Scheme 7, bottom). Gilbert examined the effect of borane Lewis

acidity on the energetics of N2O capture by several Ar3B···P(t-Bu)3 FLPs [28]. Unsur-
prisingly, the more Lewis acidic the borane, the more exothermic was N2O capture.

The energetics were consistent with the linearity data observed by Durfey and Gilbert

(Table 3), in that capture energies trended (F5C6)3B···P(t-Bu)3 > (2-F-H4C6)3B···P(t-
Bu)3 > (3-F-H4C6)3B···P(t-Bu)3 > (4-F-H4C6)3B···P(t-Bu)3 � (H5C6)3B···P(t-Bu)3.

The effect of borane Lewis acidity on the contributing resonance forms in these

systems was also examined. The computed bond lengths changed predictably with

the Lewis acidity of the borane: as acidity increased, the B–O and N–N distances

decreased, while the O–N and N–P distances increased. The preferred resonance

form shifted to place more electron density between boron and oxygen, and

between the two nitrogens, giving the associated bonds multiple bond character.

The relative stabilities of a number of constitutional isomers of Ar3B/N2O/P(t-Bu)3
(Ar ¼ C6F5, C6H4-4-F) were examined. In every case, those involving the more acidic

borane B(C6F5)3 were significantly more stable than their B(C6H4-4-F)3 counterparts,

indicating that increased B–X bond order is paramount in stabilizing all such

complexes.

3.3 Miscellaneous Reactions

Fukazawa et al. described calculations exploring the thermal and photo-induced

intramolecular FLP cyclization reactions shown in Scheme 8 [38]. Transition state

searches in all cases indicated a stepwise process, with the phosphorus attacking the

alkyne first (B3LYP/def2-SV(P) model). The barriers for 20 and 21 were similar

despite the differences in Lewis basicity between the P(t-Bu)2 and PPh2 substituents
(27.2 and 30.4 kcal mol�1, respectively), but consistent with greater basicity for the

former. The cases showed somewhat different exothermicities, with cyclization of

20 being exothermic by �3.9 kcal mol�1, but that of 21 being endothermic at

+3.0 kcal mol�1. The results were consistent with experiment in that cyclization

occurs thermally with the more basic 20, but not with 21 (for which cyclization can

be induced photochemically). Interestingly, for 22, containing the same phosphine

moiety as 21 but a (conceptually) more Lewis acidic borane moiety, the barrier was

Scheme 7 Capture of three-

atom molecules by FLPs
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predicted to be 29.1 kcal mol�1 and the exothermicity �2.5 kcal mol�1. These

values lie between those for 20 and 21, implying that the Lewis acidity of the

borane has some impact on barrier energetics despite the fact that it is not directly

involved in the primary mechanistic step. This implies in particular that the barrier

reflects the basicity of the phosphine and the acidity of the borane, which in turn

implies that the borane withdraws some electron density from the alkyne carbons.

This is unexpected given Durfey and Gilbert’s finding that electron-withdrawing

substituents at the arene 4 position have negligible effect on the borane Lewis

acidity [25].

Wang et al. extended their studies of H2 splitting to splitting the C–H bonds in

CH4 using rigidly tethered FLPs based on those in Scheme 6 [39]. Systems that

showed particular promise appear in Scheme 9. All three were predicted to exhibit

barriers of ca. 10 kcal mol�1 or less for methane C–H activation, and to give

reactions exothermic by at least �13 kcal mol�1 (M05-2X/6-311++G(2d, p)//

M05-2X/6-31G(d, p) model). In contrast, systems identical to those in the scheme

Scheme 8 Intramolecular cyclization of an FLP, computed by Fukazawa et al. [38]

Scheme 9 Rigidly tethered FLPs that might break the C–H bond of methane, computed by Wang

et al. [39]
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but lacking electron-withdrawing substituents near boron typically displayed

barriers above 15 kcal mol�1 and exothermicities close to zero.

The same authors explored methane activation by (F5C6)3B···P(t-Bu)3 and

(F5C6)3B···N(t-Bu)3. As in H2 splitting (see above), the two exhibited similar

barriers in breaking the C–H bond, ones that were some 22 kcal mol�1 greater

than required to break the H–H bond. Both the similarity and size of the barriers

were ascribed to the orientation of the encapsulated CH4; optimizations indicated

that the CH3 moiety covered the borane boron in an umbrella fashion, with the

remaining hydrogen oriented toward the amine nitrogen/phosphine phosphorus.

This orientation did not allow for straightforward donation of C–H bond density

to the boron, or for donation of nitrogen/phosphorus lone pair density into a C–H s*
orbital, resulting in a high barrier. This hypothesis also explained the similarity in

barriers: methane orientation was determined by the Lewis acidity of the borane, so

the two FLPs show similar barriers despite differences in base basicity. Interest-

ingly, in the pairs (F5C6)3B···1 and (F5C6)3B···2 (Scheme 1), the barriers were again

similar and larger than those for H2 activation (13.7 and 13.5 kcal mol�1), but

significantly lower than those for the FLPs above. This might signal the greater

basicity of the carbenes vs amines/phosphines, or a different means by which the

carbene carbon interacts with the methane C–H s and s* orbitals.

FLPs add to alkenes to give zwitterionic 1,2-diheteroalkanes. Guo and Li

examined addition of B(C6R5)3/P(t-Bu)3 (R ¼ H, F) to ethene as a three-

component system (that is, not including stabilization afforded by formation of

the FLP) [40]. The effects of greater Lewis acidity in the fluorinated case were

stark. For the parent case, the barrier was predicted to be 51.7 kcal mol�1 and the

reaction to be endergonic by 36.6 kcal mol�1 (B3LYP/mixed triple and double zeta

basis set model). For the fluorinated system, the corresponding values were 29.2

and �3.4 kcal mol�1. Thus fluorinating the borane to increase its Lewis acidity

approximately halved the barrier, and changed the reaction energetics from sizably

endergonic to exergonic. The transition state structures for both systems suggested

that the reaction occurred stepwise, with a stronger interaction between borane and

ethene than between phosphine and ethene. Interestingly, the B···C distance in the

transition state of the fluorinated system was 0.32 Å longer than that in the parent,

indicating that the increased Lewis acidity was countered to some degree by steric

repulsions between the fluorines and alkene atoms. Nonetheless, the core bond

distances in the two products were nearly identical, indicating that energy lowering

in transition states and products was a function of electronic effects rather than

steric effects.

In contrast to the energetic differences seen in the three-component ethene

addition, Mömming et al. found little difference between the tethered FLPs

H2BCH2CH2PH2 and (F5C6)2BCH2CH2PMes2 when added to the double bond in

norbornene [41]. The barriers to addition to form the experimentally observed

product were nearly identical at 11.4 and 12.3 kcal mol�1, respectively (B2PLYP-

D/def2-TZVPmodel), while the reaction energies were�13.5 and�19.4 kcal mol�1.

The data suggested that the gain in inherent Lewis acidity resulting from substituting

fluoroarenes onto the boron was largely countered by the decrease in inherent Lewis
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basicity resulting from substituting electron-withdrawing mesityl rings onto the

phosphorus. It is notable that steric effects of the bulkier ligands were not manifested

in the energetics. Presumably this arose because borane and phosphine moieties can

freely rotate around the tethering C–C single bond, allowing them to find a low

energy torsional relationship.

Stronger Lewis acids replace weaker acids in LA–ONN–P(t-Bu)3 complexes of

the type at the bottom of Scheme 7 [42]. For example, (4-F-H4C6)3B–ONN–P(t-Bu)3
reacts with a number of boranes and transition metal Lewis acids to form [stronger

LA]–ONN-P(t-Bu)3. It is intriguing that this occurs without disrupting the ONN–P

(t-Bu)3 moiety, despite the fact that this is computationally only weakly bound [28].

This reaction provides another means of comparing Lewis acidities. Relevant data

appear in Table 4. It can be seen that B(C6F4-4-H)3 was predicted to be essentially as

strong a Lewis acid as B(C6F5)3, in agreement with the results of Durfey and Gilbert

[25]. B(C6H5)(C6F5)2 was found to be 58% as strong an acid as B(C6F5)3, arguing for

an approximately linear decrease in Lewis acidity as each C6F5 ring is replaced with a

C6H5 ring. Interestingly, scans of the potential surfaces for acid exchange gave

“inclined plane” barriers rather than isolable transition states. It was found that

degenerate exchange between (4-F-H4C6)3B–ONN–P(t-Bu)3 and B(C6H4-4-F)3
(which was observed experimentally) appeared to involve a classical A/IA pathway,

as the lip of the inclined plane was associated with a structure containing short B–O

distances for both the incoming and leaving boranes. In contrast, the reaction between

(4-F-H4C6)3B–ONN–P(t-Bu)3 and B(C6F5)3 appeared to involve a classical D/ID
pathway. Supporting this distinction, the “barrier” for the associative process was

3.5 kcal mol�1 higher than that for the dissociative process, consistent with a

conceptualization that the associative process involves considerable crowding (and

so numerous repulsive interactions) between incoming and outgoing boranes, while

the dissociative process involves less crowding and fewer repulsions.

4 Closing Comments

The efficacy of FLPs in activating substrates depends on both external and internal

Lewis acidities/basicities of the components. While different substrates have dif-

ferent requirements, computational data suggest that, generally speaking, the

peripheral atoms must create a cage that is stabilized by at least 6–8 kcal mol�1

over the isolated components. This provides a structure sufficiently long-lived to

Table 4 Energetics (kcal mol�1, OG2R3(SCRF)//ONIOMM06-2X(SCRF)/6-31+G(d) model) of

reactions (4-F-H4C6)3B–ONN–P(t-Bu)3 + LA → LA–ONN–P(t-Bu)3 + B(C6H4-4-F)3

LA DE

C(C6H5)3
+ �6.0

B(C6H5)(C6F5)2 �12.4

B(C6F4-4-H)3 �20.3

B(C6F5)3 �21.3
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create a field and capture the substrate. That said, it remains unclear whether

encounter complex energetics in excess of this are necessary, or even attained.

Computational models have not yet iterated to trustworthy values for the external

interactions even for the well-studied (F5C6)3B···P(t-Bu)3 system. At this point,

experimental data are required to allow differentiation between accurate and inac-

curate model chemistries. In this vein, it would be useful to determine the correct-

ness and generality of Kim and Rhee’s suggestion [16] that as much as 30% of the

interaction energy between FLP acid and base is actually internal rather than

external, even at large acid atom/base atom distances. This bears directly on the

question of what energetics between peripheral substituents are necessary to form

encounter complex cages.

In contrast, the data collated by Pápai et al. [14] show that internal Lewis acidity/

basicity of components correlates well with substrate reactivity. This indicates that

the field/electron density distribution generated by the acid/base atoms determines

whether a substrate will be activated. It is notable that the likelihood that an FLP

will split H2 is related to the hydride and proton affinities, which equate to the Lewis

acidities/basicities of the acid and base, quantitatively. It will be of interest to see

whether this holds for other FLP reactions, such as CO2 capture.
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Solid-State NMR as a Spectroscopic Tool

for Characterizing Phosphane–Borane

Frustrated Lewis Pairs

Thomas Wiegand, Hellmut Eckert, and Stefan Grimme

Abstract Frustrated Lewis pair (FLP) chemistry has provided a new strategy for

small molecule binding and/or catalytic activation. It is based on the cooperative

reaction behavior of Lewis acid and Lewis base centers that are in close proximity to

each other (e.g., within the same molecule) but cannot form a direct bond because of

geometrical constraints. The most prominent FLPs are based on intramolecular

phosphane–borane adducts, whose catalytic properties can be tailored over wide

ranges of reactivity and selectivity. For the structural and chemical design of such

systems, a fundamental understanding needs to be developed on how structure,

dynamics and covalent interactions between the Lewis centers influence the reactivity

profile. Advanced solid-state nuclear magnetic resonance (NMR) spectroscopic

techniques afford new opportunities for addressing this challenge. Following a

general introduction into the fundamentals of NMR spectroscopy, this review

discusses the different types of internal interactions – magnetic shielding, nuclear

electric quadrupolar coupling, indirect spin–spin interactions, and “through-space”

dipole–dipole couplings – influencing NMR spectra in the solid state. As discussed in

detail, each type of interaction bears specific informational content with regard to

structural issues in FLP chemistry. One of the most attractive features of solid-state

NMR is the possibility of tailoring the effective Hamiltonian by manipulations in

either physical space or spin space. Using such “decoupling” or “recoupling”
techniques certain types of interactions can be selectively turned off for spectral
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simplification or turned on for selective evaluation. The present review summarizes

the most important selective averaging techniques that have found applications in the
characterization of FLPs. In a second step the interaction parameters need to be

connected with structure and bonding information. As illustrated in this chapter, ab

initio calculations using density functional theory (DFT) methods have become

indispensable for this task. Based on this comprehensive strategy including advanced

NMR methodology, computer simulations, and ab initio calculations, the present

review illustrates the utility of 31P and 11B NMR chemical shifts, 11B electric field

gradient tensors, and 31P-11B indirect and direct dipole–dipole interactions for

characterizing intramolecular borane–phosphane FLPs, illustrating the potential of

this method to (1) quantify the extent of boron-phosphorus bonding interactions (and

hence the “degree of frustration”) and (2) reveal specific structural details (i.e.,

boron–phosphorus distances and other local geometry aspects) relating to the cata-

lytic activities of these exciting materials.

