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Preface

Guanidines, the all-aza analogues of carbonic acids, represent a fascinating group
of molecules with unique chemical and physical properties. Just as the well-known
amidines, guanidines are exceedingly strong Brgnsted bases and are therefore even
referred to as “superbases.” Moreover, guanidines can exhibit strong Lewis-basic
properties and thus serve as electron-pair donors and ligands. After protonation, the
highly stabilized guanidinium cation is often used as a powerful, bidentate H-bond
donor, capable of tight binding and activation of a variety of H-bond acceptors such
as carbonyl groups. Finally, guanidinium cations can also be regarded as Lewis-
acidic species which can act as n-Lewis acids.

Guanidines and their corresponding protonated species are thus capable of
exhibiting all four basic chemical functionalities: free bases are Lewis and Brgnsted
basic, while cations are Lewis and Brgnsted acidic, all connected by a simple proton
transfer.

Besides this obvious potential for synthetic applications, guanidines are also a
challenging target for synthetic endeavors, mainly due to their highly basic charac-
ter. In the first volume of Guanidines as Reagents and Catalysts, we thus wanted to
open with an overview of Prof. Rozas, which introduces the reader to principal
techniques for guanidine synthesis and offers a first glimpse on the potential of
guanidines in biological applications.

A main topic of Vol. I concerns the use of guanidines as synthetic reagents or,
more specifically, as organocatalysts. We are introduced into this topic with a
chapter by Prof. Ishikawa, a pioneer of guanidine organocatalysis and also the
inventor of one of the very rare examples of a commercially available guanidine
catalyst, “Ciba-G.” Ciba-G is also already highlighting the importance of multi-
functional activations in guanidine organocatalysis, a most important concept,
which is further illustrated by the works of Prof. Takemoto in the following chapter.

Turning the focus from catalyst structures to synthetic applications, Prof. Najera
will elaborate on a pivotal guanidine-catalyzed reaction, i.e., the Michael addition,
which makes formidable use of both the Brgnsted basic and the H-bond donating
properties of the guanidine and guanidinium cation. In the following chapter,
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structures of guanidine organocatalysts are taken to the next level by Prof. Tan and
his introduction of bicyclic guanidine organocatalysts. These synthetically useful,
as well as aesthetically pleasing structures show us that highly efficient catalysis
may not be strictly contingent upon multifunctional activation, and steric effects
around an isolated guanidine moiety can be sufficient to achieve excellent results.
While Prof. Tan’s work focuses on sterically rigid, mono-functional catalysts, a
quite antipodal approach, using highly flexible guanidines with multiple functional
groups attached, is shown to succeed just as well in the final chapter of Vol. I by
Prof. Nagasawa.

While the majority of Vol. I deals with guanidines as reagents and catalysts in
the field of organic synthesis, the potential uses of guanidines certainly go far
beyond that. In the second of these two volumes a focus is placed on the specialized
applications of guanidines. In the first chapter Prof. Concellon and Prof. del Amo
show us their works on structurally simple guanidinium salts to effectively modify
reactions catalyzed by the classic organocatalyst L-proline, demonstrating the
design of elaborate new catalyst structures is not necessarily mandatory to benefit
from guanidine catalysis. Guanidine organocatalysis is also involved in an indus-
trially useful field, namely the nucleophilic activation of CO, as a sustainable C1-
building block. Prof. Pérez Gonzdlez presents this “green” use of guanidine cataly-
sis in the following chapter.

Further highlighting the potential uses of guanidines outside traditional organic
synthesis Prof. Oppel presents guanidines as ligands for super-molecular metal-
based frameworks, and the synthetic potential of such guanidinium-metal
complexes is explored by Prof. Herres-Pawlis, exemplified in their use as highly
active polymerization catalysts. Finally, at the end of this volume, Prof. Himmel
takes us far beyond our focus on synthetic organic chemistry with his chapter on the
unique electronic properties of anionic guanidinates and their complexes.

In summary, it was our goal to show that guanidines, guanidinium salts, and
guanidinates offer a very diverse range of reactivity and thus great potential for a
wide variety of uses. While still being regarded as a rather exotic class of molecules
in the field of organocatalysis, especially in comparison to the prominent field of
proline-induced imine/enamine activation or H-bond catalysis enabled by
thioureas, the potential of guanidines as reagents and catalysts as well as the door
to novel applications is certainly wide open. Currently, in the mid-2010s, guanidine
chemistry is a highly dynamic and rapidly developing field of research, and we can
expect exciting new developments in the future. Guanidines as reagents and
catalysts are here to stay and will continue to show up as versatile and valuable
tools both in and beyond organic chemistry.

Linz, Austria Philipp Selig
November 2016
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Cooperative Guanidinium/Proline
Organocatalytic Systems

Carmen Concellon and Vicente del Amo

Abstract Organocatalysis is nowadays recognized as the third pillar of asym-
metric synthesis, standing next to metal catalysis and enzymatic transformations.
Proline has shown up as an ideal organocatalyst, being inexpensive and readily
available. However, this amino acid has also manifested its limitations. Compared
to the chemical modification of proline, the approach through adding small
hydrogen-bond-donating cocatalysts to interact with proline is particularly attrac-
tive. Various additives have been investigated to date. This chapter discloses the use
of guanidinium salts as additives for proline, investigated in the course of proline-
catalyzed aldol reactions.

Keywords Guanidinium salts ¢ Organocatalysis ¢ Proline ¢ Supramolecular
chemistry
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2 C. Concellén and V. del Amo
1 Brief Introduction to Organocatalysis and Its Limitations

During the last decades, the demand of enantiomerically pure synthetic products
has grown exponentially. This request has made asymmetric catalysis the most
active area of research in contemporary organic chemistry. Illustratively, 81 of the
200 blockbuster drugs by worldwide sales are enantiopure substances.

Traditional asymmetric catalysis relies on the use of transition metal complexes
(organometallic chemistry), or enzymes (biocatalysis). However, recently, a third
type of catalysts has appeared: the organocatalysts, with its associated discipline
asymmetric organocatalysis. This consists in the use of catalytic or substoichio-
metric amounts of simple organic molecules to carry out highly enantioselective
processes that take place in the absence of metallic elements. The use of organo-
catalysts shows a number of advantages over the utilization of transition metal
complexes: lower toxicity, low environmental impact, and absence of metallic
elements which present potential contaminants in final products, many of them
synthesized for human or animal intake. Similarly, organocatalysts display advan-
tages over the use of enzymes, which come at a significantly higher prize and scarce
availability.

Projects dealing with organocatalysis can be framed inside Green Chemistry and
Sustainable Chemistry schemes. The concept of Sustainable Chemistry (in many
occasions synonymous with Green Chemistry) refers to actions aiming to improve
the efficiency in the use of natural resources. Consequently, it comprises the design
and implementation of new chemical processes and transformations operating in a
more efficient, safer, and more environmentally friendly way. Having the intention
of pursuing those goals, Sustainable Chemistry has been formulated in 12 univer-
sally accepted principles, put forward by Anastas and Warner [1, 2]. Organo-
catalytic processes satisfy several of them: high atomic efficiency, the use of
reagents of low or nontoxicity, little generation of residues, and the use of reagents
in catalytic amounts. Moreover, the E-factor values of these processes are remark-
ably low, which is of interest for industry. The E-factor quantifies how toxic/benign
a particular chemical process is and is expressed as the ratio of generated waster per
kilogram of product produced.

The use of small organic molecules as catalysts in chemical transformations can
be tracked back as far as the nineteenth century, to the pioneering works of Emil
Knoevenagel [3—6]. It wasn’t however until the year 2000, with the findings of List,
Lerner, and Barbas on the potential of proline as a catalyst for the intermolecular
aldol reaction [7] and those of MacMillan [8], when the research in organocatalysis
commenced as a separate and well-defined field. Since then, the interest of the
scientific community over this discipline has been phenomenal. Nowadays, the
number of publications and literature reviews dealing with different aspects of
asymmetric organocatalysis is extraordinarily large. It is far from the objectives
of this monograph to cover the multiple and colored possibilities of this field.
Nonetheless, the following selected citations (literature reviews) can summarize
the state of the art of the discipline [9-23].
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Considering their low price and ready availability and based on the study of List
[7], proline, or other natural amino acids, would be the first-choice organocatalysts.
These naturally occurring compounds are cheap, are readily available in both
enantiomeric forms, and can be used for a wide range of synthetic transformations.
However, amino acids also present some major drawbacks as organocatalysts,
namely, rather limited solubility and reactivity in nonpolar organic solvents, and
parasitic side reactions that make using high catalyst loadings necessary to achieve
acceptable conversions. To avoid these undesired issues, large efforts have been
devoted to the careful design (assisted by molecular modeling) and synthesis of
novel tailor-made catalysts. In this sense, the structures shown in Fig. 1, collected
from the references cited above, represent some of the thousands of different
catalysts that have recently been used in organocatalytic processes. Such processes
make use of a classical approach to the phenomenon of catalysis, where a certain
novel asymmetric organocatalyst is designed, synthesized, and applied to a partic-
ular transformation. The efficiency of the catalyst in question is evaluated in terms
of chemical yield, diastereoselection, and/or enantioselection for the product
obtained. If the results are unsatisfactory, a second-generation organocatalyst
(typically based on the original motif) is redesigned and resynthesized, for being
once again evaluated. This type of iterative approach is unattractive for industry,
which cannot afford testing every single catalyst on a particular reaction, and also
constrained by both economic and time limitations. It has to be noted that the
preparation of structures like those represented in Fig. 1 is not trivial and normally
encompasses considerable synthetic efforts. Moreover, before having found a
good catalyst, many analogues of a proposed design are normally prepared and
evaluated.

2 Additives Used for Proline in Organocatalyzed Reactions

An alternative to the classical approach discussed above consists of adding simple,
readily available additives to reactions containing known catalysts, ideally proline,
whose behavior is thus reevaluated under the new reaction conditions. This late
strategy is significantly beneficial in evading tedious chemical syntheses and would
ultimately allow the construction of libraries of catalytic systems by simply chang-
ing the additives of choice. Moreover, the possibility of testing various additives in
parallel with the aid of high-throughput screening methods is particularly appealing
(for high-throughput screening methodologies of additives in organocatalyzed
reactions, see [24-26]).

With the aim of avoiding the use of synthetically elaborated organocatalysts,
various researches have recently embraced the look for rational additives capable of
enhancing the reactivity and selectivity of off-the-bench catalysts, particularly (S)-
proline, in different organic transformations. The classical proline-catalyzed cross-
aldol reaction between cyclic ketones and aromatic aldehydes (Scheme 1) [7] and to
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Fig. 1 Structure of (§)-proline (1) and examples of other structures used as organocatalysts

a lesser extent the proline-catalyzed addition of ketones to [-nitro-styrene
(Scheme 2) [27] have been adopted as paradigms for testing multiple additives.

So far, it has been demonstrated how the addition of catalytic or substoichio-
metric amounts of inorganic Lewis acidic salts [28-35], Brgnsted acids [36], water
[37-40], chiral alcohols (BINOL or tartrates) [41, 42], achiral alcohols [43], ureas
[44], thioureas [45-52], thiouronium salts [53], and imidazolium salts [54] increase
the reactivity, efficiency, and selectivity of proline in cross-aldol reactions in
comparison to the seminal report of List [7]. Additionally, ureas and thioureas
have also been investigated to partner (S)-proline in the catalytic addition of
ketones to B-nitro-styrene [49, 55, 56]. Although a full-bodied picture of the role
played by these additives in the mechanisms of the reactions shown in Scheme 1 has
not been disclosed, it seems clear that in nonpolar solvents, a network of hydrogen-
bonding interactions between the carboxylate function of proline, the corres-
ponding additive, and the reaction substrates in the transition state is established.
Based on this hypothesis, Demir and co-workers proposed a transition state character-
ized by the formation of a doubly hydrogen-bonded complex [Schreiner’s thiourea
2 [57] - proline 1], for the thiourea 2/proline-catalyzed aldol reaction between cyclo-
hexanone and aromatic aldehydes (Scheme 3) [45]. The establishment of such a
complex would be ultimately responsible of the high selectivity observed for the
process.
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Scheme 1 Proline-catalyzed cross-aldol reaction, commonly used as a model to evaluate different
additives
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H
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Scheme 2 Proline-catalyzed addition of ketones to B-nitro-styrene, commonly used as a model to
evaluate different additives

0.
o (S)-proline (1, 10 mol %) Q\/ H. O OH
Thiourea 2 (10 mol%) R \(O/H \O\H N F, N
+ ArCHO —— ‘N s L :
Hexane, rt, 16 h H
ee up to >99%

FsC dr=96:4

Scheme 3 Demir’s (S)-proline/thiourea 2-catalyzed aldol reaction between cyclohexanone and
aromatic aldehydes. The proposed reaction intermediate is represented

3 Guanidinium Salts as Additives for Proline
in Organocatalyzed Reactions

3.1 Cross-Aldol Reaction Between Cyclic Ketones
and Aromatic Aldehydes

Inspired by the aforementioned contributions [28-52, 54] and particularly by the
work of Demir [45], back in 2010, our group started to explore the feasibility of
using guanidinium salts as novel additives for proline in classical organocatalyzed
reactions. In order to compare our results with those reported by other methodo-
logies, we also adopted the direct cross-aldol reaction between cyclic ketones and
aromatic aldehydes as a model (Scheme 1). We founded our work on the probed
ability of guanidinium salts in binding carboxylic acids and carboxylates, amply
documented in the literature [58—61]. Also, backing up this idea, ionic liquids based
on guanidinium cores, although not used in a catalytic manner, were demonstrated
to be superb solvents for proline-promoted aldol reactions [62].
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3-(E,E) 3-(E,2)

Fig.2 Conformations of a general tetrasubstituted guanidinium cation 3. Bold arrows indicate the
direction in which H-bonds could be formed

Tetrasubstituted guanidinium cations can form H-bonds with appropriate part-
ners. The conformation of the guanidinium motif, thus the directionality of the
H-bonds, is ultimately determined by steric and stereoelectronic factors imposed by
its substituents. Figure 2 shows the three possible conformations (named after
(E\E), (E,Z), and (Z,2)) of a general tetrasubstituted guanidinium cation 3 and the
directions amenable to H-bond formation.

In acyclic guanidinium salts, the three conformers represented in Fig. 2 can
interconvert into each other by the successive rotation of C—N bonds. However,
only the (E.E)-conformer is capable of forming well-defined complexes with
carboxylates or other oxoanions. Bearing this in mind, we judiciously choose for
our study guanidinium salts derived from the bicyclic guanidine TBD (triazabicyclo
[4.4.0]dec-5-ene, 4, Fig. 3), which are conformationally restricted and have a
suitable geometry for hydrogen bonding.

TBD is readily available from commercial suppliers and is a reasonably in-
expensive base,' intensively investigated as catalyst for various transformations
[63—72]. This guanidine, in which the nitrogen atoms are embedded within a
decaline core, shows high rigidity and conformational restriction. When TBD 4 is
protonated, its corresponding guanidinium cation 5 (Fig. 3) presents a single (E,E)-
conformation, with a pair of acidic hydrogen atoms preorganized according to a
donor—donor (DD) pattern, which can form doubly H-bonded arrays with an
appropriate acceptor—acceptor (AA) partner (i.e., a carboxylate anion) (Fig. 3).
Such motifs are stabilized not only by primary and secondary H-bonding inter-
actions but also through coulombic forces, as a consequence of the formation of an
electroneutral ionic pair. This results in supramolecular complexes
[guanidinium - carboxylate] typically displaying high association constants [73]
even in competitive polar media, which are generally larger than those measured
for structurally related complexes [urea - carboxylate] or [thiourea - carboxylate].

We started off preparing a battery of guanidinium salts Sa-5g, with anions
featuring different geometries, bulkiness, and electronic properties (Fig. 4). Utili-
zing salts 5 as additives for proline in the direct cross-aldol reaction represented in
Scheme 1, we postulated that the guanidinium cation of § could form doubly
H-bonded motifs with the carboxylate function of proline (Fig. 4, model A),
as well as with the carbonyl moieties of the ketone (Fig. 4, model B), and the

''5g, 36 € (Sigma—Aldrich catalogue; April 2015).
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TBD, 4 X L
00~
5 ¥
CHg

[5-acetate]

Fig. 3 Structure of guanidine TBD 4 (/eft), its corresponding guanidinium cation 5 (center), and
the supramolecular complex [guanidinium -acetate] (right) with indication of its H-bond
interactions

aromatic aldehyde (Fig. 4, model C), thus enhancing their electrophilicity. More-
over, the participation of the anion counterpart X~ of salt 5 could be also presumed.
In fact, our studies have demonstrated that the anion accompanying the guanidi-
nium core of salt 5 was indeed crucial in the reaction outcome of the guanidinium
salt/proline-catalyzed aldol reaction.

3.1.1 Studies on the Tetrafluoroborate Guanidinium Salt 5a (5,
X=BF,")

From the compounds 5a—S5i represented in Fig. 4, the tetrafluoroborate guanidinium
salt Sa denoted being an outstanding additive for (S)-proline in the direct proline-
catalyzed cross-aldol reaction [74]. Experimental conditions were optimized for the
reaction occurring between cyclohexanone and 4-chlorobenzaldehyde 6a to render
the aldol adduct 7a (Table 1). Looking for an inexpensive and green process, it was
decided to avoid the use of any organic solvent apart from a moderate excess of
cyclohexanone (tenfold excess), which acted as both reagent and reaction media.
Organocatalyzed aldol reactions operating under solvent-free conditions are parti-
cularly interesting and therefore sought after (for recent examples of organo-
catalyzed aldol reactions carried out under solvent-free conditions, see [75-85]).
The best reaction conditions implied utilizing 15 mol% of proline 1 and 10 mol
% of tetrafluoroborate guanidinium salt Sa. The aldol reaction proceeded better at
0°C than at room temperature, although it required longer times (Table 1, entries
1 and 2). Interestingly, when a suspension of aldehyde 6a, (S)-proline (15 mol%),
and additive Sa (10 mol%) in cyclohexanone was left to stand for 96 h inside a
standard laboratory fridge (temperature ranging 0-3°C) without stirring or mecha-
nical agitation, aldol 7a was rendered in 96% conversion, with a relation of dia-
stereoisomers 96:4 (anti/syn) peaking at 98% enantiomeric excess (Table 1, entry
3). Small differences were appreciated in terms of diastereo- and enantioselectivity
of product 7a when reaction mixtures were stirred at 0°C (Table 1, entry 2), or
alternatively when they were left to stand inside the fridge at 0—3°C without any
sort of agitation. However, the later protocol was favored, being significantly
straightforward and avoiding the use of cryogenic baths for prolonged times.
Moreover, there was no indication of any irreproducibility of results. Blank
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M :
5a, X = BF - 0.0 J.i JP\
5b, X = BPh,” o RR H > Ar
5¢, X = PFg g/Nf B c
5d, X = SbFg" H
5e, X = NTfy" A
5f, X = CF,CO,°
5g, X = CI"
5h, X =Br-
5i, X = I-

Fig. 4 TBD-derived guanidinium salts Sa—i studied as additives for proline. Possible doubly
H-bonded motifs formed by interaction of the TBD-derived guanidinium core with the carboxylate
function of ($)-proline (model A), or the carbonyl moiety of a ketone (model B), or an aromatic
aldehyde (model C)

Table 1 Initial screening of conditions for the guanidinium salt Sa/proline system in the forma-

tion of aldol 7a
N
(\l /j BF4-
N ).\N
H H

(5a, 10 mol %)

9 . Q‘COZH (1,15mol%) O OH
O oge!
cl neat 2 cl
6a 7a
Entry Temp. (°C) Time (h) Conv. (%)* anti:syn ee (%)b
1 20 48 99 76:24 82
2 0 96 98 93:7 96
3¢ 0-3 96 96 94:6 98
44 0-3 96 81 69:31 54

Reaction conditions: cyclohexanone (10 equiv.), 6a (1 equiv.), (S)-proline (1, 15 mol%), 5a
(10 mol%), and no solvent (neat); reaction mixture was stirred unless otherwise stated.
Table figures represent an average of two experiments

“Conversion of aldehyde 6a (limiting reagent) into aldol adduct 7a

®Enantiomeric excess of the major (anti) diastereoisomer

“The reaction mixture was left to stand inside a fridge (0-3°C) without stirring

dGuanidinium salt 5a was not added

experiments, without the participation of additive 5a, presented modest figures of
chemical conversion, diastereo- and enantioselectivity of adduct 7a (Table 1, entry
5), hence confirming the advantageous effect of the guanidinium salt under such
rather mild reaction conditions.

The scope of this aldol protocol was established by reacting a collection of
aldehydes 6b—h bearing diverse functional groups and substitution patterns with
cyclohexane, or other ketones, under the ideal reaction conditions presented in
Table 1, entry 3. Table 2 gathers the results obtained. Aldols 7b—f, derived from
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Table 2 Scope of the (S)-proline/guanidinium salt Sa co-catalyzed synthesis of aldols
N
(\l /j BFA-
N Jo\ N
H H

(5a, 10 mol %)

o Q‘CO2H (1, 15 mol %) O OH

HH + ArCHO N Ar

t,0-3°C, 96 h R R
ROR 6b-h rl\]l%aSTIRRING!
Entry ArCHO Product Yield (%)* anti:syn ee (%)b
1¢ 6b 4-NO,—C¢H, 7 7 92 92:8 99
g NO,
2° 6¢ 4-CO,Me—CgH. 7 86 92:8 99
C hMe—Lehly m 7e
CO,Me
¢ 4-Br—Cg¢H 7 4 :
3 6d 4-Br—-CgH,4 é/k@ 7d 9 97:3 99
4° 6e 2-OMe—CgH, 7 OMe7e 87 95:5 98
5¢ 6f 3-C1-C4H, %u 94 96:4 98
7t
C _ O OH .
6 6g 2-furyl é/Hﬁk 73 86:14 91
7¢ 6h 2-Thiophenyl 7 ™ 7h 70 937 90
PN
84 6b 4-NO,—C4H, PN 81 86:14:0:0 |97
! 8b
NO,
9¢ 6b 4-NO,—C¢H, 3 84 74:26 98
! 9b
10f 6b 4-NO,—C¢H 7 88 - 74
2 6114 )U\©\ 10b
NO,

Reaction conditions: ketone (10 equiv.), aldehyde (1 equiv.), (S)-proline (1, 15 mol%), Sa (10 mol
%), and no solvent (neat); reaction mixture was left to stand inside a fridge (0-3°C) for 96 h
without stirring

“Tsolated yield of analytically pure products

®Enantiomeric excess of the major (anti) diastereoisomer

“Cyclohexanone was used as ketone

94-Methylcyclohexanone was used as ketone

°Cyclopentanone was used as ketone

fAcetone was used as ketone

cyclohexanone (Table 2, entries 1-5), were isolated in good or very good yields,
and with very high diastereo- and enantioselectivity. Particularly relevant are aldols
7g and 7Th, prepared from 2-furfural and 2-thiophenecarboxaldehyde, respectively,
which are challenging substrates for the direct aldol reaction (Table 2, entries 6 and
7). 4-Methylcyclohexanone was successfully desymmetrized by means of this
methodology, affording aldol 8b with high diastereo- and enantioselectivity, in a
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Table 3 Direct aldol reaction without the addition of guanidinium salt Sa

o) &COZH (1, 15 mol %) O OH

N
+ ArCHO B Ar
neat, 0-3°C, 96 h 2

6b-d NO STIRRING! 7b-d
Entry ArCHO Product Conv.(%)* anti:syn ee (%)b
1 6b 4-NO,—CcHy4 g b >99 85:15 n.d.®
g NO,
2 6¢ 4-CO,Me—CgHy (‘u’:ji@ . 56 76:24 95
: c
g COMe
3 6d 4-Br—C¢Hy 7 26 69:31 94
- 7d
44 6b 4-NO,—C¢Hy e 93 38:62 92
; 9b

Reaction conditions: ketone (10 equiv.), aldehyde (1 equiv.), (S)-proline (15 mol%), and no
solvent (neat); reaction mixture was left to stand inside a fridge (0-3°C) for 96 h without stirring
“Conversion of aldehyde 6 (limiting reagent) into aldol adduct

®Enantiomeric excess of the major (anti) diastereoisomer

“Enantiomeric excess was not determined, hampered by impurities

dCyclopentanone was used as ketone

process where the absolute configuration of three stereogenic centers is fixed
(Table 2, entry 8). Reactions carried out with cyclopentanone or acetone were
also successful.