Keywords Ab initio calculation � B–P distance measurement � Degree of

frustration � Frustrated Lewis pair � Magic angle spinning � Quadrupolar coupling
constant � Solid-state 11B and 31P NMR � Spin–spin coupling
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Abbreviations

AO Atomic orbital

B3-LYP Becke-3-parameter Lee-Yang Parr (a hybrid density functional)

BP86 Becke-Perdew 86 (a GGA density functional)

CPMAS Cross-polarization magic-angle spinning

CPREAPDOR REAPDOR with cross-polarization as the preparation step

CT-REDOR Constant-time REDOR

DFT Density functional theory

EFG Electric field gradient

FLP Frustrated Lewis pair

GGA Generalized gradient approximation

MAS Magic-angle spinning

NAO Natural atomic orbital

NBO Natural bond orbital

NMR Nuclear magnetic resonance

PAS Principal axis system for the description of anisotropic NMR

interactions

R2 Linear regression factor

REAPDOR Rotational echo adiabatic passage double resonance (REDOR for

nuclei coupled to quadrupolar nuclei)

REDOR Rotational echo double resonance

SATRAS Satellite transition spectroscopy (quadrupolar nuclei)

SOQE Second-order quadrupole effect

SWf-TPPM Swept frequency TPPM (for decoupling in MAS-NMR)

TPPM Two-pulse phase modulation, a proton decoupling scheme in

NMR

TPSS Meta-GGA density functional of Tao, Perdew, Staroverov, and

Scuseria

TQMAS Triple-quantum magic angle spinning, a technique for obtaining

highly resolved spectra of quadrupolar nuclei

TZVP Triple zeta valence plus polarization, a basis set

WBI Wiberg bond order index

1 Introduction

Frustrated Lewis acid/base pairs (FLPs), which feature main group Lewis acid and

Lewis base functionalities in close proximity, but within constrained geometries,

are of great interest in the field of homogeneous catalysis. Their reactivity stems

from the presence of bulky, sterically demanding ligands attached to the reactive

centers, thereby inhibiting the anticipated Lewis acid/base adduct formation. The

chemistry of these systems has witnessed high scientific interest within the last few

years regarding the synthesis of new molecules [1], the experimental and theoretical
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investigations of their reaction behaviors [2–4], and their detailed spectroscopic

characterization [5]. The interest in these systems stems from the cooperative

effects on the chemical reactivity behavior, which resembles in many cases that

of organometallic systems. Important examples are the activation of dihydrogen

[6–10], CO2 [11], carbonyl compounds [12, 13], alkenes [14, 15], dienes [16],

alkynes [17], and the capture of environmental pollutants such as NO [18]. The

most prominent FLPs are based on a boron Lewis acid and a phosphorus Lewis base

moiety (B/P pairs), even though other examples such as P/N, P/Al, C/B, and N/B

pairs have also been reported [1]. In the reactivity design of these systems, the

Lewis acidity of the boron site is usually enhanced by electron-withdrawing ligands

such as C6F5 while the Lewis basicity of the phosphorus site may be increased by

electron-rich ligands such as phenyl, tBu, or mesityl, or even moderated by

electron-withdrawing ligands [19, 20].

A wide variety of phosphane–borane FLPs can be designed in an intermolecular

or intramolecular manner. While in the former case a control of the B···P distances

within the usual range of operation (200–250 pm) is difficult to achieve, the

situation is fundamentally different in intramolecular FLPs where the constrained

geometries are designed to bring the Lewis acid and Lewis base centers into close

proximity, while, at the same time, attenuating the direct bonding interaction. The

resulting structural arrangement, including the internuclear B···P distance, stems

from the interplay of non-covalent dispersive interactions between the ligands

(mainly of the p–p type) as well as the covalent interactions between the Lewis

centers. Through judicious choice of the electronegativity and steric properties of

these ligands, the B···P distance can be tailored to values usually ranging between

200 and 400 pm, presenting a wide range of chemical reactivities towards suitable

substrates. Important structural issues include (1) the detection and/or quantifica-

tion of direct bonding interactions between those centers, relating to the “degree of

the system’s frustration” encountered, (2) the measurement of internuclear B···P

distances, particularly in systems not amenable to X-ray crystallography, (3) the

correlation of those properties with chemical reactivity, and (4) the characterization

of reaction intermediates or molecular adducts encountered during the catalytic

activation process. As an element-selective, inherently quantitative technique with

a focus on local structural environments, solid-state nuclear magnetic resonance

(NMR) techniques are ideally suited for addressing the above questions. Even

though the nuclei are influenced by multiple interactions, the NMR toolbox

contains a plethora of powerful selective averaging experiments to simplify the

complex spin Hamiltonian, resulting in very precise values of the different interac-

tion parameters involved. The unique power of solid-state NMR in its application to

FLP systems stems, however, from the ability to calculate these parameters with a

high degree of accuracy using state-of-the art methods of density functional theory

(DFT) calculations from either crystallographic input or by geometry optimization

methods. In this way the spectroscopic observables can be linked to very specific

structure and bonding information at the reactive Lewis centers not available by

other means. In this manner, the NMR observables can also serve as important
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validation criteria for new theoretical tools and approaches predicting the structure

and reactivity of FLPs.

The present manuscript focuses on intramolecular B/P adducts, to exemplify

how the aforementioned questions can be addressed via 11B, 31P single resonance as

well as 11B/31P double resonance solid-state NMR spectroscopy. The systems

characterized thus far by solid-state NMR are delineated in Fig. 1. The unsaturated

C2-linked adducts 1–6 [21] which are synthesized by a 1,1-carboboration [22]

possess an extraordinarily rigid backbone. While they do not activate hydrogen,

they represent a new application of P–C bond activation chemistry. In contrast, the

FLPs 7, 8, and 9 are linked via a trimethylene, cyclohexylene, and ethylene

backbone, respectively, and have a more fluxional character. Consequently, they

show a substantially higher reactivity; in particular the systems 8 and 9 are very

reactive toward the activation of dihydrogen and undergo many other remarkable

addition reactions [10]. The geminal alkylidene-bridged perpentafluorophenylated

P/B pair 10 is structurally different since the Lewis basicity is significantly

decreased by electron-withdrawing C6F5 ligands. Nevertheless, experimental and

theoretical work [19] has shown that the typical FLP behavior is maintained,

leading to the conclusion that the generation of FLPs is also possible through

electronic rather than steric control. In this case, the FLP behavior is, for example,

expressed by the addition to unsaturated organic substrates to form the respective

heterocyclic five-membered-ring adducts while the dihydrogen activation fails [19].

R2P
C6F5

B(C6F5)2

R' (1) R=Mes, R'=Ph
(2) R=Ph, R'=Ph
(3) R=Ph, R'=n-Propyl
(4) R=Ph, R'=PPh2
(5) R=Mes, R'=p-Tolyl
(6) R=Ph, R'=Me

Ph2P B(C6F5)2

(7)

Ph3P B(C6F5)3

Mes2
P

p -Tolyl(C6F5)3B

B(C6F5)2

PMes2
(8)

Mes2P B(C6F5)2

(9)

B(C6F5)3

(13)

(C6F5)2P B(C6F5)2

(10a)

PPh2

B(C6F5)3

PPh2

B(C6F5)3

(12)

(14) (16)

Mes2
P

Ph(C6F5)3B

(11)

(15)

(C6F5)2P

B(C6F5)2

(10b)

Fig. 1 Molecular structures of those FLPs and model compounds characterized thus far by solid-

state NMR
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For comparison, we will also discuss the typical intermolecular B/P adducts 11, 12,

and 13, as well as the phosphirenium borate zwitterions [23] 14 and 15 which

present significantly longer B···P distances. The latter four compounds are isolated

as stable intermediates during the carboboration reaction. When the alkyne starting

material contains phenyl ligands at the phosphorus site, the classical Lewis acid/

base adducts 12 and 13 are obtained whereas in the case of the sterically more

demanding mesityl ligands the phosphirenium borate zwitterions 14 and 15 are

isolated as stable intermediates. For reference, we present a 11B solid-state NMR

analysis for the trigonal coordinated boron system B(C6F5)3 (16) where the crystal

structure has yet to be solved to date.

2 Fundamentals of Solid-State NMR Spectroscopy

2.1 General Aspects

The fundamental theory of solid-state NMR has been covered by number of

excellent texts from different perspectives [24–26]. NMR is based on the Zeeman
interaction, represented by the Hamiltonian

Hz ¼ �mzB0 (1)

which lifts the energetic equivalence of the spin orientational states and causes a

splitting into 2I + 1 individual levels with energies

Em ¼ �mg�hB0 (2)

Hz is also responsible for a nuclear precessional motion, occurring with the

angular frequency

op ¼ gBloc;where Bloc ¼ B0 þ Bint (3)

is the effective magnetic field felt by the nuclei. Because of the difference in

interaction energies of the different spin orientational states, the energy levels in

(2) are not equally populated, resulting in a macroscopic magnetization along the

magnetic field direction. The NMR experiment generates a time dependent voltage

signal oscillating at op. To this end, an electromagnetic wave oscillating with an

angular frequency o0 close to op is applied perpendicular to the magnetic field

direction. The interaction of the spins with the corresponding magnetic field

component B1, described by the Hamiltonian

Hrf ¼ �gB1Ix (4)
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stimulates transitions between the nuclear Zeeman levels and results in a rotation of

the magnetization vector with a precession (“nutation”) angular frequency o1.

Typically this field is applied in a pulsed mode, using short, intense pulses of

radiowaves (typically 1–10 ms in length), which tip the nuclear magnetization by

90� (90� pulses). Following this preparation process the magnetization precesses in

the plane perpendicular to B0 and induces an ac voltage in a detection coil. This free
induction decay signal is then amplified, mixed with the radiowaves used for

nuclear excitation (frequency o0), filtered, digitized, and stored. Following a

waiting period needed to allow for restoration of the equilibrium magnetization

along the magnetic field direction (spin–lattice relaxation), the process is

repeated multiple times for continued signal accumulation. Subsequent Fourier-

transformation of the stored accumulated time domain signal results in the

frequency-domain signal, called the NMR lineshape.

2.2 Internal Interactions

As expressed by Eq. (3), the nuclear precession frequencies op reflect the effective

magnetic field felt by the nuclei. While the effect of B0 is generally dominant,

important modifications Bint arise from a number of different internal interaction
mechanisms, whose parameters reflect the details of the local structural environ-

ment and whose effect on the energy levels can be calculated using standard

perturbation theory. The corresponding interaction parameters are extracted from

the NMR spectra using computer simulation techniques, and then related to details

of structure and bonding with the help of ab initio calculations.

The total spin Hamiltonian determining the spectroscopic energy levels in

solid-state NMR can be written as

Htotal ¼ Hz þHms þHD þHJ þHQ (5)

where Hms þHD þHJ þHQ define the relevant Hamiltonians of distinct types

of internal interactions, namely (1) the magnetic interactions of the nuclei with

the surrounding electrons (magnetic shielding),Hms, (2) the internuclear direct and
indirect magnetic dipole–dipole interactions, HD and HJ , respectively, and

(3) interactions between the electric quadrupole moments of spin >½ nuclei and

the electrostatic field gradients sensed by these nuclei (quadrupolar interaction),
HQ. In the solid state, all of these interactions are anisotropic, i.e., their influence on

the precession frequency depends on molecular orientation in the magnetic field. As

a result, extensive line-broadening is produced in powdered samples.
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2.3 Magnetic Shielding

Magnetic polarization effects induced in the electronic environment of the nuclei

under the influence of B0 modify the local magnetic fields experienced by the

nuclei, hence influencing their precession frequencies. For a theoretical description

of these effects, first-order perturbation theory suffices, and the secular Hamiltonian

can be written as

Hms ¼ g Î$sB0 (6)

In Eq. (6),
$
s is a second rank (3 � 3) tensor, which takes into account the

anisotropy of the interaction and which adopts diagonal form in a specific coordi-

nate system, denoted as the principal axis system (PAS). The PAS is determined by

local symmetry. The diagonal parameters are usually characterized by the symbols

s11, s22, and s33, with the isotropic average being siso ¼ 1/3 (s33 þ s22 þ s11).
Generally the convention

js33 � sisoj � js11 � sisoj � js22 � sisoj (7)

is followed.

For the case of axial symmetry of the magnetic shielding tensor (existence of an

n � 3-fold rotation axis) the orientational dependence of op is given by

wpðyÞ ¼ gB0 1� siso � 1

3
Dsð3cos2y� 1Þ

� �
(8)

Here Ds ¼ s33 � 1/2(s11 þ s22) and the angle y specifies the orientation of the
local symmetry axis relative to the magnetic field direction. Less symmetric

environments are described by an asymmetry parameter �s ¼ (s22 � s11)/
(s33 � siso).

In the liquid state, the effect of the magnetic shielding anisotropy is averaged out

because the rapid molecular tumbling causes the angle y to change billions of times

during the acquisition of the signal. In polycrystalline solid samples, however,

Eq. (8) in connection with the statistical distribution of y leads to substantial line

broadening, with spectral widths on the order of tens of kHz. Note, however,

that for y ¼ 54.7�, the anisotropy vanishes, an effect that is exploited in the

magic-angle sample spinning (MAS) technique used to measure highly resolved

spectra in the solid state (see below). Magnetic shielding tensor values can nowa-

days be calculated with high precision using suitable ab initio methods,

incorporating electron correlation effects by density functional theory, and even

relativistic corrections for heavy atom nuclei [27, 28]. What are experimentally

accessible, however, are not absolute shielding values (which would require

comparisons with bare nuclei) but rather chemical shifts measured relative to the

precession frequency of a reference compound:
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diso ¼ ðosample � oref Þ=oref (9)

11B NMR chemical shifts offer an easy distinction between three- and four-

coordinate environments. The boron coordination state in B/P FLPs can be

considered “in-between” these two extremes, depending on the extent of the

covalent interaction between the Lewis acid and Lewis base centers involved,

resulting in intermediate chemical shifts. Likewise, the 31P chemical shifts are

sensitive to this interaction. We will discuss in more detail below how 11B

and 31P NMR chemical shifts can offer experimental access to the “degree of

frustration” encountered.

2.4 Nuclear Electric Quadrupolar Coupling

For nuclei with spin I > 1/2 the charge distribution is non-spherically symmetric.

This asymmetry can be described by an electrical quadrupole moment superimposed

upon a sphere containing the nuclear charge. Classical physics predict that such

quadrupole moments can interact with inhomogeneous electric fields, i.e., electric

field gradients (EFGs) Vij present at the nuclear site. The latter are generated

internally by the local electronic environment of the nuclei generated by electron

density distributions, atomic coordination, and chemical bonding effects. The EFG is

a symmetric second-rank tensor, which can be diagonalized in a molecular axis

system. The sum of the diagonal elements Vxx þ Vyy þ Vzz vanishes (Laplace equa-

tion) so that the interaction can be described in terms of two parameters, the nuclear

electric quadrupolar coupling constant CQ ¼ eVzzQ and the asymmetry parameter

�Q ¼ ðVxx � VyyÞ=Vzz (10)

with 0 � �Q � 1.

The quadrupolar interaction competes with the Zeeman interaction for spin

alignment and the mathematical treatment is particularly straightforward if one

interaction dominates. IfHz >HQ, the influence of the nuclear electric quadrupolar

interaction can be calculated within several levels of perturbation theory. Within

the limit of first-order perturbation theory the relevant interaction Hamiltonian

takes the form

Hð1Þ
Q ¼ CQ

2Ið2I � 1Þ �
1

2
ð3cos2y� 1� �Qsin

2y cos2fÞ � 1
2

3̂I
2

z � IðI þ 1Þ
h i

(11)

For each Zeeman state jmi the corresponding energy corrections E
ð1Þ
m are

computed from the integrals hmjHQjmi. As the energy corrections are proportional

to m2, the energy level shifts of the j þ 1=2i and j � 1=2i states are identical at each
orientation, and the width of the central þ1=2i$j j � 1=2i transition is thus
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unaffected by the quadrupole interaction. In contrast, it follows from Eq. (11) that

the frequencies of the �1=2i$j j � 3=2i transitions are orientationally dependent,

giving rise to anisotropically broadened satellite transitions in powdered samples.

If the condition HQ<<Hz is not fulfilled but still HQ<Hz , the perturbation

approach has to be extended to second-order. In this case, a more complicated

orientational dependence causes anisotropic broadening even of the central transi-

tion. Highly characteristic lineshapes are observed, from which CQ and �Q can be

extracted via lineshape simulation routines [29]. Theoretical ab initio values are

available from optimized molecular geometries or crystal structure data using

programs such as GAUSSIAN [30], TURBOMOLE [31, 32], or WIEN2k [33].

Thus the nuclear electric quadrupolar interaction parameters represent important

structural validation criteria for unknown materials.

The trigonal planar local environments of three-coordinated boron atoms create

a large electric field gradient at the 11B nuclei, with its maximum component

perpendicular to the plane. In contrast, the electric field gradients encountered at

the more symmetrically ligated four-coordinated boron species are relatively small.

As discussed further below, the “in-between” state encountered with B/P FLPs

affects sensitively both the 11B nuclear electric quadrupolar coupling constants and

the electric field asymmetry parameters, offering experimental access to the

“degree of frustration”.

2.5 Indirect Magnetic Dipolar Coupling

The Hamiltonian describing the indirect magnetic dipole–dipole coupling is given

by the tensor product

HJ ¼ Î J
$
Ŝ (12)

where J
$
is the indirect spin–spin coupling tensor. Its magnitude and anisotropy

depend to a great extent on the symmetry of the electron distribution in the chemical

bond, but also on the sizes of the magnetic moments involved. For a two-spin

interaction, the tensor is generally axially symmetric, and can be split into an

isotropic component Jiso and an anisotropic component DJ. While the anisotropic

part is averaged out by molecular tumbling in the liquid state, the isotropic part

produces the peak splittings well-known in liquid state NMR. Heteronuclear

spin–spin interactions of the observed nuclei to n nuclei having spin quantum

number I yield a peak multiplicity of 2nI þ 1. In the solid state, the spectra are

influenced both by isotropic and anisotropic J-couplings; however, the anisotropy

can be eliminated by the magic angle spinning technique.

The magnitudes of the J
$
tensor components depend not directly on distance but

are greatly influenced by the electronic properties and bonding characteristics. Ab

initio calculations of Jiso values with GAUSSIAN are possible in principle [27, 34],
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even though the accuracy is lower than that of magnetic shielding calculations.

Nevertheless, the experimental detection of 11B-31P isotropic spin–spin coupling in

MAS-NMR spectra provides direct evidence of covalent interactions, and the

magnitude of the isotropic spin–spin coupling constant can give insight into the

“degree of frustration”, at least on a comparative basis.

2.6 Direct Magnetic Dipole–Dipole Coupling

Nuclear precession frequencies are further influenced by magnetic dipole–dipole

interactions, as the spins feel the magnetic moments of their neighbors. The effect is

anisotropic, depending on the orientation of the internuclear distance vector relative

to B0. This effect, too, results in strong line broadening effects for polycrystalline

samples. There are two distinct mechanisms: (1) the direct through-space interac-
tion, which merely reflects spatial proximity, and (2) the indirect interaction, where
the coupling is transmitted via the polarization of bonding electrons. Both the direct

and the indirect terms comprise a homonuclear and a heteronuclear contribution,

respectively. The Hamiltonian of the direct through-space interaction is propor-

tional to the inverse cube of the internuclear distance, providing a straightforward

connection to geometric structure. In the limit of first-order perturbation theory it is

given by the expressions [24]

HD;homo ¼ � m0
4p

� � g2�h2

d3ij

3cos2y� 1

2

� �
3Î 2z � Î

2
� �

(13)

HD;hetero ¼ � mo
4p

� � gIgS�h
2

d3
Is

3cos2y� 1

2

� �
ðÎzŜzÞ (14)

The orientational dependence is again described by the 3cos2y � 1 term where y
is the angle between the internuclear distance vector and the magnetic field

direction. In the liquid state the direct homo- and heteronuclear magnetic dipolar

interactions are averaged to zero owing to the rapid molecular tumbling process. In

the solid state, however, the effect results in broadened lineshapes. For isolated

two-spin systems between nuclei I and S, we can specify the dipolar coupling

constant

DIS ¼ ðmo=8p2Þh gI gS d
�3
IS (15)

which provides a straightforward relation to internuclear distances dIS. Thus,

selective measurements of the magnetic dipole–dipole interactions in the solid

state provide a powerful approach to structure elucidation. For FLPs, the principal

application of the magnetic dipole–dipole interaction is the precise measurement of

the B···P internuclear distance in those compounds not amenable to single-crystal

X-ray crystallography.
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3 Experimental Techniques and Aspects of Their Application

to FLPs

3.1 Signal Preparation and Lineshape

As described above, the standard preparation technique for recording NMR spectra

in the solid state is the application of 90� pulses. For insensitive nuclei with small

magnetic moments, low natural abundances, or long spin–lattice relaxation times,

the preparation process often consists of cross-polarization from an abundant-spin

reservoir [35]. This process uses the magnetic dipole–dipole couplings of the

insensitive observed nuclei with nearby abundant spins. Figure 2 shows the pulse

sequence involved. In general, transverse spin magnetization of the abundant nuclei

(species I) is created by a 90� pulse, and spin-locked by applying a strong

radiofrequency field along the direction of the magnetization in the rotating

frame. During the application of this radiofrequency field, the spin states are now

quantized in a direction orthogonal to B0 and the transverse magnetization is forced

to precess around this direction with the I-spin nutation frequency o1I ¼ gIB1I. As

the spin-locked magnetization is much higher than the value corresponding to the

value of B1I, this situation reflects a non-equilibrium state, from which the system

seeks to escape via relaxation. Cross-polarization facilitates a cross-relaxation

channel involving magnetic dipole–dipole interactions with nearby S nuclei. This

is accomplished by applying a second radio frequency field to those spins, whose

amplitude is such that the nutation frequencies o1S of both spin species are equal

(Hartmann–Hahn matching condition) [36]:

gIB1I ¼ gSB1S (16)

Fig. 2 Pulse sequence used for cross-polarization. The rf field applied to the I nuclei during the

contact time is phase shifted by 90� relative to the corresponding preparation pulse
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In this way, the excess I-spin polarization can be transferred to the S- spins,
whose signal is then detected. In the spectroscopy of FLPs, this method is generally

used to record 13C MAS-NMR spectra (1.1% natural abundance), the acquisition of

which would not be possible by standard single-pulse excitation. As the

requirements for the recycle delays to be used for signal accumulation depend on

the spin–lattice relaxation times of the I nuclei in the abundant-spin reservoir rather

than those of the detected S spins, cross-polarization is also often used with

abundant S-spin nuclei if they relax more slowly compared to the I spins. For

example, measuring 31P nuclei via cross-polarization from protons allows for much

faster signal build-up compared to direct single-pulse 31P excitation. During the

acquisition high-power multiple-pulse 1H decoupling is generally applied to elimi-

nate broadening by dipolar spin–spin interactions most effectively.

Considering all of the interactions described in Sect. 2, the internal NMR

Hamiltonian in the solid state is given by

Hint ¼Haniso
ms þHiso

ms þHhomo
D þHhetero

D þHhomo;iso
J þHhomo;aniso

J þHhetero;iso
J

þHhetero;aniso
J þHð1Þ

Q þHð2Þ
Q

(17)

In the most general case, the NMR spectrum of a nuclear species in the solid

state is influenced by all of these interactions simultaneously, restricting a mean-

ingful analysis of the spectra to such cases, in which one particular interaction is

completely dominant. Although there are numerous well-known examples of such

special cases [24, 25], in general the various interaction strengths are often of

comparable magnitude, resulting in featureless lineshapes that make a meaningful

analysis impossible. For this general situation, advanced solid-state NMR methods,

which serve to simplify the Hamiltonian of Eq. (17), are used to great advantage.

The most important of these selective averaging techniques is the magic angle
sample spinning (MAS) method [37]. Furthermore, it is possible to combine MAS

with special recoupling methods that are designed to reintroduce selected

interactions of the spin Hamiltonian. By combining several such methods, one

can look selectively at individual parts of the spin Hamiltonian and extract the

relevant interaction parameters. The design of new pulse sequences is greatly aided

by the availability of program packages that calculate the behavior of the spins

under the influence of the external and internal interaction Hamiltonians using

standard time-dependent perturbation theory. Especially noteworthy is the program

package SIMPSON, which enables the simulation of complex NMR experiments

under the precise experimental conditions used at the spectrometer [38]. This

freeware has proved to be invaluable in the analysis of complex experiments and

has profoundly influenced NMR research in many laboratories. The following

sections describe a number of useful individual experiments as well as some

theoretical and practical aspects of their application to FLPs.
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3.2 Measurement of Isotropic Chemical Shifts and Quadrupolar
Coupling Parameters by Magic Angle Sample Spinning

Isotropic motion of the nuclei in solution affords the simplest form of selective

averaging. If the correlation time describing this motion is short compared to the

inverse frequency describing the spectral dispersion due to anisotropic interactions,

all of the latter are being averaged out, and the NMR Hamiltonian simplifies to

Htot ¼ Hiso
ms þHhomo;iso

J þHhetero;iso
J (18)

The success of high-resolution liquid state NMR spectroscopy as a structural

tool in chemistry is based on this principle. A rather similar situation can be

accomplished in polycrystalline solids by rotating the sample about an axis that is

inclined by an angle of 54� 440 relative to the magnetic field direction (magic angle
sample spinning) [37]. This manipulation replaces the actual orientation y by an

orientational average over the rotor period, which simply corresponds to the

orientational angle of the rotation axis. As for y ¼ 54.7� the term 3cos2y � 1

equals zero, all of the anisotropic interactions whose frequency dispersions scale

with this term are canceled out, provided that the spinning frequency or is suffi-

ciently large. In this case, the NMR Hamiltonian simplifies to the expression

Htot ¼ Hiso
ms þHhomo;iso

J þHhetero;iso
J þH0

Q

ð1Þ þH0
Q

ð2Þ
(19)

Here the terms H0
Q

ð1Þ
and H0

Q

ð2Þ
denote the relevant parts of the quadrupolar

Hamiltonians in first- and second-order, which are modulated by MAS. Specifi-

cally, H0
Q

ð1Þ
results in spinning sideband manifolds, whose envelope reflects the

outer Zeeman (“satellite” transitions, SATRAS). A typical example is shown in

Fig. 3 for compounds 14 and 15where the boron atoms are four-coordinated and the

nuclear electric quadrupolar coupling is rather weak. In this case the central

transition lineshapes are sharp and values of CQ and �Q can be obtained by

analyzing the spinning sideband envelope with the help of simulation programs.

Figure 4a gives an example of a MAS-NMR lineshape influenced by second-order

quadrupolar perturbations. In this caseH0
Q
ð2Þ

results in a structured lineshape for the

central transition as mentioned above. The center of gravity of the signal is

comprised both of the isotropic chemical shift contribution and a second-order

quadrupolar shift, the magnitude of which decreases with increasing field strength [39].

Both these contributions can be separated by systematic studies of the field depen-

dence or by the multiple-quantum NMR experiment (see below).