To further confirm the positive effect of the tetrafluoroborate guanidinium salt Sa
on the course of the reactions outlined in Table 2, some were repeated under strictly
analogous conditions using only (S)-proline as a single catalyst (Table 3). As it was
anticipated, all aldol reactions performed without additive Sa showed lower conver-
sion as well as poorer diastereoisomeric ratios and enantiomeric excesses.

It is important to mention that, as we have observed, all transformations imply-
ing the proline/guanidinium salt Sa methodology are heterogenous, some (S)-
proline remaining precipitated at the bottom of the reaction vessels along the
reaction course. Literature reports have presented the behavior of proline as organo-
catalyst under heterogenous conditions ([86], and reference therein), and it is
accepted that a saturated solution of the amino acid is equilibrated with a crystalline
phase. Accordingly, we considered in our system the presence of some (§)-proline
dissolved in cyclohexanone (or either of the other ketones employed), ultimately
responsible of controlling the reaction course. Indeed, high-field '"H NMR experi-
ments have confirmed that the guanidinium salt Sa significantly favors the dissolu-
tion of proline in acetone-dq. Figure 5a shows the spectrum of guanidinium salt Sa
in acetone-dg at C =75 mM, a concentration close to that featured in the experi-
ments of Table 2. When equimolar amounts of (S)-proline were added to the former
solution and the corresponding "H NMR spectrum was recorded, a deshielding of
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Fig.5 (a) "H NMR spectrum (300 MHz, acetone-dg) of guanidinium salt 5a (¢ =75 mM). (b) 'H
NMR spectrum (300 MHz, acetone-dg) of guanidinium salt Sa (¢ =75 mM) and (S)-proline
(c =75 mM)

the resonances attributed to the N-H functions of guanidinium salt 5a was
observed, together with resonances of the amino acid showing up (Fig. 5b). It is
important to note that proline itself, in absence of the guanidinium salt, is
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completely insoluble in acetone-ds. These data confirmed the entity of the complex
[proline - 5a], which, in turn, served to validate the model A proposed in Fig. 4.

Granted the solubility of proline, the stereochemical outcome of the reaction was
explained assuming that it operates through a Zimmerman—Traxler-type transition
state. Similar reaction intermediates have been proposed by other authors. There-
fore, the formation of a 1:1 complex between the guanidinium cation of additive Sa
and the solubilized proline would stabilize the chairlike transition state 11 (Fig. 6),
which leads to the observed aldols and also accounts for their spatial configuration.
Profound molecular mechanics calculations carried out by the group of Li and
Cheng have recently given further support to the existence of the supramolecular
complex [proline - guanidinium salt], both in the gas phase and in nonpolar solvents
[87]. According to the authors, the calculated results predicted that the acidity of
proline could be increased by no less than 9 pK, units when it is assembled with the
H-bond-donating guanidinium cation. Such an increment of acidity would rational-
ize the dramatically enhanced activity of proline in the presence of the additive.
Notwithstanding with our mechanistic proposition and the suggestions of Li and
Cheng, issues such as the role played by the tetrafluoroborate counterpart of salt Sa
in the reaction mechanism are yet unclear. In any case, further experiments carried
out in our laboratory, discussed in Sect. 3.1.2, indicated that, as a matter of fact, the
anion does play a central role.

Soon after the publication of this work, the group of Cdérdova studied the effect
of adding guanidinium salt 5a, or alternatively other additives, on the outcome of an
aldol reaction between cyclohexanone and 4-nitrobenzaldehyde 6b catalyzed by a
O-silyl-protected threonine derivative 12 (Table 4) [88]. Reactions were carried out
in toluene at room temperature. Under this set of conditions, it was evident that
the concurrence of the additive did in fact not improve the performance of the
primary amino acid catalyst.

3.1.2 Studies on the Tetraphenylborate Guanidinium Salt 5b (5,
X=BPhy )

In the reactions shown in Table 2, syn-aldols were preferentially formed when the
TBD-derived tetraphenylborate guanidinium salt Sb replaced the tetrafluoroborate
salt S5a as cocatalyst for proline. This intriguing observation was further examined in
our laboratory [89]. The aldol reaction between cyclohexanone and
4-nitrobenzaldehyde, 6b, was adopted as a model to gain proper experimental
conditions that maximized the amount of syn-adduct produced. It was found that
when a suspension of 4-nitrobenzaldehyde 6b (1.0 equiv.), (S)-proline (1, 10 mol%),
and TBD-derived tetraphenylborate guanidinium salt Sb (15 mol%) in cyclohexa-
none (10.0 equiv.) was allowed to react for 120 h at 0-3°C inside a fridge without
stirring, the corresponding aldol adduct 7b was rendered in full conversion, with
moderate syn-diastereoselectivity (35:65 anti/syn) and excellent enantioselectivity
(93% ee, for syn-7b) (Table 5, entry 1). The stereochemistry of the product syn-7b
was assigned as (R,R) by comparison with literature values. Other aromatic aldehydes
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Fig. 6 Zimmerman—

Traxler-type transition state _ N

11 proposed to explain the Rw
observed stereochemistry of ~—{,-0770
aldol 7 in the proline/ H

tetrafluoroborate NN
guanidinium salt 5a- BF, &TN(\J
catalyzed aldol reaction N

Table 4 O-Silylated threonine 12/guanidinium salt 5a co-catalyzed aldol reaction

C I Joee
N+ N
H H

(5a, 20 mol %)
N
XSI 0
/krcozH
o) /@Ao NH, (12, 20 mol %) &/ﬁﬁ@\
[ j ON toluene (C = 0.25 M), 22 °C g NO,
6b 7b
Entry Time (h) Conv. (%)* anti:syn ee (%)°
1 27 82 (76) 92:8 98
2¢ 24 77 (64) 91:9 99

Reaction conditions: cyclohexanone (10 equiv.), 6b (1 equiv.), threonine derivative 12 (20 mol%),
5a (20 mol%), in toluene (¢ =0.25 M), 22°C

“Conversion of aldehyde 6b (limiting reagent) into adduct 7b in crude reaction mixtures. Isolated
yield of analytically pure products is given in brackets

®Enantiomeric excess of major (anti) diastereoisomer

“Guanidinium salt 5a was not added

6i—j decorated with nitro substituents and 4-cyanobenzaldenyde 6k were examined as
substrates for this reaction (Table 1, entries 2—4). Products 7i-k also displayed a
preferential syn-stereochemistry, peaking the anti/syn ratio at 25:75, and had enan-
tiomeric excesses above 90%. It has to be highlighted that limited work had been
done on the catalytic direct asymmetric aldol reaction aiming to render syn-adducts
[90-92].

When the additive 5b did not participate in the proline-catalyzed aldol reaction,
adducts 7b, i—k were rendered with poor conversion and significantly low diastereos-
electivity, the anti-configured products being favored (Table 6, entries 1-4). In
addition, the small amount of syn-adducts produced in the absence of guanidinium
salt Sb featured the absolute configuration (S,S), opposite to the examples shown in
Table 5. These observations demonstrated how the participation of the guanidinium
salt controls the stereopreference of the aldol reaction (for a general review on the
stereocontrol of asymmetric reactions, including organocatalyzed transformations,
see [93]). To our knowledge, only Yang and co-workers have presented another
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Table 5 (S)-Proline/ ¥
guanidinium salt Sb CJ'N\/U i
NoN- BPhs

co-catalyzed synthesis of

H H
syn-aldols derived from 5b (15 mol%)
cyclohexanone
Q‘COZH
H O OH
o (1, 10 mol%)
+ ArCHO ij/'\”
6b,ik NEAT, 0-3 °C, 120 h
No stirring!! )
7b,i-k
Entry | ArCHO Conv. (%)* | antiz:syn | ee (%)°
1 6b 4-NO,—C¢Hy | >99 (86) 35:65 93
2 6i 3-NO,—CcHy >99 (87) 34:66 96
3 6j 2-NO,—C¢H,y | >99 (92) 25:75 98
4 6k 4-CN-C¢H4 >99 (98) 35:65 91

Reaction conditions: cyclohexanone (10 equiv.), aldehyde
(1 equiv.), (S)-proline (1, 10 mol%), guanidinium salt Sb
(15 mol%), and no solvent. The reaction mixture was left to
stand inside a fridge (0-3°C) for 120 h without stirring
“Conversion of aldehyde 6 (limiting reagent) into aldol 7. Isolated
yield of analytically pure products is given in brackets
Enantiomeric excess of aldol adduct syn-7

organocatalytic system of this kind, where the diastereoselectivity of aldol reactions
is determined by the participation of different additives [94].

Taking as an example aldol 7j decorated with a nitro group in position 2 of the
aromatic ring and making use of the methodologies represented in Tables 2 and 5,
all four possible spatial configurations of this compound could be accessed with
excellent enantioselectivity by choosing the appropriate combination of either (S)-
or (R)-proline and either guanidinium salts Sa or Sb (Fig. 7). Moreover, considering
that the anti- and syn-diastereoisomers of product 7j were readily separated by
standard flash chromatography on silica gel, these four products could be isolated in
analytically pure form with high yield. Proline exerted the enantiocontrol on the
reaction, whereas the guanidinium salt additive controlled the diastereoselection. It
is worth noting that the paradigmatic organocatalyzed aldol reaction represented in
Scheme 1 has been explored in depth, almost to extenuation, and consequently both
anti- and syn-products have been studied and prepared independently. It was far
from our interest to present a novel methodology for the proline-catalyzed aldol
reaction but rather to demonstrate, as a proof of principle, how the judicious choice
of an additive for the most widely known off-the-bench organocatalyst, proline,
allows to gain access to either stereoisomer of a particular aldol product.