Thus Fig. 4 illustrates how 11BMAS-NMR is able to differentiate between three-

and four-coordinated boron environments based on both the value of the isotropic

chemical shifts and the nuclear electric quadrupolar coupling constant. In particu-

lar, this figure documents the typical “in-between” bonding state of the FLPs with

intermediate values of chemical shift and nuclear quadrupolar coupling constants.
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For quadrupolar nuclei affected by second-order quadrupolar perturbations the

resolution can be improved by combining MAS-NMR with multiple quantum

excitations. As shown by Frydman et al. [40], second-order quadrupolar broadening

can be eliminated by correlating the evolution of a mi $j j � mimultiple quantum

transition with the central 1=2i $j j � 1=2i transition during the course of a

two-dimensional experiment, with corresponding coherence pathway selection by

appropriate phase cycling. For sensitivity reasons, the triple-quantum coherence

involving the 3=2ij $ j � 3=2i Zeeman states is usually selected, even for nuclei

with I > 3/2.

b b

a a

Fig. 3 Left: 11B SATRAS spectrum (a) and the corresponding line shape simulation (b) of

the phosphirenium borate zwitterion 14. Right: 11B SATRAS spectrum (a) and the corresponding

line shape simulation (b) of the phosphirenium borate zwitterion 15. In both cases, comparable

quadrupolar coupling parameters are obtained (CQ ~ 0.3 MHz and �Q ~ 0.3). The sharp intense
line at the center corresponds to the 1=2i $j j � 1=2i Zeeman transition. plus marks an impurity

60 50 40 30 20 10 0 -10 -20 -30

c

b

δ/ppm

+

a

Fig. 4
11B MAS-NMR spectra of (a) 16, (b), 14 and (c) 7 highlighting the extremely high

sensitivity of 11B solid-state NMR to the local environment of the boron site. plus marks an

impurity. Chemical shifts are reported relative to BF3·Et2O solution
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Figure 5 shows a typical pulse sequence, along with a coherence level diagram.

Triple-quantum coherence is excited (among other coherences) by the first short,

intense radiofrequency pulse. The subsequent evolution during an incremented time

period t1 is terminated by a second intense pulse, which generates zero-quantum

coherence. Then a weak detection pulse produces transverse magnetization (single-

quantum coherence) which is acquired during the detection period t2. Double
Fourier transformation with respect to both time domains t1 and t2, followed by

appropriate data manipulation, generates a 2D spectrum, from which the isotropic

chemical shift disocs and the isotropic quadrupolar shift dQ can be evaluated. The

centers of gravity of the signals observed in the isotropic (F1-) and the anisotropic

(F2-) dimensions of this experiment, dF1 and dF2 are given by [41]

dF1 ¼ ð34disocs � 60dQÞ=9 (20a)

dF2 ¼ disocs þ 3dQ (20b)

where dQ ¼ 3ðSOQEÞ2= 10n2L½2Ið2I � 1Þ	2
� �

(20c)

In this expression nL is the nuclear Larmor frequency, and the parameter SOQE,
the so-called second-order quadrupolar effect is given by the relation

SOQE ¼ CQ 1þ �2Q=3
� �1=2

(20d)

Fig. 5 Timing and coherence level diagram of a triple-quantum NMR experiment

306 T. Wiegand et al.



Thus, the analysis of the centers of gravity in both dimensions of such a triple

quantum (TQ)-MAS NMR experiment results in the isotropic chemical shiftdisocs and
the parameter SOQE.

A typical application to an FLP is given in Fig. 6 for the intramolecular adduct 2.

In this case the resolution in the regular MAS-NMR spectrum suffers from

the partial overlap of two second-order quadrupolar broadened peak patterns.

a

b

Fig. 6 (a) 11B TQMAS-NMR spectrum (left) of the adduct 2 (R ¼ Ph, R0 ¼ Ph) measured at

11.7 T with a spinning frequency of 14 kHz. The spectrum shows two slightly different resonances

with isotropic chemical shifts of �7.6 ppm and �5.9 ppm, respectively and with a SOQE of

1.24 MHz and 1.31 MHz, respectively. The corresponding experimental F1 slices and their

simulations are shown on the right. (b) 11B MAS-NMR spectrum at 11.7 T (b1), simulated spectrum

(b2) and individual contributions of the simulation (b3) showing two boron sites. For the simulations

the quadrupolar parameters determined via the TQMAS experiment were chosen (CQ ¼ 1.25 MHz,

�Q ¼ 0:18 and CQ ¼ 1.36 MHz, �Q ¼ 0:15). The intensity ratio is determined as 2.3:1
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Using the TQMAS-NMR approach, the two lineshape contributions can be

separated in the isotropic (F1) dimension. By simulating the corresponding

cross-sections along the anisotropic (F2) dimension, the precise nuclear electric

quadrupolar coupling and chemical shift parameters of the two individual

components can be obtained. With these parameters the MAS-NMR lineshape

can then be simulated in terms of both distinct sites, resulting in a 2.3:1 ratio in

this case. Presumably these different sites arise from packing effects or disorder in

the solid state (the crystal structure could not be solved to date).

3.3 Recovery of Indirect Spin–Spin Interactions

As indicated by the MAS-NMR Hamiltonian of Eq. (19) the high-resolution solid-

state NMR lineshapes recorded under MAS conditions are in principle also

influenced by isotropic indirect spin–spin interactions. In the case of 11B MAS-

NMR these interactions are masked by anisotropic second-order quadrupolar

broadening effects and thus in general are not directly observable. In contrast, the

indirect 10B/11B···31P spin–spin interactions produce multiplet structures in the 31P

MAS-NMR spectra, with splittings (in Hertz) independent of the magnetic field

strength. Figure 7 gives a typical example for compound 1. The mere fact that these

spin–spin couplings exist indicates the presence of covalent interactions between

the two Lewis centers. To achieve optimum resolution of these multiplets it is

essential to record the spectra with high-power 1H decoupling, using multiple-pulse

schemes such as “Two Pulse Phase Modulated” (TPPM) pulses [43]. Since 11B

(natural abundance 80.4%) and 10B (19.6%) have nuclear spin quantum numbers of

3/2 and 3, respectively, one might expect a 31P MAS-NMR line shape consisting of

a quartet and septet, respectively, with isotropic J coupling constants being scaled

according to the isotope-specific gyromagnetic ratios (g(10B)/g(11B) ¼ 0.33). In

reality, these patterns tend to be dominated by the four-line pattern expected due to

coupling to the higher-abundant and larger-gamma 11B isotope. As it turns out, the

patterns are not equally spaced and their shape possesses a small, but noticeable

dependence on the magnetic field strength. This is the typical behavior expected

theoretically and encountered experimentally when the dipolar interactions with a

quadrupolar nucleus are not completely eliminated under MAS conditions because

of strong quadrupolar perturbations of the 10B/11B Zeeman energy levels. The

effect can be described in the context of first-order perturbation theory, in which

the 31P MAS-NMR transitions in the presence of this interaction are given as [44]

nm ¼ �mjJj � SðSþ 1Þ � 3m2

Sð2S� 1Þ d (21)
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wherein J are the isotropic 10/11B-31P indirect spin–spin coupling constants, S are

the nuclear spin quantum numbers for the quadrupolar nuclei (I ¼ 3/2 and 3 for 11B

and 10B, respectively), m are the orientational quantum numbers, and d is the

residual dipolar coupling [45, 46]. The latter value is given by

d ¼ �3CQ D� DJ
3

� �

20uS
3cos2bD � 1þ �sin2bD cos 2aD
� 	

(22)

b

a

b

a

Fig. 7 31P{1H} CPMAS spectra of compound 1 (R ¼ Mes, R0 ¼ Ph) acquired at different field

strengths (top: 7.1 T, swept-frequency TPPM (SWf-TPPM-15) [42] 1H decoupling, bottom: 9.4 T,
TPPM-15 1H decoupling). In both cases (a) represents the line shape simulation (including the

peak deconvolution due to 31P-10B (dashed curve) and 31P-11B (dotted curve) indirect dipolar
couplings and (b) the measured spectrum
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with D describing the 10/11B-31P direct dipolar coupling constant, DJ the anisotropy
of the indirect spin–spin coupling tensor, ns the

10B or 11B Larmor frequency, CQ

the 10B or 11B quadrupolar coupling constant, �Q the electric field gradient

asymmetry parameter, and aD and bD the Euler angles defining the orientation of

the dipolar vector in the principal axis system of the EFG [44]. Figure 7 compares

field dependent experimental spectra with simulated ones based on the following

constraints: (1) the integrated peak areas of the two multiplets reflect the natural

abundances of the two boron isotopes, (2) the J values are scaled according to the

magnetogyric ratios, and (3) the d values are scaled according to the quadrupole

moments (Q(10B)/Q(11B) ¼ 2.084) [47]. Based on Fig. 7, a 1J(31P-11B) coupling
constant of about 55 Hz and a residual dipolar coupling value d(31P-11B) of�5.5 Hz

were extracted from the spectra measured at 7.1 T. Appropriate linebroadening

needs to be included for achieving the best fit of the superimposed peak patterns

with the experimental data; as a result, the seven components originating from
10B-31P J-coupling are not individually resolved. This lack of resolution might also

reflect fluctuations of the 10B nuclei among their seven Zeeman states on the

relevant NMR timescale.

In many cases, heteronuclear J-couplings of FLPs are too small to influence

standard MAS-NMR lineshapes. In such cases, two-dimensional techniques such as

the heteronuclear J-resolved spectroscopy method are used to great advantage [48].

Figure 8 illustrates the principal idea. Following the initial preparation process

(either by 90� pulses or cross-polarization) the transverse S-magnetization initially

evolves under the combined influence of magnetic shielding ( Hms ) and

heteronuclear J-coupling (HJ) during the first half of the evolution period t1. The
evolution under Hms is reversed, however, if the 180

� pulse is placed in the center

of the evolution period. In this case, no chemical shift evolution has taken place at

the end of t1. At the same time, the 180� pulse applied to the I-spins ensures that the
indirect spin–spin interaction is not refocused but rather continues to influence the

spin evolution during the entire t1-period. For each value of t1 the signal is then

detected during the regular signal acquisition time domain t2. In this way, both

Fig. 8 Timing diagram of the heteronuclear J-Resolved pulse sequence
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interactions have been effectively separated into two separate time domains t1 and
t2 and can be read off a two-dimensional spectrum obtained upon a double Fourier

transformation. In the case of FLPs the experiment can be conducted using either
11B or 31P observation. Figure 9 shows a 11B{31P} – J-resolved NMR spectrum of

compound 11, whose 31P MAS-NMR spectrum is too broad for the detection of any

J-coupling features. Likewise, this coupling is too weak to influence the 11B

resonance, the shape of which is dominated by second-order quadrupolar

perturbations. However, a clear J-doublet is seen in the F1 dimension of the 2D

J-resolved spectrum, from which a coupling constant of 46.6 Hz can be extracted.

3.4 Dipolar Recoupling by Rotational Echo Double Resonance

As illustrated by Eq. (19), the direct magnetic dipole–dipole interaction is

eliminated by MAS. The interaction can, however, be reintroduced by a powerful

double resonance experiment, termed rotational echo double resonance (REDOR),
which is able to provide site-selective dipolar coupling information under the high-

resolution conditions afforded by magic angle spinning. As illustrated in Fig. 10,

Fig. 9 11B{31P} heteronuclear J-resolved spectrum of the B/P adduct 11 acquired at 7.1 T with

a rotation frequency of 10 kHz. The F2 projection shows the anisotropically broadened 11B

MAS-NMR line shape while in the F1 dimension the 1J-coupling between 31P and 11B is apparent

Solid‐State NMR as a Spectroscopic Tool for Characterizing. . . 311



the dipolar coupling constant oscillates during the MAS rotor period according to

the term sin ort and is averaged out over the rotor cycle. However, if we invert the

sign of the dipolar Hamiltonian by applying a p-pulse to the non-observed I-spins

during the rotor period, this average is non-zero; the interaction is recoupled.

Figures 11 and 12 show two typical pulse sequences used for such purposes [49, 50].

In both sequences the recoupling is accomplished by 180� pulse trains and both

yield identical results if I ¼ 1/2 and S ¼ 1/2. Sequence (a), which applies the

recoupling pulse trains to the non-observed I-spins, while the S-spin signal is

detected by a rotor-synchronized Hahn spin echo sequence, is the preferred one if

the observed nuclei are quadrupolar and coupled to I ¼ 1/2 spins (11B{31P}

REDOR). In contrast, sequence (b) applies the pulse trains to the observed

S-spins, while the non-observed I-spins are subjected only to one central p-pulse
in the middle of the rotor period. This sequence is the preferred one if the observed

spins have spin quantum number S ¼ 1/2 and are recoupled to quadrupolar nuclei

(e.g., in 31P{11B} REDOR). In both cases one measures the normalized difference

signal DS/S0 ¼ (S0 � S)/S0 in the absence (intensity S0) and the presence (intensity S)
of the recoupling pulses. The degree of attenuation depends on the size of the

heteronuclear magnetic dipole coupling constant DIS and on the duration of the

dipolar recoupling process, which is given by the product of the number N of rotor

cycles during which the inversion pulse trains are applied and the rotor period Tr.
Figure 13 illustrates a simple application of a 11B{31P} REDOR experiment to

compound 3 in which at the chosen dipolar evolution time (0.43 ms) a significant

loss in signal intensity is observed due to the recoupling of 31P dipolar interactions

S

ˆˆ  ̂sin( )IS
D r z zH D t I Sω=

Magic- Angle Spinning (MAS)

Rotational Echo Double Resonance 
(REDOR)

+

- Tr

+ +ˆ IS
DH

ˆ IS
DH

Tr

I-channel π pulse 

ˆ ˆ( )z zI I

Fig. 10 Principle of the REDOR experiment. Under MAS conditions the heteronuclear dipolar

Hamiltonian oscillates sinusoidally with rotor orientation, leading to cancellation of HD upon

completion of the rotor cycle (right, top). Sign inversion created by a p-pulse applied to the

non-observed I spins interferes with this cancellation (right, bottom) and the interaction is thus

re-coupled
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coherence level diagrams of

the REDOR pulse sequence
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preferred if the detected spins

have quantum number S ¼ 1/

2 and dephasing in the dipolar

field of quadrupolar nuclei

I > 1/2 is studied
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(see Fig. 13b). A complete REDOR curve is then generated by measuring DS/S0
under systematic incrementation of the dipolar evolution time NTr. Under such
conditions the normalized difference signal DS ¼ (S0 � S)/S0 changes periodically
(like cos DF) as a function of the dipolar evolution time NTr, where

DF ¼ 4
ffiffiffi
2

p
NTr D sin b cos b sin a (23)

In this expression the angles a and b are Euler angles describing the orientation

of the dipolar vector in the MAS rotor axis system. For a polycrystalline sample, a

powder average must be taken by appropriate integration over all the Euler angles:

DS
S0

¼ 1� 1

4p

ð2p

0

da
ðp

0

sin b cosðDFÞdb (24)

For a two-spin system, simulation of this curve yields the dipolar coupling

constant DIS from which the internuclear distance dIS can be extracted via

Eq. (15). The intramolecular adducts of the present study can be considered as

ideal 31P-11B two-spin systems, for which the distance should be easily measurable

using either 31P{11B} or 11B{31P} REDOR experiments. In practice, the second

experiment with observation of the quadrupolar 11B spin species has been preferred,

because the 11B nuclei have shorter spin–lattice relaxation times.

Figure 14 shows the complete 11B{31P} REDOR curve for 3 as a representative

example. The oscillatory behavior characteristic of an isolated two-spin system as

predicted by Eqs. (23) and (24) is clearly evident, offering the prospect of inter-

nuclear distance measurements. To obtain high-fidelity results, however, a number

20 10 0 -10 -20 -30 -40

c

b
+

δ/ ppm

+
a

Fig. 13 Single data point of a 11B{31P} REDOR experiment acquired at 9.4 T with a rotor

frequency of 14 kHz and an evolution time of 0.43 ms (a: S0, b: S, c: S0 � S) for 3. plus marks an

impurity remote from 11B nuclei
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of corrections have to be applied. First of all, the REDOR curves are affected by the
31P chemical shift anisotropy. The corresponding Ds values can be determined

independently, usually by 31P MAS spinning sideband intensity profile analysis, for

inclusion in the REDOR simulations. Second, p-pulse imperfections often lead to

somewhat attenuated REDOR curves. Such effects can be accounted for in an experi-

mental way by applying a compensation scheme developed in our laboratory [51].

In this compensation scheme a third series of signals as a function of evolution

time is recorded, where an extra p-pulse is applied to the non-observed I nuclei
during the middle of the evolution period. If the p(I) and p(S) pulses were all

perfect, this would lead to an overall cancellation of the REDOR effect. However,

if there are imperfections, a residual attenuation is observed, which is added (with

some scaling factor) to the imperfect experimental REDOR curve. The effect of this

correction is shown in Figs. 14, 15, and 16. While pulse imperfections mostly affect

the size of the difference signal at long evolution times, their effect on the dipolar

oscillatory parts are much less pronounced. Figures 14, 15, and 16 also compare the

experimental REDOR curves with various simulated curves for different internu-

clear distances. The oscillating part of the experimental curve is best reproduced by

a simulation based on an internuclear distance of 2.06 Å, which differs only slightly

from the crystallographic value of 2.038 Å. The systematic deviation can be

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.00

0.25

0.50

0.75

1.00

ΔS
/S

0

NTR / ms

Fig. 14
11B{31P} compensated REDOR curve (filled squares, calibration factor a ¼ 1.4),

REDOR curve (filled triangles) and compensation (filled circles) for the intramolecular B/P adduct

3 (spinning frequency 14 kHz). SIMPSON simulations assuming a B···P distance of 1.9 Å (orange
dashed curve), 2.038 Å (crystallographic value, blue dashed curve), 2.06 Å (red straight curve),
2.1 Å (green dashed curve) and 2.2 Å (brown dashed curve) are shown. Optimum agreement

between the experimental and simulated REDOR curves is achieved by assuming a B···P distance

of 2.06 Å. All simulations include the experimental 31P anisotropic shielding parameters (Ds
¼ 54 ppm, �s ¼ 0.56)
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attributed to anisotropic indirect spin–spin (DJ) interactions. Figure 15 shows that

by using the J-anisotropy as an additional fitting parameter, optimum agreement

with the experimental data can be reached.

In a promising alternative to this measurement, known as constant-time REDOR

(CT-REDOR), the evolution time (i.e., the number of rotor periods) is held constant

and the positions of the dephasing p-pulses are stepped through the rotation

period [52]. This method can also be combined with a compensation scheme.

Figure 16 shows compensated CT-REDOR curves for 3with three different evolution

times probing characteristic parts of the REDOR curve. The results are essentially

the same as those obtained from the standard REDOR experiments. The boron-

phosphorus distances extracted from the oscillatory part of the CT-REDOR curve

tend to be over-estimated, and the experimental CT-REDOR curves can be correctly

reproduced based on the crystallographic B···P distance if non-zero anisotropies of

the J-coupling tensor (with DJ values ranging between 60 and 220 Hz) are included
in the simulations. Especially in systems with long spin–lattice relaxation times,

short spin–spin relaxation times and dilute nuclei, CT-REDOR experiments lead to

significant savings in experimental time as compared to conventional REDOR

measurements.

The reverse 31P{11B} REDOR experiment frequently suffers from signal-to-

noise ratio limitations since long 31P-spin lattice relaxation times often require slow

signal accumulation rates. This drawback can be avoided by preparing the 31P spins

via cross-polarization. In practice, a modification of the sequence shown in Fig. 12

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.2

0.4

0.6

0.8

1.0

ΔS
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Fig. 15 11B{31P} compensated REDOR curve for 3 (spinning frequency 14 kHz). The SIMPSON

simulation assuming a B···P distance of 2.038 Å (crystallographic value, solid curve) is shown.
Perfect agreement between the experimental and simulated REDOR curve based on the crystallo-

graphic B···P distance can only be achieved if a contribution arising from the J-coupling anisot-

ropy (DJ) is included in the simulations. The simulation includes the experimental 31P anisotropic

magnetic shielding parameters (Ds ¼ 54 ppm, �s ¼ 0.56) and an assumed J-coupling anisotropy

of 60 Hz (coincident dipolar and J-coupling tensors are assumed)
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is often used, where the duration of the mixing pulse applied to the I-spins (here the
11B nuclei) is extended to about 1/3 of the rotor period. Such extended mixing times

during the MAS rotor period lead to significant interchange of the spin populations

of the different 11B Zeeman states, enhancing the overall dipolar dephasing effect.

This method, called REAPDOR (rotational echo adiabatic passage double resonance)

[53] is now the preferred one for measuring dipolar interactions of spin-1/2 observe-

nuclei S with quadrupolar I-nuclei. Figures 17 and 18 illustrate applications to 1

and 4, respectively. Compared to the 11B{31P} REDOR experiment, the {1H}->31P

a b c

Fig. 16
11B{31P} compensated CT-REDOR curve (filled squares) and CT-REDOR curve without

compensation (filled triangles) for 3 with evolution times of 0.2 ms (a), 0.8 ms (b), and 1.6 ms (c),

representing the initial region of a REDOR curve (a) and the oscillatory region (c). Perfect

agreement between the experimental and simulated CT-REDOR curves based on the crystallo-

graphic B···P distance can only be achieved if a contribution arising from the J-coupling aniso-

tropy (DJ) is included in the simulations. The solid curves in (a) and (b) show SIMPSON

simulations assuming a B···P distance of 2.038 Å and using the experimental 31P anisotropic

magnetic shielding parameters (Ds ¼ 54 ppm, �s ¼ 0.56) and DJ ¼ 334 Hz (coincidence of the

dipolar and J-coupling tensors is assumed). In (c) the best agreement between simulation and

experiment is obtained by assuming a B···P distance of 2.038 Å and DJ ¼ 219 Hz

0.0 0.5 1.0 1.5 2.0 2.5

0.0

0.2

0.4

ΔS
/S

0

NTR / ms

Fig. 17
1H! 31P{11B} CP-REAPDOR curve for the B/P adduct 1 acquired at 7.1 T with a

spinning frequency of 14 kHz. SIMPSON simulations assuming different boron-phosphorus

distances are shown additionally: red (2.115 Å), blue (2.115 Å and DJ ¼ 60 Hz), and green
(2.18 Å)
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{11B} REAPDOR approach suffers from the disadvantage that the experimental (and

simulated) curves are very sensitive to the 11B nutation frequency and nuclear electric

quadrupolar coupling parameters. Hence, both of them must be accurately deter-

mined prior to the simulations.

Whichever experimental approach is used, the REDOR/REAPDOR curves have

universal character and can be directly used to extract the internuclear distance.

Thus this method offers the prospect of characterizing those FLPs for which no

crystal structure data are available.

4 11B NMR as a Probe for Structure and Bonding in FLPs

4.1 Spectral Features and Observables

Figure 19 summarizes the spectra measured for the different intramolecular adducts

investigated in this study. The substituted vinylene-bridged adducts 1–6 show

chemical shift values (between �7.6 and 0.3 ppm relative to BF3·Et2O), and

quadrupolar coupling constants (between 1.25 and 1.55 MHz), reflecting a bonding

character that can be considered in-between three- and four-coordinate. These

values clearly indicate the deviations from the ideal trigonal local geometry as present

in 16. The latter distortions are also readily apparent from the angle sums, obtained

Fig. 18 1H! 31P{11B} CP-REAPDOR curves for the 31P resonances at 24.5 ppm (filled black
squares, P1) and �8.3 ppm (filled black stars, P2), respectively, for the B/P adduct 4 acquired at

7.1 T with a spinning frequency of 14 kHz. The simulations assume B···P distances of 2.04 Å (red
curve) and 4.25 Å (green curve), respectively. With the help of these results, the resonance at the

higher frequency is unambiguously assigned to the crystallographic phosphorus species interacting

with the Lewis acid site
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from both the DFT calculations and the crystal structures (see Table 1). Notably, the

local C3 axis is maintained, however, as reflected by the near-zero calculated and

measured asymmetry parameters (see Table 2). For compound 2, the two

resonances differentiated in the TQMAS experiment (see Fig. 6) reveal that the

two boron positions differ slightly (CQ ¼ 1.25 and 1.36 MHz, disocs ¼ �7:6 and

�5.9 ppm). Our unconstrained DFT geometry optimizations yield a boron-

phosphorus distance of 2.05 Å, which is in good agreement with the experimentally

determined distances within the series of these C2 unsaturated P···B adducts.

The situation is somewhat different in compounds 7–9 in which large asymmetry

parameters (between 0.4 and 0.6) reveal considerable distortions of the electric field

gradient from axial symmetry. These distortions can be attributed to the less

symmetric substitution patterns at the boron sites. With regard to the degree of

Lewis center interaction, both the isotropic chemical shift and the CQ-value for 7

suggest a similar situation as in 1–6, whereas in the highly reactive FLPs 8 and 9

significantly larger quadrupolar coupling constants are measured (2.1 and 1.8 MHz,

respectively). For compound 8 the significantly weaker Lewis center interaction is

further confirmed by a comparatively large positive value of diso. Compound 9

+

+
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Fig. 19 11B MAS-NMR spectra for P/B FLPs (solid curves) and their corresponding simulations

(dashed curves): (a) 1 (R ¼ Mes, R0 ¼ Ph), (b) 2 (R ¼ Ph, R0 ¼ Ph), (c) 3 (R ¼ Ph, R0 ¼ n-
Propyl), (d) 4 (R ¼ Ph, R0 ¼ PPh2), (e) 5 (R ¼ Mes, R0 ¼ p-Tolyl), (f) 6 (R ¼ Ph, R0 ¼ Me),

(g) 7, (h) 8, (i) 9, and (j) 11. All spectra were acquired at 11.7 T, except (g) and (i) which were

measured at 9.4 T under TPPM-15 proton decoupling. plus marks impurities
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presents an interesting anomaly. While its calculated 11B chemical shifts and

quadrupolar coupling constants are even larger than those of 8, in agreement with

its experimentally observed high reactivity, the experimental 11B NMR parameters

deviate significantly from the calculated ones. We attribute this effect to a more

fluxional character of this compound in the solid state, which may lead to partial

averaging of the nuclear electric quadrupolar interaction and may also affect the

mean state of bonding reflected by the chemical shift value. Computationally, this

fluxionality can be accounted for by including an averaging process over multiple

conformations, which will be done in future studies.

Comparable quadrupolar coupling parameters (CQ ~ 1.6 MHz, �Q close to zero)

are also measured for the intermolecular Lewis acid/base adducts 11–13 (see

Fig. 20). In the case of compound 13, where no crystal structure is available, the

adduct-like structure is thus inferred from solid-state NMR. Figure 20 also includes

the spectra of the phosphirenium-borate zwitterions 14 and 15, which are formed by

an alternative reaction pathway of substituted alkyne-phosphanes with B(C6F5)3.

Here, the bulkier mesityl substituents at the phosphane site inhibit intermolecular

adduct formation and addition to the triple bond is preferred. The corresponding

spectra (Fig. 20c, d) reflect cases with nearly symmetrical (three identical C6F5
groups and one unsaturated carbon) ligation patterns at the boron site. The sum

of the three C–B–C bond angles involving these C6F5 ligands is about 330� (as

determined both crystallographically and computationally), which is close to that of

a fully tetrahedral environment with an expected angle sum of 328� (see Table 1).

Table 1 Comparison of crystallographic B···P distances and bond angle sums around B of the

investigated intramolecular adducts with theoretical values from a full DFT geometry optimization

on the TPSS level of theory (basis def2-TZVP) using the D3 dispersion correction

Compound dcryst (B
. . .P)/Å dcalc (B

. . .P)/Å Angle sum B(cryst.)/� Angle sum B(calc.)/�

1 2.115(2) 2.130 344.1(2) 346

2 –a 2.046 –a 352

3 2.038(3) 2.046 349.2(2) 351

4 2.038(7) 2.047 348.1(5) 350

5 2.094(2) 2.131 342.1(1) 346

6 2.026(2) 2.046 349.0(2) 351

7 2.060(2) 2.079 342.4(2) 345

8 2.188(5)b/2.206(5) 2.174 344.2(4)/343.8(4) 344

9 –a 2.172d –a 349d

10 –a 3.036c; 2.845c –a 360c; 360c

11 2.180(6) 2.221 339.9(4) 343

12 2.157(8) 2.231 340.5(5) 345

13 –a 2.197d –a 345d

14 3.257(6)b/3.232(5) 3.234 326.5(4)/329.0(4) 334

15 3.236(5) 3.222 332.3(3) 334
aNo crystal structure available
bUsed within the DFT calculations
cFor details see [19]
dThe D3 dispersion correction with Becke Johnsen damping (D3-BJ) was used
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Due to the relatively small quadrupolar coupling constants (~0.3 MHz), sharp

central transition lineshapes are observed, appearing at the isotropic chemical shifts

of �16.7 and �16.9 ppm, respectively. The quadrupolar coupling parameters are

most easily extracted from the intensity distribution of the spinning sideband

pattern observed for the satellite transitions (see Fig. 3).