"H NMR Kkinetic studies, DFT calculations, and further experiments were carried
out in order to give an explanation for the unexpected syn-selectivity recorded in the
case of using the tetraphenylborate guanidinium salt Sb. In light of these experi-
ments, the reaction mechanism shown in Fig. 8 was proposed.
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Table 6 Direct aldol reaction between cyclohexanone and aromatic aldehydes 6b,i—k catalyzed
by (S)-proline, without the participation of tetraphenylborate guanidinium salts 5b

{y~cos

N

0 (1,10 mol%) O OH O OH

+ ArCHO < SAr * " Ar
6b,i-k NEAT, 0-3 °C, 120 h : :
No stirring!!

anti-7Th,i-k syn-7b,i-k
Entry ArCHO Conv. (%)* anti:syn ee (%)°
1 4-NO,~C¢H,6b 68 66:34 92 (95)
2 3-NO,—CgH,6i 51 72:28 96 (89)
3 2-NO,—C¢H,46j 76 90:10 99 (80)
4 4-CN-Cg¢H,46k 79 67:33 95 (94)

Reaction conditions: cyclohexanone (10 equiv.), aldehyde (1 equiv.), (S)-proline (1, 10 mol%),
and no solvent; reaction mixtures left to stand inside a fridge (0-3°C) for 120 h without stirring or
mechanical agitation

“Conversion of aldehyde 6 (limiting reagent) into aldol 7

®Enantiomeric excess of aldol adduct anti-7. The enantiomeric excess of adduct syn-7 is given in
brackets (a preferred (S,S) absolute configuration is observed for these later compounds, in
opposition to the (R,R) configuration of the adducts rendered according to the conditions of
Table 5)

Fig. 7 Combinations of
either (5)- or (R)-proline O OH NO, O  OH NO,
C e (s) (Methodology of Table 2) (R)
and guanidinium salt 5a or o~ 2
5b, employed for the 2 F,\*‘ /j
. . BE,
preparation of all_poss1ble (SR)-anti-Tj . J\N 4 (R.S)-antiT]
spatial configurations of ) D )
. . 96:4 (anti.syn) H H 5a 96:4 (anti:syn)
aldol product 7j according 99% ee 99% ee
to the methodologies shown (90%) (89%)
in Tables 2 and 5. Isolated
yield for each of the four & / \
stereoisomers in N~ TCOH N~ COH
analytically pure form is " i
) A (S)-proline (R)-proline
given in brackets
O OH NO, O OH NO,
R (Methodology of Table 5) (s) -
") 7S
T :
I Jem
(S,R)-anti-Tj NN (R,S)-anti-7
25:75 (anti-syn) T 5b 25:75 (anti-syn)
98% ee 98% ee
(69%) (68%)

Thus, on the one hand, anti-conformers would be afforded according to a
Zimmerman-Traxler-type transition state 13 (similar to intermediate 11 represented
in Fig. 6), stabilized by the establishment of a 1:1 complex between the guanidinium
cation of additive Sb and proline. This sort of intermediate was previously postulated
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Fig. 8 Reaction mechanism proposed for the aldol reaction between cyclohexanone and aromatic
aldehydes catalyzed by the system proline 1/tetraphenylborate guanidinium salt Sb

by others and by us to justify the high selectivity observed for anti products. On the
other hand, syn-aldols would be formed slowly and in small quantity through a high-
energy “misguided” transition state. While the anti-aldols seem to be far more stable in
the gas phase (according to DFT calculations), syn isomers possess lower free energies
under our experimental setup, being isolated as the major reaction products. Ruling out
an aldol/retro-aldol sequence, the channel that connects both diastereoisomers was
proposed to consist of a common proline-enamine intermediate, followed by its
subsequent hydrolysis. This hypothesis served to explain the high enantiomeric excess
observed for both anti- and syn-diastereoisomers. Nonetheless, it remains to be clarified
why syn-diastereoisomers could be more stable products under the reactions conditions
applied. The geometries of various adducts, optimized at the B3ALYP6-31G* level of
theory, showed how the anti adducts are stabilized by strong intramolecular hydrogen
bonds, between the oxygen atom of the ketone carbonyl group and the O-H in
B-position, accounting for 6.3—12.5 kJ/mol. The weak intramolecular interactions
calculated for the syn compounds were suggested to be compensated with stronger
intermolecular hydrogen bonds. Thus, considering the central effect played by the
counter anions of our TBD-derived additives, it was reasoned that replacing the small
and tightly bound tetrafluoroborate anion featured in Sa with the bulkier tetraphe-
nylborate of salt Sb allows the bicyclic guanidinium core of Sb to take part in large
hydrogen-bonding networks with the syrn-aldols. A mechanism like that depicted in
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Fig. 8 offers a full account for all the experimental observations regarding this proline/
guanidinium salt Sb system.

3.2 Cross-Aldol Reaction Between Chloroacetone
and Aromatic Aldehydes

The stereoselective construction of carbon stereocenters bearing halogenated sub-
stituents is a challenging synthetic task, particularly if organocatalytic methodo-
logies are to be employed [95]. For instance, a collection of organocatalysts
14 [96], 15 [97], 16 [98, 99], and 17 [100] had been surveyed on the direct aldol
reaction of chloroacetone and aromatic aldehydes, to render chlorohydrins 18
and 19 (Scheme 4). Catalysts 14-17 have to be prepared by cumbersome
sequences implying various synthetic operations and manipulations. Moreover,
structures such as 15 or 16 are based on expensive chiral building blocks
such as (§)-NOBIM ((S)-2-amino-2'-hydroxy-1,1’-binaphthyl) and (S)-BINAM
((§)-2,2'-diamino-1,1’-binaphthyl), respectively.

2-Chloro-3-hydroxy ketones 19, with two contiguous stereocenters, one of them
halogenated, has attracted more interest than their regioisomeric analogue 18.
However, the available methodologies which employ organocatalysts 14-17 only
achieved modest regioselectivities 18:19 and diastereoselectivities (ratio anti/syn
for compounds 19), except in the case of a few selected examples. Looking for an
alternative solution to this problem, we decided to study our proline/guanidinium
salt system on the reaction sketched in Scheme 4 [101]. Compared to the chemical
modification of proline or the de novo synthesis of other organocatalysts, an
approach employing hydrogen-bond-donating cocatalysts (guanidinium salts) to
interact with proline and form a supramolecular catalyst complex is very attractive.
Satisfyingly, under optimal reaction conditions, when a suspension of (§)-proline
(1, 15 mol%), tetrafluoroborate guanidinium salt Sa (10 mol%), and
4-nitrobenzaldehyde 6b in chloroacetone (again, it was opted to work in the
absence of organic solvent) was left to stand inside a standard laboratory fridge
(0-3°C) for 20 days without any sort of stirring or mechanical agitation, a mixture
of chlorohydrins 18b+19b was produced with good regio- (96:4, 19b:18b),
diastereo- (anti:syn-19b 91:9), and enantioselectivity (98% ee for anti-19b)
(Table 7, entry 1). Attempts to reduce the reaction time resulted in a severe decrease
in selectivity for the reaction product 19b.

A representative collection of aromatic aldehydes was reacted under analogous
conditions (Table 7, entries 2—11). With no exception, all reactions proceeded
smoothly with good conversion and high regio-, diastereo-, and enantioselectivity
for the desired products 19, independent of the nature of the substituents of the
aldehyde. This observation highlights the robustness and reproducibility of this
organocatalytic methodology. Moreover, blank experiments performed without
guanidinium salt Sa showed significantly poorer regio- and diastereoisomeric ratios
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Scheme 4 Organocatalysts 14-17 previously employed for the direct aldol reaction between
chloroacetone and aromatic aldehydes to afford a-chloro-B-hydroxy ketones (chlorohydrins) 18
and 19

for chlorohydrins 19, as well as poorer enantiomeric excesses, hence corroborating
the virtues of TBD-derived guanidinium salts as additives for proline in the
aldol reaction (Table 8).

Products 19, which probed to be unstable during chromatography and when
stored for prolonged times, were readily transformed into the corresponding chiral
a,p-epoxy ketones trans-20 according to a procedure described in the literature
[98]. Interestingly, conditions were found that permitted preparing such epoxides in
a one-pot procedure straight from chloroacetone and aromatic aldehydes (Table 9).

3.3 Cross-Aldol Reaction Between a-Azidoacetone
and Aromatic Aldehydes

Densely functionalized a-azido-fB-hydroxy ketones 21 are substances of consider-
able synthetic value which can be readily transformed into a broad variety of useful
building blocks [102]. Access to compound 21 can be gained by a base-promoted
aldol reaction of an a-azidoketone 22 and a non-enolizable aldehyde 23 (Scheme 5).
There are many reports in the literature describing this type of approach [103-106],
rendering the adduct 21 in optimum chemical yield, but featuring undesired mix-
tures of diastereoisomers. However, there were no previous works describing the
synthesis of synthon 21 in a diastereo- or enantioselective manner.

Considering the efficiency of the proline/guanidinium salt organocatalytic sys-
tem, it was investigated in reactions like that illustrated in Scheme 6 [107]. Azido-
acetone (24, 1-azidopropan-2-one) was readily prepared from chloroacetone and
sodium azide. In correspondence with our previous work, it was decided to evade
the use of any organic solvent apart from a moderate excess of the ketone 24 acting
as both reagent and reaction medium. The reaction was carefully optimized by
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Table 7 (S)-Proline/guanidinium salt Sa co-catalyzed synthesis of chlorohydrins 19a—d.f,i-n

;

(1 )a

BF

WAy~ BFs
H H

5a (10 mol%)
{ Do
H
(o] 1 (15 mol%) O OH O OH
+  ArCHO cl
P ) NEAT, 0-3°C, 20 d A, )J\;)\Ar
6a-d,f,i-n No stirring!! . &l
18a-d,f,i-n

anti/lsyn-19a-d,f,i-n

Entry ArCHO Conv. (%)* Regioselectivity” dr® ee (%)°
6b 4-NO,—CgH4 99 96:4 91:9 98
2 6i 3-NO,—CgH4 97 96:4 92:8 97
3 6j 2-NO,—CeH, 98 >99:1 93:7 97
4 6¢ 4-CO,Me—CcHy 96 99:1 91:9 97
5 6k 4-CN-C¢H, >99 96:4 90:10 98
6° 61 3-F-C¢H, 95 92:8 94:6 94
6a 4-Cl-CgH4 79 95:5 94:6 95
8 6f 3-C1-C¢H, 98 96:4 93:7 96
9 6d 4-Br-C¢H,y 71 97:3 93:7 93
10 6m 2-Br-C¢Hy 90 >99:1 90:10 92
11 6n C¢Hs 99 98:2 93:7 94

Reaction conditions: chloroacetone (10 equiv.), aldehyde (1 equiv.), (S)-proline (1, 15 mol%),
guanidinium salt 5a (10 mol%), and no solvent. The reaction mixture was left to stand inside a
fridge (0-3°C) for 20 days without stirring

“Conversion of aldehyde 6 (limiting reagent) into chlorohydrins 18 + 19

PRatio 19 (anti- + syn-):18

“Diastereoisomeric ratio anti- to syn-19

YEnantiomeric excess of compounds anti-19

°The reaction was stopped after 14 days

modifying the stoichiometry of the reagents, temperature, and reaction time. Var-
ious TBD-derived guanidinium salt 5 were also examined. Eventually, when a
suspension of (S)-proline (1, 10 mol%), tetraphenylborate guanidinium salt 5b
(15 mol%), and 4-nitrobenzaldehyde 6b was stirred in azidoacetone 24 (10 equiv.
relative to the aldehyde) for 120 h at —10°C, the a-azido-p-hydroxy ketone 25b was
produced in quantitative conversion with good diastereo- (anti-25b:syn-25b, 90:10)
and enantioselectivity (97% ee for anti-25b, Table 10, entry 1). The corresponding
regioisomer 26 was not detected.

A set of aldehydes 6a,c,d.g.i,j,n,0, decorated with different functional groups and
substitution patterns, were reacted with azidoacetone under the best set of reaction
conditions (Table 10, entries 2—7). All of these reactions proceeded with good con-
version and high anti-diastereoselectivity and enantioselectivity (around 97% ee in all
cases), independent of the nature of the aldehyde employed. Also, heteroaromatic
aldehydes such as 2-furylcarboxaldehyde 6g and 2-pyridylcarboxaldehyde 60 proved



20 C. Concell6n and V. del Amo

Table 8 Proline-catalyzed aldol reaction between chloroacetone and aromatic aldehydes, in the
absence of guanidinium salt 5a
Ly ~co

H
o) v ACHO 1 (15 mol%) O OH . M
TR S
18c,lk;n antilsyn-19¢,ik,n
Entry ArCHO Conv. (%)* Regioselectivity” dr® ee (%)*
1 6¢ 4-CO,Me—CgH, 98 93:7 85:15 95
2 6k 4-CN-C¢H, 99 85:15 83:17 96
3 6n C¢Hs 99 94:6 84:16 92
4 6i 3-NO,—C¢H, 99 80:20 78:22 97

Reaction conditions: chloroacetone (10 equiv.), aldehyde (1 equiv.), (S)-proline (1, 15 mol%), and
no solvent. The reaction mixture was left to stand inside a fridge (0-3°C) for 20 days without
stirring

“Conversion of aldehyde 6 (limiting reagent) into chlorohydrins 18 + 19

®Ratio 19 (anti- + syn-):18

“Diastereoisomeric ratio anfi- to syn-19

9Enantiomeric excess of compounds anti-19

Table 9 One-pot synthesis i) (S)-proline (15 mol%), 5a (10 mol%)

of representative trans- Neat, 0-3 °C, 20 d, no stirring.

a,p-epoxy ketones 20j,1 ii) NEtg (1.4 equiv.), CHoCl

from chloroacetone and o 20 °C, 48 h. 9,

aromatic aldehydes M o+ AcHO NN Ar

6i,! trans-20j,!

Entry ArCHO Product Yield (%)* ee (%)
1 6j2-NO,—C¢H, | 20§ 55 85
2 6l 3-F-C¢Hy 201 33 79

Reaction conditions: chloroacetone (10 equiv.), aldehyde
(1 equiv.), (S)-proline (1, 15 mol%), guanidinium salt Sa
(10 mol%), and no solvent. The reaction mixture was left to
stand inside a fridge (0-3°C) for 20 days without stirring, then
allowed to warm to r.t., and stirred for 48 h with NEt; (1.4 equiv.)
and CH,Cl, (¢ =04 M)

“Isolated yield of analytically pure product

o o O OH
)I\/ N Jk Base R )KX\ R
R4 3+ H R, —_— 1 N3 2
22 23 21

Scheme 5 Classical synthetic scheme for the preparation of a-azido-p-hydroxy ketones 21
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OH OH OH OH
: ADH-A LBADH R
N Buffer Buffer N
8 2-PrOH 2-PrOH 8
27 28

(anti,syn relationship) (anti,anti relationship)
Scheme 6 Stereodivergent reduction of anti-25n with ADH-A ((S)-selective enzyme) affording
diol 27 and LBADH ((R)-selective enzyme) giving access to diol 28. In the middle, the structure of
the nicotinamide cofactor present in both ADHs is drawn

Table 10 (S)-Proline/guanidinium salt Sb co-catalyzed synthesis of a-azido-B-hydroxy ketones
25a-d,g.i,j,n,0

25a-d,g,i,j,n,0.
+ -
C I e
N N
H H
5b (15 mol%)

<_>‘<302H

N
H
o Q 1,10 mol% o o
Me)J\/N3 + H J\Ar ;» Me)J\i/kAr + Ng\)OJ\/OCAr
" gac,gijno NEAT-10°C,120h N3 -
25a-c,8,i,j,n,0 26a-c,g,i,j,n,0
Entry ArCHO Conv. (%)* dr® ee (%)°
1 6b 4-NO,—Cg¢H4 >99 (90) 90:10 94
2 6i 3-NO,—CgH, >99 (91) 90:10 95
3 6j 2-NO»—CgH, 99 (88) 90:10 97
4 6n CeHs >99 (84) 90:10 95
5 6a 4-Cl-C¢H4 98 (85) 90:10 94
6 6d 4-Br-C¢H, 98 (84) 89:11 95
7 6¢ 4-CO,Me—CeH, 99 (83) 88:12 95
8 6g 2—furyl >99 (78) 85:15 93
9 60 2-pyridyl >99 (80) 87:13 88
10° 6b 4-NO,—C4H, 12 82:18 n.d.

Reaction conditions: azidoacetone 24 (10 equiv.), aldehyde (1 equiv.), (S)-proline (1, 10 mol%),
guanidinium salt 5b (15 mol%), and no solvent (neat). The reaction mixtures were stirred for 120 h
at —10°C

#Conversion of aldehyde 6 (limiting reagent) into a-azido-p-hydroxy ketone 25 (anti-+syn-).
Chemical yield of analytically pure products anti-25 is given in brackets

"Diastereoisomeric ratio anti- to syn-25

“Enantiomeric excess of analytically pure compounds anti-25

9Reaction carried out without the addition of guanidinium salt 5b. The enantiomeric excess of the
product 5b was not determined as a consequence of the low conversion
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to be appropriate substrates for this reaction, the corresponding products 25g and 250
displaying good selectivity figures (Table 10, entries 8 and 9). The tolerance of the
reaction for heteroaromatic aldehydes, challenging substrates in aldol-type C—C bond-
forming reactions, confirms the reproducibility and robustness of this transformation.
All adducts anti-25a—d.i,j,n,0 could be easily isolated by standard chromatographic
techniques, affording analytically pure products in high yield and high ee. The
presence of the corresponding regioisomers 26a—d.g,i,j,n,0 was not observed in any
of these transformations. A blank experiment performed without additive Sb (Table 10,
entry 10) resulted in a significantly lower conversion as well as poorer diastereomeric
ratio for the reaction product. Other reactions performed without additive Sb were
rather messy, rendering complex mixtures of unidentifiable products from which it was
not possible to determine conversion values to aldol 25. This demonstrates the positive
effect of the guanidinium salt on the reaction course, which does not only improve the
performance of the proline catalyst but even enables a transformation that is not
favorable with the exclusive use of the amino acid itself. Alternatively, the sole
presence of guanidinium salt Sb was insufficient to catalyze the aldol reaction between
aldehyde 6 and azidoacetone 24 to any extent.

Product 25 had not been described previously, and determining their absolute
spatial configuration was a difficult exercise. After several unfruitful attempts, this
was finally accomplished by the bioreduction of the ketone moiety of diastereopure
a-azido-PB-hydroxy ketone 25n, used as a representative model, employing two
stereocomplementary alcohol dehydrogenase enzymes (ADHs), one from Rhodo-
coccus ruber (ADH-A) [108] and another from Lactobacillus brevis (LBADH)
[109]. These enzymes have shown excellent stereoselectivities toward the reduction
of a-azido ketones [110] with opposite stereopreference: ADH-A affords the
corresponding (§)-alcohols, while LBADH gives the corresponding (R)-configured
antipodes. So, when a-azido-p-hydroxy ketone 25n was treated with either ADH-A
or LBADH enzymes, the corresponding 2-azido-1,3-diol 27 or 28 was afforded,
respectively (Scheme 6). Since the absolute configuration of the new alcohol
function formed was fully predictable as a consequence of the enzyme’s inherent
selectivity, measuring the coupling constants between the protons at positions C2
(CH-N3) and C3 (CH3CH-OH) in diols 27 (3szn) and 28 (3J,.) allowed the
unambiguous assignation of the absolute stereochemical configuration of the pre-
ceding aldol adduct as anti-(35,45)-25n. The rest of the a-azido-p-hydroxy methyl
ketones rendered from the organocatalyzed process were characterized by analogy.

4 Conclusions and Outlook

In summary, the assembly of supramolecular catalysts constructed from proline and
H-bond-donating molecules has been revealed as an interesting alternative to the
chemical modification of the amino acid unit. Typically, this simple and economic
approach has made use of alcohols, ureas, thioureas, and other small organic
molecules. Recently, conformationally restricted guanidinium salts derived from



Cooperative Guanidinium/Proline Organocatalytic Systems 23

TDB have emerged as outstanding additives for proline in organocatalyzed aldol
reactions. Thus, a straightforward, green, efficient, and highly selective protocol has
been developed for the direct aldol reaction between aromatic aldehydes and
various ketones (cyclohexanone, cyclopentanone, or acetone) making use of a
cooperative proline/guanidinium salt catalytic system. These processes operate
under rather mild reaction conditions: without organic solvent, in closed-cap
tubes standing inside a standard laboratory fridge, and without agitation or mecha-
nical stirring. The participation of the guanidinium salt, forming a 1:1 supramole-
cular complex [guanidinium cation-proline] in the transition state, has been
demonstrated to greatly enhance the reactivity and selectivity of the amino acid
itself in a classical transformation such as the aldol reaction.

Besides, it has been put forward how the choice of the anion accompanying the
guanidinium core of the TBD-derived salts used as cocatalysts for proline can give
rise to stereodivergent pathways in the cross-aldol reaction, allowing the prepar-
ation of either anti- or syn-aldols from cyclohexanone and aromatic aldehydes. The
origin of the syn-diastereoselectivity has been studied mechanistically and was
shown to originate from an unusual equilibrium process coupled to the enamine-
based catalytic cycle standard for proline. The outcome of the syn-selectivity
reactions could not be predicted or foreseen considering the nature of the organo-
catalyst used (proline) and the substrates involved. It unfolds from the consideration
of the whole complex network resulting from the simultaneous coexistence of anti-
aldols, syn-aldols, (S)-proline, guanidinium and guanidine species, aromatic alde-
hydes, cyclohexanone, and enamines, all of which featured in the reaction media to
some extent, as well as their interactions (including supramolecular contacts) and
competition, their different solubility, solvation, etc. In the opinion of these authors,
the study of collections/systems of compounds (i.e., catalytic systems) being consi-
dered as a whole, i.e., a System Chemistry approximation (for general compre-
hensive reviews on System Chemistry, see [111-115]), can lead to interesting
discoveries in areas such as organocatalysis.

Relevantly, the addition of guanidinium salts does not only improve the classical
aldol reaction but can also break the boundaries of proline as a catalyst. By these
means, a-chloro-B-hydroxy ketones have been prepared with high enantio-
selectivity, employing for the first time catalytic amounts of (S)-proline, aided by
the participation of a TBD-derived tetrafluoroborate guanidinium salt. Similarly, a
cooperative proline/tetraphenylborate guanidinium salt has given rise to the
pioneering synthesis of a-azido-p-hydroxy ketones. These families of compounds
could be readily transformed into synthetically useful chiral a,p-epoxy ketones or
different isomers of 2-azido-1,3-diols.

The construction and study of supramolecular catalytic systems involving
guanidinium salts are yet in its infancy. So far, to our knowledge, only five reports
have appeared in the literature about this topic [74, 88, 89, 101, 107]. Granted the
success of the TBD-derived guanidinium salts, we anticipate other species of the
like will be capable of displaying similar or better properties as additives for proline
or other natural amino acids. The possibility of replacing the anion of these salts,
possibly leading to different reactivities, is particularly appealing. Therefore,
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in principle, carefully designed systems could be engineered to catalyze novel
transformations, even other than aldol-type reactions. Surely, the years to come
will show further examples of the potential of such systems.
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Abstract CO, emissions into the atmosphere from combustion processes remain
large, and minimization of this phenomenon is wanted worldwide. The control of
excessive CO, release represents a challenge that requires new technologies. While
CO, represents an environmental problem as a greenhouse gas, it is at the same time
eco-friendly in comparison with many other gases. Therefore, the development of
suitable methods for the preparation of CO,-containing compounds like organic
carbonates and urethanes could be a good alternative for recycling CO, and using it
as a substitute for phosgene, which is a high toxic reagent. Another non-phosgene
alternative for the preparation of carbonates and carbamates is the reaction of
organic carbonates with alcohols or amines. One environmentally benign organic
carbonate is dimethyl carbonate (DMC), and because of increasing DMC produc-
tion from CO, reactions, using DMC can be considered as an indirect capture of
CO,. Heterocyclic guanidines, like 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and
N-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD), and linear guanidines like
1,1,3,3-tetramethylguanidine (TMG) are some of the most commonly used guani-
dines in catalysis, being strong proton acceptors, comparable in strength with
aliphatic amines. This chapter summarizes a number of works on the utilization
of guanidines as catalysts for the direct and indirect capture and activation of the
CO; molecule, aiming at the insertion of this molecule into several chemical
substrates to mitigate excess CO, release and its environmental impact.
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TBD 1,5,7-Triazabicyclo[4.4.0]dec-5-ene
TMG 1,1,3,3-Tetramethylguanidine

1 Introduction

Carbon dioxide emissions into the atmosphere from combustion processes remain
large, and minimization of its emission is desirable [1]. The control of CO,
emissions represents a challenging task that requires new ideas and new
technologies [2].