Trispentafluorophenylborane (B(C6F5)3, 16) serves as a reference compound for

purely three-coordinated environments. The 11B MAS-NMR spectrum appears at

an isotropic chemical shift of 58.7 ppm and its line shape is dominated by second-

order quadrupolar effects (CQ ¼ 4.3 MHz and �Q 
 0, see Fig. 4). As previously

noted by Bryce et al. for related compounds (e.g., trimesitylborane, BMes3, and

triphenyl borate, B(OPh)3), the second-order quadrupolar perturbation line shape of

theMAS center band is significantly affected by a large chemical shift anisotropy [54].

Line shape simulations show the best agreement between the simulated and experi-

mental spectrum by assuming a chemical shift anisotropy parameter Ds of 300 ppm

and coincident 11B electric field gradient and magnetic shielding tensors (see Fig. 21).

The zero asymmetry parameter is consistent with a local D3h symmetry.

Table 2 Experimentally and quantum-chemically determined 11B disoCS , CQ, and �Q values.

Chemical shifts are calculated on a DFT B3-LYP/def2-TZVP, electric field gradients on a DFT

B97-D/def2-TZVP (modified) level of theory

disoCS (exp.)/
ppm (�0.5)

CQ (exp.)/

MHz.) � 3%

�Q
(exp.) � 0.1

disoCS (calc.)/
ppm

CQ (calc.)/

MHz �Q (calc.)

Angle (Vzz,

B, P)/�e

1 0.3a 1.54b/1.55 a 0.19a �0.6 1.58 0.12 22.4

2 �7.6a; �5.9a 1.25a; 1.36a 0.18a; 0.15a �7.4d 1.43d 0.05d 21.6d

3 �6.6a 1.34b/1.35a 0.15a �7.6 1.37 0.04 23.2

4 �4.7a 1.31b/1.31a 0.15a �6.6 1.36 0.05 24.2

5 0.3a 1.55b/1.57a 0.17a �1.9 1.51 0.13 23.7

6 �7.5a 1.25b/1.27a 0.16a �9.2 1.33 0.07 22.8

7 �9.1b 1.43b 0.55b �10.2 1.49 0.53 8.5

8 8.6b 2.10b 0.43b 7.3 2.14 0.39 20.0

9 3.3b 1.8b 0.6b 7.7d 2.23d 0.26d 21.1d

10 60.1b; 59.0b 4.15b; 4.25b 0.15b; 0.2b 56.6f; 55.4g 4.28f; 4.16g 0.12f; 0.14g 66.8f; 74.7g

11 �7.4b 1.59b/1.63a 0.15a �8.8 1.60 0.02 0.5

12 �8.0b 1.54b 0.16b �8.8 1.64 0.02 2.7

13 �7.4b 1.64b 0.24b �6.0d 1.88d 0.02d 0.5d

14 �16.7b 0.33c 0.30c �19.5 0.47 0.40 –

15 �16.9b 0.34c 0.30c �19.9 0.41 0.27 –

16 58.7b 4.26b 0.02b 54.5d 4.04d 0.00d –
aDetermined from lineshape analysis of slices from TQMAS experiments
bDetermined from lineshape analysis of 11B MAS-NMR spectra
cDetermined from 11B SATRAS spectrum
dFully geometry-optimized structures are used within the calculations
eOrientation of the DFT calculated (B97-D, def2-TZVP (modified)) main principal component of

the EFG tensor, Vzz, expressed by the angle between this parameter and the B···P distance vector
fFully optimized structure is used (energetically lowest, see ref. [19])
gFully optimized structure is used (energetically second lowest, see ref. [19])
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Nearly perfect trigonal-planar local symmetry is also observed for the geminal

alkylidene-bridged per-pentafluorophenylated P/B pair 10. This molecule contains a

C1-bridge rather than a C2-bridge, resulting in a larger separation between the Lewis

centers. Theoretical calculations lead to P···B distances of 2.84 and 3.04 Å for the

two energetically lowest conformers, which is about 0.5 Å larger than in common

intramolecular FLPs [19]. The 11BMAS-NMR spectrum shows two resonances near

60 ppm which clearly reveal two fully trigonal coordinated boron sites in a 1:1 ratio;

10 5 0 -5 -10 -15 -20 -25 -30
δ/ ppm

+a

b

c

d

Fig. 20
11B MAS-NMR spectra for the investigated isolated intermediates of the

1,1-carboboration (solid curves) and their corresponding simulations (dashed curves): (a) 12,

(b) 13, (c) 14, and (d) 15. All spectra were acquired at 11.7 T. plus marks impurities
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Fig. 21 11BMAS-NMR spectrum of B(C6F5)3 (16) acquired at 11.7 T with a rotation frequency of

14 kHz (a) and simulated spectra using the SIMPSON program package with a CQ of 4.259 MHz,

an �Q value of 0.02 and different chemical shift anisotropies: Ds ¼ 0 ppm (b), Ds ¼ 180 ppm

(c), Ds ¼ 300 ppm (d), and Ds ¼ 360 ppm (e). The intensity distribution of the central transition

and the spinning sidebands (marked by asterisks) is strongly influenced by the chemical shielding

anisotropy

322 T. Wiegand et al.



see Fig. 22. The quadrupolar coupling constants of 4.15 and 4.25 MHz and a

magnetic shielding anisotropy of 255 ppm are in agreement with this assessment.

Nevertheless, a slight distortion from perfect trigonal geometry due to the different

ligation pattern is expressed by asymmetry parameters of 0.15 and 0.20 for both

species. We suspect that the observation of two resonances can be attributed to some

disorder in the solid as it is also observed for the B/P adduct 2. Possibly for this

reason, no single crystals for an analysis of the crystal structure could be obtained.

Yet the calculated structures for this geminal alkylidene-linked B/P pair [19] yields a

bond angle sum of 360�, resulting in a quadrupolar coupling constant in excellent

agreement with the experimentally observed values (see Table 2).

4.2 DFT Calculations of 11B Magnetic Shielding Parameters

The important question is whether the 11B chemical shifts and quadrupolar coupling

parameters can be related to special structural characteristics that define the high

reactivity of FLPs which may allow further insights into the reaction behavior of

those molecules. Since previous theoretical studies suggest that the electric field

generated by the Lewis acid and Lewis base functionality is responsible for the

extremely efficient heterolytic splitting of dihydrogen, it is reasonable to assume

that the B···P distance is an important structural parameter with which the reactivity

can be correlated. This correlation can be explored in terms of B/P bonding details

a

b

Fig. 22 11B MAS-NMR spectrum (a) and simulation of the resonance of the main product (b) for
compound 10. For the main product 10a two resonances with slightly different chemical shifts and

quadrupolar coupling values are observed. The resonance for the second product 10b is addition-

ally marked. asterisk marks spinning sidebands, plus an impurity
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with the help of theoretical calculations of chemical shifts using DFT methods. As

shown in Fig. 23, the experimentally determined 11B isotropic chemical shifts for

the intramolecular adducts correlate well with the quantum-chemically determined

values on a DFT B3-LYP/def2-TZVP level of theory (R2 ¼ 0.998) based on their

crystallographically determined molecular geometries. Likewise, a good correla-

tion is observed between the experimental chemical shifts and the calculated

ones based on the geometry-optimized molecules in the gas phase (Fig. 24). This

agreement suggests that intermolecular interactions have little influence on the

chemical shift values. The notable deviation from this correlation, observed for

compound 9 in both plots, can be understood in terms of its fluxional character.

Figure 25 illustrates the high sensitivity of 11B isotropic chemical shifts to the

B···P distances for the series of intramolecular adducts 1–9: the larger the B···P

distances the more high-frequency shifted are the 11B resonances. This is addition-

ally confirmed by theoretical chemical shift calculations carried out for the model

compound Ph2P-C2H4-B(C6F5)2, where the boron-phosphorus distance was

changed systematically from 1.9 to 2.3 Å and full relaxation of all other degrees

of freedom was allowed. Closely parallel chemical shift trends for the experimental

and theoretical data with nearly identical slopes are observed. These studies show

clearly that in the intramolecular adducts 1–9 the phosphorus Lewis base site

significantly interacts with the boron Lewis acid site as expressed by the very

sensitive 11B chemical shift parameter. Of course, this linear trend is only valid

for structurally comparable FLPs with similar ligand types. Compounds 11–13 do

not fit the correlation because of their different ligand substitution pattern: here

B and P are bound to three aromatic ligands. In addition, compounds 9 and 10 have

been omitted from the correlation since no experimental B···P distances are known

and/or (in the case of 9) due to the fluxional character of this compound.
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Fig. 23 Correlation between experimentally and quantum-chemically (B3-LYP, def2-TZVP)

determined 11B chemical shifts (referenced to BF3�(OEt2)) based on the molecular geometries as

realized in the crystal structures. Compounds where no crystal structures (filled triangles) are
known are omitted from the correlation. The linear regression belongs to an R2 value of 0.998
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Fig. 25 Correlation of experimental 11B chemical shifts with crystallographically determined (in

the case of compounds 9 and 13 11B{31P} REDOR data were used) B···P distances. Stars denote
calculated chemical shifts (BP-86/ def-TZVP level of theory) for a model compound (see inset) as
a function of B···P distance. The solid line represents a linear regression for the experimental

values (R2 ¼ 0.85, filled squares). Compounds 9 and 11–13 are omitted from the correlation

because of the fluxional character in the case of 9 and the different ligand substitution pattern of

11–13 (filled triangles). The dashed line shows the linear regression for the calculated model

system (R2 ¼ 0.99)

60 50 40 30 20 10 0 -10 -20
60

50

40

30

20

10

0

-10

-20

d c
al

c/
 p

pm

dexp/ ppm

Fig. 24 Correlation between experimentally and quantum-chemically (B3-LYP, def2-TZVP)

determined 11B chemical shifts (referenced to BF3�(OEt2)), based on geometry optimized

molecules in the gas phase. The linear regression belongs to an R2 value of 0.97 and exhibits a

slope of 0.99
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4.3 DFT Calculations of Electric Field Gradients at Boron

The nuclear electric quadrupolar coupling parameters were calculated on a GGA

level of theory (functional B97-D) with the def2-TZVP basis set which is modified

in such a way that tighter basis functions at the boron atom extracted out of

Dunning’s correlation consistent basis set are included (the full AO basis set is

given in the Supplemental Materials section of [5]). This accurate description

of both the valence and the core shell electrons is particularly useful since, in the

case of main group elements such as boron, the EFG is dominated by the outer

core and valence shell electronic distribution [55]. All of these theoretical studies

are based on either crystallographic information (Fig. 26) or calculations in the gas

phase (Fig. 27).

For the reference compound 16 the calculated CQ value of 4.04 MHz and the

asymmetry parameter �Q ¼ 0 are in good agreement with the experimental data.

Overall, Figs. 26 and 27 indicate excellent agreement between the experimental

values and those calculated from either crystal data or optimized molecular

structures in the gas phase, again with the notable exception of compound 9. In

the case of the substituted vinylene-linked intramolecular adducts the �Q values

range between 0.04 and 0.13. These values are consistent with a local boron

geometry that is still close to trigonal as is also expected from the crystallographi-

cally determined bond angle sums of about 340–350�. Figure 28 visualizes the
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Fig. 26 Correlation between experimentally (from 11B MAS-NMR experiments) and theoreti-

cally (DFT, B97-D, def2-TZVP (modified)) determined CQ values based on the molecular

geometries as realized in the crystal structures. The linear regression for those compounds for

which crystal structure data are available and 16 ( filled squares) yields a slope of 0.94 and an R2

value of 0.996. The deviation from unity is partly attributed to uncertainties in the experimental

values (estimated at �3%, see error bars). Data for compounds with unknown crystal structures

are additionally included as filled triangles
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Fig. 27 Correlation between experimentally (from 11B MAS-NMR experiments) and theoreti-

cally (DFT, B97-D, def2-TZVP (modified)) determined CQ values for the geometries obtained by

a full geometry optimization for the compounds in the gas phase. The linear regression yields a

slope of 0.97 and an R2 value of 0.98. The deviation from unity is partly attributed to uncertainties

in the experimental values (estimated at �3%, see error bars)

a b c

fed

Fig. 28 Representative tensor orientations of the 11B electric field gradients for 11 (a), 1 (b), 7 (c),

8 (d), 9 (e), and 10 (the energetically lowest conformer is used, see [19]) (f) obtained by DFT

calculations on a GGA level (B97-D) with a slightly modified def2-TZVP basis set (for details see

[5]). In nearly all cases a slight deviation from parallel alignment between the largest principal

component Vzz and the B–P vector is observed (for detailed values see Table 2)
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calculated EFG principal tensor components in the molecular axis frame. The

presence of a C3-axis results in identical components (per definition Vxx and Vyy)

within the coordination plane while the largest component (Vzz) lies parallel to the

C3 axis, i.e., perpendicular to the molecular plane. For the substituted vinylene

adducts 1–6 the angle between the B···Vzz and the B-P vectors is about 20�, which
clearly illustrates the strong influence of the interaction between the Lewis centers

on the 11B electric field gradients. In the case of the very reactive FLPs 7, 8, and 9,

Vzz is similarly oriented, albeit the angles tend to be slightly smaller. Possibly this

may account for the higher FLP-characteristic reactivity of these intramolecular

adducts. In contrast, for the unreactive classical Lewis acid/base adducts 11, 12, and

13, Vzz is aligned fully parallel to the B-P director, which in this case is a direct

covalent bond. The theoretical work performed by Grimme and co-workers

emphasizes the importance of the electric field generated by the Lewis acid and

Lewis base functionality which is responsible for the fast heterolytic cleavage of

dihydrogen [2]. From the viewpoint of the boron site our analysis may describe the

orientation of this electric field and therefore help us to understand why the

intramolecular adducts are much more reactive than the typical intermolecular

adducts despite comparable B···P distances (in most cases even shorter distances

are observed for the FLPs). For the intramolecular P/B pairs the constrained

geometry leads to weaker B···P interactions and the reactive pocket (determined

by the electric field generated) is more easily accessible since the electric field

gradient points away from the B-P axis. These considerations also allow the

assumption that a completely linear geometry of the P–H–H–B unit is not neces-

sarily an essential requirement for an efficient activation of H2 with the FLP [2].