CO, is an inexpensive reagent, environmentally benign, nonflammable, and
ubiquitous. However, due to the inert nature of CO,, its activation, capture, and
insertion into organic molecules still remain a difficult challenge [1]. CO, utilization
as a raw material in the synthesis of chemicals and fuels is attractive, and the
implementation of such technologies on a large scale would allow for a change
from a linear use of fossil carbon to its cyclic use, mimicking the natural process
[2]. CO, can replace toxic species such as phosgene and react with dihydrogen,
alcohols, epoxides, amines, olefins, dienes, and other unsaturated hydrocarbons,
using various catalysts and reaction conditions to form various products such as
formic acid and its esters, formamides, methanol, dimethyl carbonate, alkylene
carbonates, carbamic acid esters, lactones, carboxylic acids, and polycarbonates [2].

In the field of CO, transformations, the CO, molecules are used as a starting
material in chemical reactions such as photochemical, electrochemical, biological,
reforming, and inorganic transformations [3]. Direct fixation of carbon dioxide into
target compounds in synthetic and industrial applications is an important goal in order
to decrease its release into the atmosphere [1, 4]. In 1975, CO, was found to be
activated by transition metal complexes, and, since then, interest in the chemical
conversion of carbon dioxide has shown continuous growth and development
[2, 5]. A number of organic syntheses using carbon dioxide are known, but only a
few were applied in industry [6-9]. The main industrial process is the syntheses of
urea [3, 8—10] and its derivatives and the production of organic carbonates, where
phosgene (COCl,) is increasingly being replaced by CO, as the C1 building block [6].

Carbon Capture and Storage (CCS) technology is another vast research area [3]
and one of the major options to reduce CO, emissions [11]. CCS has attracted much
attention from the scientific community due to growing concerns about the envi-
ronmental impact of this greenhouse gas [9, 12]. A key step in many CCS technol-
ogies is reversible binding of the CO, molecule, and therefore, it is of considerable
interest to identify new mechanisms and compounds for reversible CO,
binding [13].

Fixation of carbon dioxide can be a reversible process under mild conditions
(low or moderate temperature, normal pressure, etc.), and at the same time, CO,
release can involve a transcarboxylation process toward several nucleophiles
[14, 15]. From the synthetic point of view, a CO, fixation release occurring as a
reaction process (transcarboxylation) is more interesting because it is a kinetically
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reversible fixation. On the other hand, for other purposes such as industrial uses, a
more thermodynamically stable fixation could be more suitable, with the CO, being
fixed and released as the unique product [13].

1.1 Direct CO, Capture

While CO, represents an environmental issue as a greenhouse gas, it is also
environmentally benign in comparison with many other chemical substances. The
development of suitable methods for the preparation of interesting CO,-containing
compounds like organic carbonates and urethanes could be an alternative to
recycling CO, and using it as a substitute for highly toxic phosgene and its
derivatives [14, 16-19].

Organic carbonates are commercially produced from alcohols and phosgene
[3]. Synthesis of carbamates also involves phosgene in the reaction of phosgene
with alcohols, followed by aminolysis of the intermediate chloroformates ([20] and
cited references), or reaction of an alcohol with isocyanates, usually obtained from
phosgene ([20-22] and cited references). Both methods involve toxic and harmful
compounds, and therefore, new alternatives with clean synthetic methodologies are
desirable [20].

Carbon dioxide is one alternative to phosgene and isocyanates [20]. Preparation
of CO, containing compounds like carbonates and carbamates by the respective
reaction with alcohols (selected articles: [23-27]) or amines (selected articles:
[25, 28-33]) is an interesting substitute to avoid the use of highly toxic phosgene
and its derivatives (e.g., chloroformates) [13].

1.2 Indirect CO, Capture

Another non-phosgene alternative for the preparation of carbonates and carbamates
is the reaction of organic carbonates with alcohols or amines [20]. Linear carbon-
ates are important alkylating and carbonylating agents, just like alkyl halides and
dialkyl sulfates, or phosgene and carbon monoxide, respectively ([2, 9]; for reviews
of linear carbonates, see selected articles and cited references: [34, 35]; [36, 37]).
Currently, the largest future application of organic carbonates is assumed to be as a
substitute for phosgene [9] in carbonylation reactions.

One environmentally benign organic carbonate is dimethyl carbonate (DMC)
that has been extensively studied due to its versatile chemical reactivity
[34, 38]. DMC is used as a monomer for polymers in the chemical industry [39],
in transesterification reactions (selected articles: [40—42]), as well as in the agro-
chemical [2] and pharmaceutical industry [43].

DMC synthesis is based on the use of phosgene or the oxidative carbonylation of
methanol [38], but increasingly DMC synthesis is also starting from CO, (e.g.,
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direct synthesis from CO, and methanol or one-pot synthesis from CO,, methanol,
and epoxides) [44-50]." For example, Asahi Kasei Corporation reported [36, 37] in
2003, for the first time in the world, the commercial production (50,000 ton yearfl)
of a polycarbonate using carbon dioxide as a starting material. In this procedure,
CO, is converted to DMC which is then used in the fabrication of the polymer (see
Sect. 3). Because of the growing DMC production from CO,, reactions using DMC
can actually be considered as indirect CO, capture.

1.3 Guanidines

Amidines and guanidines are important classes of compounds that are found
throughout nature and also have many uses in organic chemistry [51]. The most
common use of amidines and guanidines in organic chemistry is as organic bases.
They are some of the strongest neutral organic bases known, due to the ability to
delocalize positive charge over their nitrogen atoms in their protonated forms
(Fig. 1) [51, 52]. Traditionally, amidines and guanidines have been thought of as
non-nucleophilic bases. However, with the recent increase in interest in
organocatalysis [53], a number of amidines and guanidines have also been shown
to act as nucleophilic catalysts in a wide range of reactions [51, 54].

Guanidinium-based molecules showed several biological activities [55, 56]. For
example, several guanidines are used in the treatment of neglected tropical diseases
[57]. Guanidines are also widely used in the synthesis of heterocyclic
compounds [58].

Bicyclic guanidines, like TBD (1) (1,5,7-triazabicyclo[4.4.0]dec-5-ene) and
MTBD (2) (N-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene), and simple linear gua-
nidines like TMG (3) (1,1,3,3-tetramethylguanidine) are some of the guanidines
most commonly used as catalysts [51, 59]. Figure 2 shows the structures of these
compounds and also other common guanidines and amidines that will be mentioned
in the text (CyTMG (4) (N-cyclohexyl-N',N' ,N” N”-tetramethylguanidine), CyTEG
Q) (N-cyclohexyl-N' ,N',N” ,N"-tetracthylguanidine), and DBU (6)
(1,8-diazabicyclo[5.4.0Jundec-7-ene)).

TMG and TBD are strong proton acceptors, comparable in strength with ali-
phatic amines [60]. TMG is regarded as a typical and fundamental guanidine
compound and, in fact, has been used in many kinds of base-catalyzed reactions
[52]. Barton et al. [61, 62] reported the preparation of pentaalkylguanidines and
their application to organic synthesis as sterically hindered organic bases, which are
called Barton’s bases. There are many reports on the synthetic uses of TMG and
their analogues such as Barton’s base and TBD.? Among the synthetic uses of this

! For methods and catalysts used in DMC synthesis from CO,, see [2, 3, 6, 9, 35, 38].

2 For synthetic uses of TMG and their analogues, see Ishikawa [52]. For synthetic uses of TBD, see
Kiesewetter et al. [54].
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Fig. 2 Structures of the most commonly used guanidines

guanidines is the efficient catalysis in the synthesis of organic carbonates and
urethanes by respective reactions of alcohols and amines with CO, [63-70].

As a result of the crescent attention in guanidines as organocatalyst, several
reviews on guanidine chemistry have appeared [52, 56, 59, 71-77]. This chapter
shows literature reports of guanidines as catalysts for direct and indirect CO,
capture and activation.

2 Direct CO, Capture and Activation

2.1 Synthesis of Linear Carbonates and Carbamates
Catalyzed by Guanidines

Open chain organic carbonates can be divided into two groups: dialkyl (diaryl,
alkyl-aryl) carbonates and polycarbonates [48, 78, 79]. Organic carbonates and
carbamates are important classes of compounds and are used in a variety of
industrial and synthetic applications [79] such as polymer chemistry [80], agro-
chemical [81] (pesticides, herbicides, insecticides, fungicides, etc.) [82], medicinal
and biological fields [82, 83], solvents (electrolyte solvents for lithium—ion batte-
ries, organic solvents for extractive separation, and fuel additives) [48, 78, 79], as

3 Selected articles: [14, 15, 23, 24, 31].
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well as intermediates in organic synthesis (selected articles: [84—87]). Carbamates
are used for the protection of amino groups in peptide chemistry [88, 89] and as
linkers in combinatorial chemistry [90].

Much research has been devoted to the synthesis of organic carbonates and
carbamates starting from CO, [2, 91, 92] driven by its potential implications for
climate change reduction and the associated economic benefits [S0]. This chapter
reviews the synthesis of linear organic carbonates and carbamates starting from
CO, using guanidine compounds as catalysts.

In 1993, McGhee et al. [93] demonstrated the synthesis of O-allylic urethanes
and O-allylic carbonates 9 from allylic chlorides 8, CO,, and amines or alcohols
using palladium/phosphine catalysts. Syntheses were carried out by the addition of
preformed carbamate/carbonate anions RYCO, ("Hbase) 7, generated from vari-
ous alcohols or amines with CO,, to THF solutions of allylic chlorides 8 under 80—
100 psi of CO, at room temperature (or 30°C) employing a palladium/phosphine
catalyst [93] (Fig. 3).

The choice of added base in the generation of carbamates/carbonates was found
to be critical for high yields of O-allylic products. The authors used tertiary amines,
guanidines, and amidines (guanidines, MTBD (2) and CyTMG (4); amidine, DBU
(6) (Fig. 2)) and found that the use of CyTMG (4) or DBU (6) is optimal for this
system [93].

Later in 1994, McGhee et al. [94] reported the synthesis of urethanes from
several amines, CO,, and alkyl chlorides by the reaction of amines with CO,
generating the carbamate anion 10 followed by the addition of alkyl chlorides to
reaction mixture to yield the respective carbamate esters 11 (Fig. 4). In this study,
the guanidines MTBD (2), TMG (3), CyTMG (4), and CyTEG (5) were tested, and
it was concluded that the use of pentaalkylguanidine bases increases the nucleo-
philicity of the oxygen center in the resulting carbamate anion and allowed for the
generation of urethane materials in high yields and high selectivity [94].

The same group reported more two works [23, 95], both in 1995, dealing with
the extension of the studies mentioned above. One described the synthesis of
several carbamate esters from amines, CO,, and alkyl chlorides, and the other
was focused on the generation of dialkyl carbonates from alcohols/CO, and alkyl
chlorides. In both studies, the authors used pentaalkylguanidines as catalysts, and
these works resulted in a US patent to the authors in 1993 [96, 97].

In 1998, Kadokawa et al. [98] reported the direct polycondensation of CO, with
xylylene glycols 12 using a trisubstituted phosphine/carbon tetrahalide/base system
as a condensing agent, to give poly-xylylenecarbonates 13 (Fig. 5). Bases used in
the reactions were CyTMG (4) and DBU (6). The screening was carried out at room
temperature, and the best combination found was tributylphosphine (1.5 equiv.
mol), carbon tetrabromide (2.0 equiv. mol), and CyTMG (4) as base (2.0 equiv.
mol) for 3 h, giving 81% yield [98] (Fig. 5).

The reaction mechanism proposed by the authors is shown in Fig. 6 and involves
the formation of an active intermediate a by the reaction of R;P with CBry. The
phosphonium species b is produced from xylylene glycols 12, intermediate a, and
CO, in the presence of CyTMG. Then, the nucleophilic attack of the counter
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alcoholate anion in b at the carbonyl center of another molecule of b takes place
according to an Arbuzov-type reaction, giving rise to the formation of carbonate ¢
and phosphine oxide d [98].

One year later, the authors reported [99] the application of the same catalytic
system to several primary alcohols resulting in carbonates 14 in relatively high



Guanidines as Catalysts for Direct and Indirect CO, Capture and Activation 35

O
2ROH + CO, n-BusP, CBry, CyTMG R. )'L R
DMF, 2h 0" O
14

C O
N (HZO traces}

h @T

Fig. 7 General procedure for the synthesis of carbonates 14 from alcohols
CO,/ACN
() oo Cx@ CQ

1
TBD TBD-CO, TBD-CO, TBDH Hco3

Fig. 8 Proposed structures formed by capture — activation of CO, by TBD (1)

X i
° ° Re o
J\LH CO,/ACN o NH, N~ O TMGH
HaC. CHy 2 hcl )\ _CHs + HsC. J\ CHy + HyC. _CH,
{H,0 traces} N ’\\‘
CH3 CHs CH3 CH3 CH3 CH3 CHy CH,
3 @ o )
™G TMG-CO, TMGH HCO; TMG-CO,

Fig. 9 Proposed structures formed by the activation of CO, with TMG (3)

yields (54.4-90.7%), whereas yields of carbonates derived from secondary alcohols
were low (trace — 22.0%) (Fig. 7). The mechanism proposed by the authors is
similar to the one shown in Fig. 6, involving the formation of a phosphonium
intermediate and nucleophilic attack of the alcoholate to the carbonyl function
followed by an Arbuzov-type reaction to yield the carbonate product and tributyl-
phosphine oxide [99].

We have reported in 2008 [13] a study of CO, fixation — activation by the
guanidines TBD (1) and TMG (3). In this paper, we investigated the CO, fixation
and release by these guanidines and the nature of the guanidine-CO, complexes.
The proposed structures for carbamate and bicarbonate products formed by the
capture and activation of CO, with TBD (1) and TMG (3) are shown in Figs. 8 and
9, respectively.

These guanidines formed bicarbonates presumably via the preceding formation
of water-solvated carbamic intermediates. CO, fixation with both TBD (1) and
TMG (3) was a kinetically reversible process. The corresponding fixation products
were shown to be useful as transcarboxylating agents, and this behavior mimics a
transcarboxylase activity. TBD-CO, products display an interesting thermal stabil-
ity with CO, release occurring at moderated temperatures. This could be useful for
the selective separation of CO, from complex gas mixtures by TBD or TBD-related
compounds [13].

In other works [14, 15], we suggested that CO, is nucleophilically activated by
the amidine DBU (6) forming a DBU-CO, zwitterionic carbamate complex 15.
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Transcarboxylation of amines with complex 15 followed by O-alkylation resulted
in the N-alkyl carbamates 16 (Fig. 10).

However, the structure of the amidine DBU-CO, adduct 15 and also guanidine-
CO, adducts was a matter of debate. Jessop et al. reported in 2005 [100] that the
reaction between DBU (6) and CO, only forms the DBU bicarbonate salt [DBUH"]
[HCO;7] (17, Fig. 11) in the presence of water, and there is no reaction in the
absence of water [100].

Contradictory, Villiers et al. [67, 68] reported in 2010 the synthesis and charac-
terization of the isolated nitrogen-base—CO, adduct TDB-CO, (18, Fig. 11), includ-
ing its X-ray crystal structure, and suggested that this species could enable the
activation of CO, for catalytic conversion into high value chemicals [67, 68]. The
adduct was synthesized and characterized by working under strictly anhydrous
conditions. It was stable at room temperature in the solid state or in solution in a
polar solvent such as acetonitrile, while it is fluxional and undergoes CO, dissoci-
ation under vacuum. The X-ray diffraction analysis and theoretical calculations
showed the zwitterionic nature of TBD-CO, 18, with a N—C(CO,) distance of 1.48
A. The TBD-CO, adduct 18 was readily transformed into the bicarbonate salt
[TBDH'][HCO;™] in the presence of water, either in the solid state in air or in
solution in wet solvents [67, 68].

One year later, we reported a study [101] of CO, capture by amidines PMDBD
(19) and DBN (20) using 13C solid-state NMR and thermal techniques. Solid-state
'3C NMR analyses showed the formation of a single PMDBD-CO, product which
was assigned to the stable bicarbonate 21. In the case of amidine DBN, two
DBN-CO, products were formed which were assigned to the stable bicarbonate
22 and the unstable carbamate 23. These results suggested that carbamate formation
is favored in dry DBN but in the presence of water decomposition occurs into the
bicarbonate [101]. Structures are shown in Fig. 12.
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In 2013, Wang et al. [102] reported the TBD-mediated carboxylation of acety-
lene and alkynes using CO,. First, they performed the carboxylation of acetylene 24
with CO,, using 2 mmol of base dissolved in dimethylacetamide (DMAc) at 100°C.
Following carboxylation, the crude material was exposed to a Pd/C-catalyzed
hydrogenation (1 atm of H,) to provide the succinate salt 25 (Fig. 13) (used
bases: TBD (1), TMG (3), and DBU (6) shown in Fig. 2 and DPG (26), DMAP
(27), or TEA (28) shown in Fig. 14). No product was observed with organic bases,
except for TBD-mediated carboxylations. The reaction conditions using TBD (1)
were optimized by varying the acetylene ratio, CO, pressure, and reaction time, and
the best results were found by using 3 bar of acetylene, 12 bar of CO, and a reaction
time of 42 h. Following optimization, TBD (1) was also applied to other alkynes
with good results (41-94% yield) [102].

The authors proposed a reaction mechanism (Fig. 15) in which acetylene
carboxylation was initiated by the formation of the TBD—CO, adduct 18, which
subsequently undergoes nucleophilic addition of acetylene to afford the propiolate-
TBD salt 24a. A second carboxylation of intermediate 24a with adduct 18 then
provides the acetylene dicarboxylate-TBD salt 24b [102].

The TBD-CO, adduct releases CO, at moderated temperatures (80-135°C) [13],
while amidine-CO, adducts such as DBN-CO, are thermally less stable, releasing
CO, at 80-90°C [101]. Thus, a lower temperature (50°C) was applied to the
corresponding DBU-mediated reaction, and with this decrease in temperature, the
authors obtained propionic acid (the monocarboxylation product) in 49% yield [102].
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The carboxylation of acetylene is not only controlled by basicity. Despite the
comparable basicities of amidine and guanidine bases (TBD, DBU, TMG, and
DPG), their reactivities with acetylene to form acetylene dicarboxylic acid are
completely different. The TBD-mediated reaction provides acetylene
dicarboxylation, whereas the DBU-mediated reaction forms the acetylene
monocarboxylation product. Other than TBD and DBU, strongly basic guanidines
(i.e., TMG and DPG) did not produce the expected results. Key factors in this
reaction are the reactivities of the base-CO, complexes toward acetylene as well as
the ease with which the base-CO, adduct can be formed [102].

The authors concluded that although TBD-mediated CO, additions to alcohols
and amines have been reported previously, the TBD-mediated carboxylation of
acetylene was reported for the first time under conditions that are free of transition
metals, inorganic salts, and organometallic reagents. Depending on the alkyne
substituent, the reactions also proceed without the use of any solvent [102].

In 2014, Xie et al. [103] reported the synthesis of TMG-based reversible mono-
anionic and di-anionic ionic compounds. Di-anionic compound 30 was synthesized
by a system using TMG (3) in conjunction with ethylene glycol (29) in DMSO
(Fig. 16). Mono-anionic compounds were made by the use of the mono-alcohols,
methanol to butanol. Compound 30 was shown to be a new solvent capable
of dissolving up to 10 wt% of cellulose under mild conditions. The authors
proposed that the interactions of the in situ formed carbonate anions
(2[TMGH]+[02COCH2CH20C02]2_/DMSO) with the hydroxyl groups of cellu-
lose acted as driving force for cellulose dissolution under mild conditions. In
conclusion, the authors demonstrated a facile integrated strategy for CCS together
with a cellulose dissolution process [103].
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2.2 Synthesis of Cyclic Carbonates Catalyzed by Guanidines

One of the few commercial routes using CO, as a raw material is the insertion of CO,
into epoxides to afford the 5S-membered cyclic carbonates (Fig. 17). Cyclic carbon-
ates are valuable synthetic targets which can serve as electrolytes for lithium—ion
batteries, valuable monomers of polycarbonates and polyurethanes,” aprotic polar
solvents, and starting materials in a wide range of chemical reactions (see footnote 4).
Cyclic carbonates are also used as constituents of oils and paints (see footnote 4).

In the past decades, numerous catalysts have been proposed for this reaction (see
footnote 4) [17], and this chapter lists the guanidines used in the cycloaddition of
CO, with epoxides.

In 2003, Barbarini et al. [1] reported a comparative study of the catalytic
efficiency of homogeneous guanidine MTBD (2) and heterogeneous MCM-41-
TBD (31) (Fig. 18) in the cycloaddition of CO, with epoxides. They concluded
that reactions performed with heterogeneous catalyst 31 are slower than that with
homogeneous MTBD (2) but show the great advantage that the catalyst can easily
be recovered and reused for at least three further cycles [1].

Concerning the mechanism, they concluded that CO, would be activated
through the formation of the MTBD-CO, zwitterionic compound 32 (Fig. 19).

4See North et al. [50] and cited references.
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Fig. 20 Structures of hexaalkylguanidinium catalysts 33-36

This hypothesis was elaborated by the formation of white crystals upon bubbling
CO, into an acetonitrile solution of MTBD (2). This crystalline intermediate was
not characterized due to its instability, but the O-methylated cationic derivative
from the reaction with CH3I was detected by ESI-MS. In addition, stirring the
intermediate in the presence of styrene oxide led to the respective cyclic carbonate,
demonstrating that it is indeed the active catalyst species [1].

In 2005, Xie et al. [104] described that both homogeneous and a silica-supported
hexaalkylguanidinium chlorides were effective catalysts for CO, activation and
fixation into carbonates without any solvent and under mild reaction conditions
(4.5 MPa, 120°C, 4 h). The silica-supported hexaalkylguanidinium chlorides
showed the great advantage that they could be easily recycled at least five further
times using simple filtration without any obvious decrease in catalytic activity.

Initially, homogeneous guanidinium salts 33-36 (Fig. 20) were prepared, and
their catalytic activities for the cycloaddition of CO, with propylene oxide were
investigated to obtain structural information regarding the grafting of the
guanidinium units. Hexabutylguanidinium chloride 33a was found to be the best
catalyst for the reaction (100% yield in 3 h) and was chosen to study the effects of
reaction parameters to optimize the performance of the catalytic system. A tem-
perature of 120°C, 1.5 mol% of catalyst, and 4.5 MPa of CO, pressure were the
optimum experimental conditions found [104].

Subsequently, the optimum homogeneous reaction conditions were used for the
cycloaddition of CO, with propylene oxide using silica-supported pentabutylpro-
pylguanidinium chloride (PBGSiCl, 37) as a catalyst (Fig. 21), and the catalytic
activity remained almost unchanged. A series of epoxide substrates were examined
for the synthesis of the corresponding carbonates in the presence of 37, and the
carbonates were successfully synthesized from each epoxide in good yields and
with excellent selectivity [104].

The mechanism proposed by authors is shown in Fig. 22. In this proposal, the
epoxide is coordinated by hexabutylguanidinium chloride 33a to form complex
33a_1. The chloride anion then preferentially attacks on the lesser substituted site
of the coordinated epoxide followed by ring opening, producing an oxyanion
species 33a_2. A CO, molecule is then coordinated to the complex 33a_2 resulting
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Fig. 23 Structures of hexaalkylguanidinium catalysts 38 and 39

in the formation of 33a_3 and 33a_4 in equilibrium. Finally, the cyclic carbonate is
produced by intramolecular cyclization, releasing the catalyst for recycling [104].