FLP 10 shows a completely different behavior. Here the electric field gradient

points significantly away from the B-P director. For the two energetically lowest

structures [19] angles of about 70� are calculated, in agreement with a geometry

expected in the complete absence of B···P interactions. The same conclusion was

drawn from the 11B isotropic chemical shift values.

Figure 29 explores the correlation between the experimental CQ values and the

B···P distances. For compounds 1–8 an excellent linear correlation (R2 ¼ 0.94) is

observed, indicating that the value of the 11B-CQ is a rather sensitive parameter

measuring the strength of interaction between the Lewis acid and base function-

alities: larger B···P distances are correlated with larger CQ values. For compound 10

the measured CQ value indicates that the interaction between Lewis acid and Lewis

base is completely suppressed. These findings are again confirmed theoretically on

the model system Ph2P-C2H4-B(C6F5)2. The CQ values computed as a function of

B···P distance over the range 1.85–2.6 Å (followed by full optimization of all

other degrees of freedom), are well-correlated with this parameter. Larger boron-

phosphorus distances lead to larger CQ values and smaller asymmetry parameters,

indicating smaller deviations from the trigonal coordination geometry (see Fig. 30).

Overall, these results show that intramolecular interactions among the Lewis

acid and base functionalities do influence the bonding geometry of the boron site,

which is directly visualized by the solid-state NMR parameters diso and CQ, as well

as by the angle between the B-P director and the EFG principal axis at the boron

site. The reactivity differences observed between the intramolecular FLPs 1–9 can
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thus be understood on the basis of the differences in the bonding interactions

between the Lewis centers. Owing to significantly weaker intramolecular Lewis

pair formation in FLPs 7–10 these materials are much more reactive than

compounds 1–6.
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Fig. 29 Correlation between experimentally determined (filled squares) and DFT-calculated

(B97-D/ def2-TZVP (modified), filled stars) 11B CQ values and B···P distances: larger values

result in larger CQ values due to a lesser degree of distortion from trigonal boron bonding

geometry. The error bars indicate an experimental uncertainty of about 3%. The straight line
shows a linear regression for the experimental values (R2 ¼ 0.94), the dashed line a linear

regression for the DFT-calculated values (R2 ¼ 0.91). Experimental (filled triangles) and DFT-

calculated ( filled circles) data points for compounds 9 and 11–13 are omitted from the correlation

(see text). In the case of compounds 9 and 13 B···P distances from 11B{31P} REDOR experiments

were used

a b

Fig. 30 Calculated quadrupolar coupling parameters (B97-D, def2-TZVP) for the model com-

pound Ph2P-C2H4-B(C6F5)2 under variation of the B···P distance from 1.8 to 2.6 Å. (a) Asymmetry

parameter. �Q; (b) quadrupolar coupling constant CQ . The inset in (a) shows the potential energy

curve with a minimum at 2.06 Å for the TPSS-D3/def2-TZVP level of theory
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5 31P NMR as a Probe of Structure and Bonding in FLPs

5.1 Spectroscopic Features and Observables

Figure 31 summarizes the 31P{1H} CPMAS-NMR spectra of the intramolecular

adducts 1–9 and of the intermolecular Lewis acid/base adduct 11, and their spec-

troscopic parameters determined from them are given in Table 3. In general, the

intramolecular adduct formation is evidenced by a narrow chemical shift window

between approximately 25 and 5 ppm. In the case of the P/B pair 2, two different
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a

Fig. 31 31P{1H} CPMAS-NMR spectra acquired at 9.4 T with a spinning frequency of 10 kHz

applying the TPPM-15 decoupling scheme for the following adducts: (a) 1 (R ¼ Mes, R0 ¼ Ph),

(b) 2 (R ¼ Ph, R0 ¼ Ph), (c) 3 (R ¼ Ph, R0 ¼ n-Propyl), (d) 4 (R ¼ Ph, R0 ¼ PPh2), (e) 5

(R ¼ Mes, R0 ¼ p-Tolyl), (f) 6 (R ¼ Ph, R’ ¼ Me), (g) 7, (h) 8, (i) 9, and (j) 11. All the spectra
were acquired at 9.4 T under TPPM-15 proton decoupling. plus marks impurities. Chemical shifts

are relative to 85% H3PO4
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resonances with slightly different chemical shifts are observed. For the crystallo-

graphically uncharacterized intermediate 13 the 31P spectra also clearly point to an

adduct rather than a phosphirenium species, consistent with the results from 11B

NMR. Compared to 12, the 31P resonance of 13 is significantly broadened,

suggesting solid-state disorder. Very different 31P NMR parameters are observed

for the 1,1-carboboration intermediate 14. Here, the constrained geometry results in

a strongly negative isotropic chemical shift (�130.5 ppm) and a large chemical

shift anisotropy (450 ppm). Surprisingly, a small asymmetry parameter �s of 0.05 is
measured (and calculated) suggesting a near-axially symmetric magnetic shielding

tensor. Based on the 31P NMR spectrum, compound 15 possesses an analogous

structure (see Fig. 32). Overall, the NMR parameters of these phosphirenium

zwitterions distinguish these phosphorus surroundings unequivocally from those

of the P/B adducts.

Finally, the 31P spectra of the intramolecular adducts 1, 3, 5, and 6 show

a characteristic multiplet structure which is attributed to indirect 31P-10B/11B

spin–spin couplings as discussed in Sect. 2.5. Figure 33 compares the experimental

and simulated spectra obtained on the basis of this effect. While no such splittings

are observable for the other FLPs, heteronuclear spin–spin couplings appear to

dominate the experimental NMR line widths of these compounds as well, as the

latter are found to be either independent of or tend to increase with decreasing

magnetic field strength. A notable exception is compound 9 whose extremely broad
31P MAS-NMR spectrum increases with increasing field strength, suggesting that it

is governed either by a chemical shift distribution or by dynamic effects. This is

consistent with solid-state disorder of either static or dynamic origin as suspected

from the fluxional character of this compound.

b

a a

b

Fig. 32 Left: 31P{1H} CPMAS-NMR spectra of the intermolecular phosphane–borane adducts 12

(a) and 13 (b) acquired at 9.4 T under TPPM-15 decoupling and using a spinning frequency of

10 kHz. Right: 31P{1H} CPMAS-NMR spectra of the phosphirenium-borate zwitterions 14 (a) and
15 (b) acquired under similar experimental conditions. Spinning sidebands are labelled by

asterisks
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a

b

c

d

Fig. 33 Top: 31P{1H} CPMAS-NMR spectra acquired at 7.1 T with the SW-TPPM-15 decoupling

scheme (left) and at 9.4 T with the TPPM-15 decoupling sequence (right) for compound 1 (a), 3

(b), 5 (c), and 6 (d). Bottom: Peak deconvolution (solid curve) consisting of 31P-11B coupling

(dotted curve) and 31P-10B coupling (dashed curve)
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5.2 DFT-Calculations of 31P Magnetic Shielding Parameters

DFT calculations of 31P magnetic shielding tensors conducted at the B3-LYP/

def2-TZVP level of theory show reasonably linear correlations between calculated

and experimental isotropic chemical shifts (Fig. 34) and magnetic shielding

anisotropies (Fig. 35), albeit with considerably more data scatter than in the case

of the 11B NMR observables. Calculations on the model system Ph2P-C2H4-B

(C6F5)2 indicate a moderate, linear increase of the chemical shift by about

12 ppm as the B···P distance is increased over the range 190–230 pm and similar

trends are observed for the magnetic shielding anisotropies (data not shown). For

compound 4 the 31P chemical shifts calculated for P1 (cis to the B–C bond) and P2

(trans) are 23.6 ppm and �10.1 ppm, respectively, thus confirming the REAPDOR

based peak assignment (Fig. 18). Thus, these 31P magnetic shielding parameters are

potentially useful probes for assessing the degree of frustration as well. The

observed and calculated spectroscopic parameters indicate, however, that isotropic
31P chemical shifts tend to be less suitable as a measure of the degree of electronic

B···P interactions, as their detailed values prove to be rather sensitive to the

chemical nature of the substituents at the phosphorus site. This is also true for

the magnetic shielding anisotropy, which ranges between 50 and 85 ppm within the

series of the closely related compounds 1–9. Table 3 suggests that increased

bonding overlap between the two Lewis centers tends to reduce the anisotropy.

This correlation does not, however, include the intermolecular compounds 11–13,

whose symmetric bonding environment produces rather small Ds values (near

30 ppm), despite weaker B···P interactions.
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Fig. 34 Correlation between experimentally and quantum-chemically (B3-LYP, def2-TZVP)

determined 31P chemical shifts (referenced to H3PO4). The linear regression belongs to an R2

value of 0.99. Compounds 2 and 10 are omitted from the correlation since the assignment of the

two resonances observed experimentally is not clear
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5.3 DFT Calculations of 10B/11B. . .31P Indirect Spin–Spin
Couplings

As already indicated, the relatively large indirect spin–spin couplings are attributed

to 1J-couplings between the Lewis acidic borane and Lewis basic phosphane

functionality. Since J-couplings between two nuclei are transmitted via electrons

in a bond, two J-coupling pathways are in principle possible in the substituted

vinylene-bridged B/P adducts: 1J-coupling via weak, but non-negligible covalent

bonding between the Lewis functionalities or a 3J-coupling via the olefinic back-

bone. We can decide between these alternatives by analyzing the case of compound 4,

which has two carbon-phosphorus bonds oriented cis and trans with respect to

the carbon boron bond. If the 1J-interaction pathway were absent and only a
3J-coupling were observed, the trans coupling to P(2) should be the stronger one.

In contrast, our experimental result on 4 shows the opposite to be the case, despite

the fact that the peak splittings are not resolved (most probably due to a lower

sample crystallinity). The resonance of P(1), which is in cis-orientation to the Lewis
acid site possesses a much larger linewidth than the resonance of P(2) oriented trans
to the boron site (209 vs 119 Hz at 9.4 T). This difference can be attributed to a

larger (unresolved) 1J coupling in the case of P(1). For answering this question

satisfactorily from a theoretical point of view, DFT calculations of scalar coupling

constants have been performed on a hybrid DFT level of theory using the functional

B3-LYP and the sufficiently large triple zeta basis TZVP. For 1 these calculations

lead to a 11B-31P J-coupling constant of 51.1 Hz which is in excellent agreement

0 200 400
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200

400
Ds

ca
lc
/ p

pm

Dsexp/ ppm

Fig. 35 Correlation between experimentally and quantum-chemically (B3-LYP, TZVP) deter-

mined 31P Ds values. The linear regression belongs to an R2 value of 0.99. Compounds 2 and 10

are omitted from the correlation since the assignment of the two resonances observed experimen-

tally is not clear
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with the experimentally determined value (54.5 Hz). Such values are comparable in

magnitude to 1J (11B-31P) values measured in solution for the adduct of PPh3 and

BH3 (approximately 60 Hz) [56, 57]. Finally for the classical Lewis acid/base

adduct 11 in which the remote possibility of a 3J-coupling is clearly excluded, the

calculated 1J(31P-11B) is 52.4 Hz, in good agreement with the experimental value

determined by heteronuclear J-resolved spectroscopy (46.6 Hz, see Fig. 9). Cer-

tainly the 3J-coupling pathway will contribute to the experimental value. For the

trans isomer of 1 we calculate 3J(31P-11B) ¼ 18.3 Hz, which corresponds to a

maximum value based on the Karplus curve (dihedral angle ~ 180�) [58]. A

significantly smaller value of 3J would be expected via the cis-pathway. Based on

all these considerations it is safe to conclude that the observed peak splittings are

dominated by 1J-rather than 3J-couplings between 31P and the boron nuclides.

Therefore a residual electron density between the Lewis acid and Lewis base site

evidenced by solid-state NMR highlights the communication between both Lewis

centers even in frustrated Lewis-pairs. It is reasonable to assume that the 1J-values
should correlate with the boron-phosphorus distance as the most important struc-

tural parameter defining the reactivity of those molecules. We illustrate this

distance-dependence with theoretical calculations of spin–spin coupling constants

as a function of the boron-phosphorus distance for the intermolecular adduct 11. In

our DFT calculations (B3-LYP/TZVP) we systematically change the B···P distance

within the geometry of the crystal structure and calculate 1J(11B-31P) for some

characteristic points (see Fig. 36). As expected, a decrease is observed with

increasing boron-phosphorus distance. In principle the coupling constant could be

used as an NMR parameter probing the electronic interactions between the Lewis

centers and describing “frustration” in an FLP. We have to note, however, that

direct observation in the 31P NMR lineshape is often precluded by overlapping line

broadening mechanisms and one would have to resort to heteronuclear J-resolved
spectroscopy. Moreover, as illustrated by the calculated J values (see Table 3),

while these values do show a general dependence on the boron-phosphorus

distance, significant scattering is observed pointing to the high sensitivity of

J-couplings towards electronic changes at the Lewis centers due to different kind

of ligands or bridging units.

Our conclusion regarding a weak covalent B···P interaction is in accordance with

the computed Wiberg bond order indices (WBIs) [59]. A bond order index of about

one indicates the presence of a mostly covalent single bond while values close to

zero point to ionic or van-der-Waals interactions. In the case of the vinylene-

bridged intramolecular adducts the WBIs range from 0.73 to 0.91 in the Cartesian

AO basis and from 0.72 to 0.82 in the natural atomic orbital (NAO) basis (see

Table 4). While the WBIs in the AO basis do not correlate well with the B···P

internuclear distances, a much more consistent trend for them is found in the NAO

basis, even though individual differences are rather small (see Fig. 37). The

covalent bonding interaction is further probed by a Natural Bond Orbitals (NBO)

analysis [60, 61] which reveals a real bond between the phosphorus and boron

moieties (see Table 4) in all of the intramolecular B/P FLPs investigated (except 10).

The percentage of the NBO on the natural atomic hybrid localized at B correlates
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Fig. 36 DFT calculated coupling constants 1J(31P-11B) (B3-LYP, TZVP) for the Lewis acid/base
adduct 11 as a function of B···P distances in the framework of the crystal structure (filled circles).
The data show a strong distance-dependence of the coupling constants. Filled stars show experi-

mentally determined coupling constants in the solid state, while filled squares represent

DFT-calculated values (B3-LYP, TZVP) for the same compounds in the gas phase

Table 4 Calculated Wiberg bond order indices (WBI) and results of a Natural Bond Orbital

(NBO) analysis of the B···P bond for the bridged B/P adducts illustrating a significant covalent

interaction

WBI (AO

basis)a

WBI

(NAO

basis)b

Occupancy

(bond

B···P)b

Percentage of the NBO on the

natural atomic hybrid localized

at P/%b

Percentage of the

NBO on the natural

atomic hybrid

localized at B/%b

1 0.91 0.78 1.89 63.8 36.2

2 0.77c 0.79c 1.88c 62.0c 38.0c

3 0.73 0.81 1.89 61.9 38.1

4 0.74 0.82 1.89 61.4 38.6

5 0.87 0.79 1.88 63.1 36.9

6 0.75 0.81 1.89 61.4 38.6

7 0.82 0.82 1.90 62.1 37.9

8 0.60 0.75 1.89 67.7 32.3

9 0.77c 0.73c 1.89c 68.0c 32.0c

10 0.13d/0.06e 0.05d/0.02e – – –

11 0.78 0.77 1.89 64.1 35.9

12 0.75 0.76 1.89 64.4 35.6

13 0.72c 0.72c 1.87c 66.1c 33.9c

aDFT (TPSS-D3/def2-TZVP)
bObtained from an NBO analysis (TPSS/def2-TZVP). The NBO analysis reveals in all cases a real

covalent bond between the Lewis acid and base functionalities (except for 10)
cFully optimized structure is used
dFully optimized structure is used (energetically lowest, see ref. [19])
eFully optimized structure is used (second energetically lowest, see ref. [19])
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well with the B···P internuclear distances, with the highest numbers being observed

for compounds 3, 4, 6, and 7 (d(B···P) ¼ 2.02–2.06 Å), intermediate values for

compounds 1 and 5 (d(B···P) ~ 2.09–2.12 Å) and much lower numbers being

observed for compounds 8 and 9 (longest distances).

6 31P/11B Direct Dipolar and Anisotropic Indirect J-Couplings

Since the interaction among both Lewis centers is significantly correlated with the

boron-phosphorus distances, the possibility of measuring this distance by REDOR or

REAPDOR experiments is attractive. Our detailed results obtained on numerous

FLPs indicate that the REDOR data always tend to underestimate the 31P-11B dipolar

coupling strengths slightly but systematically, leading to an overestimation of the

internuclear distances in the absence of calibration. The experimental and simulated

REDOR curves based on the crystallographic B···P distance can be made to agree

with each other, however, by including a contribution arising from the J-coupling
anisotropy (DJ) in the simulations. As expressed by Eq. (22), the combination

of the direct dipolar coupling and the J-anisotropy leads to a reduced effective

dipole–dipole coupling constant, which ultimately determines the frequency of

the dipolar oscillations. Typical experimental results are summarized in Fig. 38.

The DJ-values determined for the intramolecular adducts range from 60 to 150 Hz.

For the adduct 11 a slightly larger value of 200 Hz is observed; see Table 5. The non-

zero contributions from the anisotropy of the J-tensor suggested by our REDOR

2.05 2.10 2.15 2.20

12 8

111

5

4

3

0.76

0.78

0.80

0.82

 W
B

I (
N

A
O

 b
as

is
)

d(B···P)/Å 

6

7

Fig. 37 Correlation between Wiberg bond order indices (WBI) in the natural atomic orbital

(NAO) basis (calculated from the TPSS Kohn-Sham determinants) and internuclear boron-

phosphorus distances for compounds with known crystal structures. The straight line represents

a linear regression with a R2 value of 0.88
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experiments lend further support to the presence of covalent interactions between the

acid and base centers in the intramolecular adducts investigated.

The most practical application of REDOR or REAPDOR experiments is the

determination of internuclear B···P distances in FLPs not accessible to single crystal

X-ray crystallography. Examples for such species include FLP materials that are

disordered, amorphous or polymeric, adsorbed on surfaces, embedded in solid

matrices, or distributed in other forms of nanocomposite matter. Figure 39 shows

an application for compound 13. Even though the compensation method does not

perform well at long evolution times and the corrected data diverge from the

simulated curve, the oscillatory part is hardly affected. Neglecting the anisotropic

a b c

d e f

Fig. 38 11B{31P} REDOR and CT-REDOR curves (REDOR data points: filled triangles,
compensated REDOR data points: filled squares, calibration factor a ¼ 1.8 in the case of the

REDOR experiment) for the intramolecular B/P adducts 1 (a, d) and 6 (b, e) and for the

intermolecular adduct 11 (c, f). The simulation details are given in Table 5

Table 5 B···P distances from crystallography and “best-fit” values obtained from the oscillatory

part of the 11B{31P} REDOR curves, neglecting the influence of anisotropic J-coupling
interactions (DJ ¼ 0). Numbers given in parentheses are such best-fit values from CT-REDOR

data. Perfect agreement between the experimental and simulated REDOR and CT-REDOR curves

based on the crystallographic B···P distance can only be achieved if a contribution arising from the

J-coupling anisotropy (DJ) is included in the simulations, and the corresponding “best-fit” values

of DJ are listed

dcryst. (B···P)/Å dREDOR (B···P) (dCT-REDOR (B···P))/Å DJREDOR (DJCT-REDOR)/Hz

1 2.115(2) 2.18 (2.14) 150 (60)

3 2.038(3) 2.06 (2.13) 60 (219)

4 2.038(7) 2.06 (�) 60 (�)

6 2.026(2) 2.06 (2.06) 80 (80)

9 – 2.20 –

11 2.180(6) 2.29 (2.29) 200 (200)

13 – 2.20 –
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J coupling contribution to the REDOR curve leads to a distance of 2.20 Å, whereas

assuming a DJ-value of 60 Hz would lead to 2.17 Å. Unconstrained DFT

calculations (TPSS-D3(BJ)/def2-TZVP) for compound 13 lead to a boron-

phosphorus distance of 2.197 Å in excellent agreement with these results. Figure 40

shows the 11B{31P} REDOR curve for the extremely reactive FLP 9. Although the

oscillation of the curve is significantly damped in comparison to those of other

FLPs (most probably due to the fluxional character leading to a distribution of

structurally slightly different species), it can still be used for a distance determina-

tion leading to a B···P distance of 2.20 Å, which is also in good agreement with

unconstrained DFT calculations [9]. Alternatively one could calibrate the technique

by comparing the REDOR curve obtained on the compound of interest to one

measured for an FLP with a crystallographically well-characterized B···P distance.

Since the variations in the DJ values are moderately small, the calibration procedure

then already accounts for potential systematic errors caused by the J-anisotropy.
For systems with longer B···P distances, the oscillatory part of the REDOR curve

may not be experimentally accessible (owing to transverse relaxation or damping

by multi-spin interactions). In this case, the analysis must focus on the initial

curvature of the REDOR dataset measured at short evolution times. With regard

to this part, we have noticed a subtle distortion of the experimental REDOR curves

in the sense that the extent of the initial dephasing in the limit of small dipolar

evolution times falls slightly below the extent of dephasing predicted from the

oscillatory part (see Figs. 39 and 40), i.e., both parts of the REDOR curve would

actually result in slightly different values of effective dipolar coupling constants.

We speculate that these distortions result mainly from heteronuclear interactions

with the homonuclearly coupled proton spin reservoir [62] and/or other systematic
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Fig. 39 11B{31P} compensated REDOR curve (filled squares) and REDOR curve (filled triangles)
for the B/P adduct 13 (spinning frequency 14 kHz). The SIMPSON simulation (solid red curve)
assumes a B···P distance of 2.20 Å and is based on experimental 31P anisotropic magnetic shielding

parameters (Ds ¼ 58 ppm, �s ¼ 0.68). Including a DJ ~ 60 Hz leads to a B···P distance of 2.17 Å.

In the case of long evolution times (>3 ms) the compensation method does not perform well
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errors as already described in the literature [63–65]. The origin of these deviations

can be explored by conducting these REDOR experiments with 1H multipulse

decoupling or on perdeuterated compounds, to be examined in future work. For

the measurement of internuclear distances in unknown materials, the effect can

again be eliminated by reference compound calibration.

7 Conclusions

We have described the utility of solid-state NMR techniques for the structural

characterization of Frustrated Lewis Pairs (FLPs) allowing both the determination

of structures and the analysis of their reaction behaviors using the information

obtained on a local level. We have highlighted the high sensitivity of various NMR

interaction parameters to the strength of electronic interactions (bonding) between

the Lewis acid and base functionalities: the stronger this interaction, the lower are

the isotropic 11B chemical shift values, the smaller are the quadrupolar coupling

constants, and the larger are the values for the indirect 31P-11B spin–spin coupling

constants. For illustrating these effects, we have explored a large variety of FLPs

and related compounds ranging from the series of substituted vinylene-bridged

P/B adducts, extremely reactive intramolecular P/B systems, inactive classical

Lewis acid/base adducts to phosphirenium borate zwitterions isolated as stable

intermediates during the 1,1-carboboration reaction. Our results are supported and

interpreted in a more profound way by performing DFT calculations of the NMR

parameters mentioned above, which show in most cases excellent agreement with
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Fig. 40 11B{31P} compensated REDOR curve (filled squares) and REDOR curve (filled
triangles) for FLP 9 (spinning frequency 14 kHz). Additionally, SIMPSON simulations assuming

B···P distances of 2.10 Å (red curve), 2.20 Å (black curve), and 2.30 Å (blue curve) are shown. The
best agreement in the oscillatory part is found for a B···P distance of 2.20 Å
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the experimentally determined values. In particular, quadrupolar coupling

parameters are calculated with high accuracy on a GGA level for single molecules

in the gas phase, revealing only a small tilting of the largest principal electric field

gradient, Vzz, away from the boron-phosphorus director. This behavior is responsi-

ble for the remarkable dependence of quadrupolar coupling constants on the boron-

phosphorus distances, allowing one to interpret them as a physical parameter for

quantifying “frustration”.
31P{1H} CPMAS NMR experiments for the series of substituted vinylene-linked

P/B adducts reveal in most cases the influence of indirect 31P-11B spin–spin

couplings, manifesting themselves by asymmetric peak splittings in the MAS-NMR

line shapes. Those J-coupling constants are on the order of 50 Hz (in close agreement

with DFT calculations) and are attributed to 1J-spin–spin interactions directly

pointing to a weak covalent bond between both Lewis centers. Field-dependent

analysis of the 31P MAS-NMR lineshapes for nearly all the FLPs investigated

illustrate that the observation of residual electron density is rather general. These

results are complemented by 11B{31P} REDOR and CT-REDOR experiments which

suggest the influence of non-zero contributions of the J-coupling tensor anisotropy,

again confirming the interaction between the Lewis centers. By taking DJ-values on
the order of 100 Hz into consideration, such REDOR studies allow an accurate and

precise determination of boron-phosphorus distances in FLPs, including those that

are crystallographically inaccessible. Examples for such species include materials

that are disordered, amorphous, or polymeric, adsorbed on surfaces, embedded in

solid matrices, or distributed in other forms of nanocomposite matter.

From the results of this study it is clear that the term “frustration” does not mean

the complete suppression of covalent bonding interactions. It remains to be

investigated in detail, how “weak” or “strong” these electronic interactions should

be for optimizing catalytic reactivity and selectivity. Clearly, the B···P internuclear

distance is a reliable predictor only for those cases where it is controlled by the

strength of this interaction within series of closely related compounds and where

other aspects of the geometry are the same. Besides the fact that an optimum

distance will clearly also depend on the kind of substrate chosen to be bound,

activated, or dissociated, another important control parameter may be the orienta-

tion of the electric field gradient (and the electronic density distribution) relative to

the B···P vector. While for the inactive intermolecular adducts 11–13 these

directions coincide, all the active intramolecular FLPs have in common that there

is a ~20� tilt in relative orientation. Another factor enhancing the reactivity of an

FLP may be the conformational flexibility (fluxionality) of the molecule. When

such fluxionality is preserved in the solid state, as may be the case for compound 9

in the present study, the NMR parameters are affected as well, thereby influencing

their correlations with the internuclear B···P distance. Such fluxionality in the solid

state may in fact be desirable, particularly for molecular FLP catalysts adsorbed on

surfaces or contained in nanocomposites. The continued refinement of existing and

the development of new NMR strategies for characterizing structure, bonding and

molecular dynamics of such systems will be an important subject of further

investigations.
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