Later on in 2006, the researchers reported [105] a similar study using the
hexaalkylguanidinium salts 33a—c (Fig. 20), 38, and 39 (Fig. 23), this time using
a hexaalkylguanidinium salt/ZnBr, binary system. They found that the 3b/ZnBr,
system exhibited the best catalytic activity (65-95% yield) and selectivity for the

synthesis of cyclic carbonates from the cycloaddition between CO, and
epoxides [105].
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In 2006, Zhang et al. [106] reported a study on the catalytic activity of amine-
functionalized silica catalysts (NH,/SiO,, NH(CH,),NH,/SiO, and TBD/SiO,) in
cycloaddition reactions of CO, with propylene oxide. The reactions were carried
out at 150°C and 2.0 MPa initial CO, pressure for 20 h. The order of catalytic
activity found was TBD/SiO, > NH(CH,),NH,/SiO, > NH,/Si0,, with TBD/SiO,
resulting in 99.5% propylene oxide conversion and 99.8% of selectivity toward the
propylene carbonate [106].

To understand the role of the silanol groups, the surface of TBD/SiO, was
modified with methyl groups to remove the surface hydroxyls, and the propylene
oxide conversion (under equal conditions) decreased from 99.5% to 0.2%. This
observation strongly suggests the importance of silanol groups in the reaction, and
the following reaction mechanism was proposed by the authors [106] (Fig. 24).

In 2006, Lu et al. [107] reported a binary electrophile-nucleophile catalyst
system for the copolymerization of CO, and racemic epoxides. A chiral tetradentate
Schiff base cobalt complex [SalenCo"'X] 40 (Fig. 25) was used as the electrophile
in conjunction with an ionic organic ammonium salt or a sterically hindered strong
organic base (MTBD, 2) as the nucleophile [107]. The authors concluded that an
axial X group (e.g., 2,4-dinitrophenoxy) with poor leaving group ability and a bulky
ionic ammonium salt (consisting of a bulky cation and a nucleophilic anion with
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poor leaving group ability) or a sterically hindered strong organic base MTBD (2)
with low coordination capacity was the ideal binary catalyst system [107].

Lu’s group reported other similar studies making use of binary electrophile—
nucleophile catalyst systems. One of them reported the copolymerization of CO,
and propylene oxide catalyzed by SalenCr(IIT)X complexes 41 as electrophiles and
organic bases as nucleophiles [108] (general structure of SalenCr(III) complex and
organic bases utilized is presented in Fig. 26). In another work, they used a
bifunctional catalyst with pyrrolidine SalenCr(III)X complexes containing an elec-
trophilic center (Lewis acid metal ion) and a nucleophilic center (sterically hin-
dered strong organic base, TBD (1)) in a single molecule [109] (46 and 47, Fig. 27).
A nucleophilic center anchored on a ligand framework such as employed in a
previous study but now using SalenCo(III) complex [110] (48, 49, and 50,
Fig. 28) was also reported. All of these studies on binary catalyst systems showed
high catalytic activity in the synthesis of cyclic carbonates.

N ‘ ~

AN
Ri R &3\ é
N N NO
- o’ - 42 27
O/ ;‘(\O N-Melm DMAP

Coordination lewis bases

41 N R = Me (MTBD, 2)
[SalenCr'X] s R=FEt (E{TBD, 43)
N"ON R ="Bu ("BUTBD, 44)
R =Bn (BnTBD, 45)

Sterically hindered bases

Fig. 26 General structure of SalenCr(III) complex and organic bases utilized for CO,/propylene
oxide copolymerization

M
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N
46a: n=6, X=ClI
46b: n=6, X=BF,
46¢: n=1, X=ClI

Fig. 27 General structure of pyrrolidine SalenCr(III)X complexes with anchored TBD
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Fig. 28 SalenCo(Ill) complexes with anchored TBD
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Fig. 29 Synthesis of propylene carbonate (52) from propylene glycol (51) and CO, using TDB (1)
as a catalyst

In 2008, Huang et al. [111] reported the synthesis of propylene carbonate (52)
from propylene glycol (5§1) and CO, in acetonitrile using organic bases as catalysts
(Fig. 29). Among other catalysts used (DBU (6) and Et3N (28)), the guanidine TBD
(1) exhibited the highest catalytic activity with 22.5% yield and 60.3% selectivity.
Ammonium carbonate was added into the reaction mixture as the coupling reagent
to significantly elevate the selectivity for 52. Under optimal conditions, the yield of
52 slightly decreased to 15.3%, but the selectivity increased to 100% [111].

In 2010, Ma et al. [69] described a theoretical study on the mechanism of the
reaction of propylene glycol (51) with CO, catalyzed by TBD (1) by density
functional theory (DFT) at the B3LYP/6-311++G(d,p) level. Through analyzing
the optimized structures and energy profiles along the reaction pathways, the
propylene glycol-activated route was identified as most likely (Fig. 30). The rate-
determining step was the nucleophilic attack of one of the O atoms in CO, on the
hydroxyl-linked C atom in PG with an energy barrier of 56.96 kcal/mol. The
catalytic role of TBD (1) could be considered as a proton bridge, providing
activation by the synergistic action of its two N atoms [69].

In 2010, Prasetyanto et al. [112] reported the synthesis of melamine
tri-silsesquioxane (TBTS) bridged periodic mesoporous organosilica (PMO) and
the investigation of this hybrid organic—inorganic material as catalyst for the CO,
activation in the coupling of propylene oxide with CO,. When the TBTS-PMO
catalyst was employed at 100°C with 80 psi of CO, for 10 h in DMF as a solvent,
around 40% conversion and high selectivity for the cyclic carbonate was achieved.
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Fig. 31 Possible mechanism for the CO, activation via pseudo-cyclic carbamates using 53 as
catalyst

The catalyst could also be recycled without any loss of activity. Compared with the
previously reported catalysts, this system provided several benefits such as working
at relatively low temperatures, low CO, pressure, no requisition of additional base,
and shorter reaction time. DFT calculations were performed to support the possible
mechanism for this CO, activation (Fig. 31). The authors used the TBTS 53 for the
calculations (optimized geometry) and concluded that the mechanism involves a
pseudo-cyclic carbamate. Other mechanisms are also possible, and the various
different modes of activation could even give rise to synergistic effects [112].

In 2010, Yu reported [113] a study on the catalytic coupling reaction between
CO, and propylene oxide using silica-supported and nonsupported amines 1, 54—-60
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Fig. 33 Reaction mechanism proposed by Yu et al. [113]

as catalysts. Of the eight compounds tested (Fig. 32), two possess the guanidine
core: arginine (60) and TBD (1). An initial screening of unsupported amines
revealed that TBD (1) was the superior catalyst, converting propylene oxide into
propylene carbonate in 100% yield after 24 h under 50 atm of CO, at 150°C.
Arginine (60) also showed good catalytic activity with a conversion of 79.9% at the
same conditions [113].

Moreover, TBD (1) covalently attached to silica also gave 100% yield under the
same conditions. The amine group was suggested to have a role in activating the
carbon dioxide in the form of a carbamate which could then attack and ring-open
the epoxide [113] (Fig. 33).

In 2012, Yang et al. reported a process for the synthesis of cyclic carbonates by
employing polyethylene glycol (PEG)-functionalized basic ionic liquids (ILs) 61—
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Fig. 34 PEG-functionalized ionic liquids used by Yang et al. [114]

68 as efficient and recyclable catalysts (Fig. 34) [114]. Propylene carbonate syn-
thesis from CO, and propylene oxide was performed in ILs with 1 mol% catalysts,
1 MPa of CO, at 120°C for 3 h. Compound 67 (with a TBD core) showed the best
catalytic activity with >99% yield and selectivity and was selected as the catalyst of
choice for the synthesis of various carbonates using different epoxides. Compound
67 was found to be a highly efficient catalyst giving >93% yield of cyclic
carbonates [114].

3C NMR and in situ FT-IR spectroscopy were used to identify the possible
reaction intermediates. Based on previous reports and supported by these experi-
mental results, the authors proposed the following mechanism for the cycloaddition
of CO, with epoxides catalyzed by 67 (Fig. 35). Initially, the secondary nitrogen of
the TBD core reversibly coordinates with CO, to afford the carbamic acid 67a. This
activated form of CO, then interacts with the epoxide through hydrogen bonding,
resulting in epoxide activation. The nucleophilic attack of the bromide anion on the
sterically less hindered carbon atom of the epoxide then furnishes a bromoalkyl
alcohol species. Nucleophilic attack of the bromoalkyl alcohol on the carbamic acid
and hydrogen transfer to the nitrogen atom of TBD subsequently produces the alkyl
carbonate anion 67b. Finally, the cyclic carbonate is formed by intramolecular ring
closure and the catalyst is regenerated [114].

The authors also demonstrated a two-step process for dimethyl carbonate (DMC,
69) production utilizing CO, as a raw material, which included the subsequent
transesterification of the intermediate cyclic carbonate (e.g., ethylene carbonate)
with methanol (Fig. 36). Synthesis of DMC (69) was effectively catalyzed by
bis-guanidine 67, owing to the activation of methanol into the CH;0™ anion by
the secondary and tertiary nitrogen atoms in the IL. This approach realized a
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Fig. 36  Two-step process for DMC production utilizing CO, as a raw material

so-called one-pot two-stage access to DMC from CO, by using only a single type of
catalyst [114].

In 2013, Adam et al. [58] reported the synthesis of cyclic propylene carbonate
from CO, and propylene oxide using TMG covalently bound to silica (70) as an
efficient and reusable catalyst (Fig. 37). The optimal conditions found were 200 mg
of catalyst, 50 bar of CO, pressure, 130°C for 8 h, and giving 92% of conversion
with 98% selectivity toward the product. The catalyst was easily recovered by
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filtration and reused for at least four times without any appreciable loss of catalytic
activity [58].

The authors proposed a reaction mechanism (Fig. 38) in which CO, is adsorbed
onto the surface by the Lewis base sites. The guanidinium cation formed is
stabilized by resonance about the CN5 nucleus (70a), which leads to a lowering
of energy in the zwitterionic system and greatly increased stability of the reaction
intermediate. The carbonate anion attacks the less sterically hindered carbon atom
which opens the epoxide ring, generating 70b. The alkoxide anion in 70b finally
attacks the carbonyl carbon intramolecularly, thus forming the five-membered
propylene carbonate ring (70c) which leaves the catalyst surface, thereby
regenerating the active catalyst [58].

In 2013, Wei-Li et al. [115] reported a series of functional guanidinium-based
ionic liquids (FGBILs) (71a—g) that contain both Lewis acid and basic sites
(Fig. 39). They used these compounds as catalysts for the synthesis of cyclic
carbonates through the cycloaddition of CO, to epoxides in the absence of any
co-catalyst or solvent. The initial experiments in the synthesis of propylene
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carbonate used 35.7 mmol of propylene oxide, 0.5 mol% of IL, and 2.0 MPa of
CO,, at 130°C for 2 h [115].

TMG (3) was also tested and showed almost no activity in this reaction (1.8%
yield of propylene carbonate). The FGBILs 71a, 71b, and 71c¢, however, exhibited
high catalytic activity and selectivity (yields 94.6%, 90.8%, and 88.3%, respec-
tively; selectivity ~99.85%). On the other hand, ILs 71d and 71e were less efficient
for the cycloaddition reaction (71.6% and 62.8% yield, respectively). These results
indicate that the functional groups play an important role in the promotion of the
reaction (efficiency, NH, > COOH > OH). The effect of counter anions on the
catalytic performance was also evaluated. Comparing 71a (94.6% yield) with 71f
(3.1% yield) and 71g (2.7% yield) suggested that the nucleophilic attack of the Br™
anion to the epoxide is crucial for the successful synthesis of propylene carbonate.
Comparing Br~, BF, ", and PF¢~ as counter anions showed much lower activity,
probably due to their poorer nucleophilicity. The FGBIL 71a was also used as a
catalyst in the cycloaddition of CO, with other epoxides, and it was concluded that
the protocol is applicable to a variety of substrates, producing the corresponding
cyclic carbonates in high yields and selectivity [115].

Using "H NMR and FT-IR analyses, the authors proposed the following mech-
anism for this reaction (Fig. 40). Here, the coordination of the H atom of the
initially formed carbamic acid species with the O atom of the epoxide results in
polarization of the epoxide C—O bond and formation of intermediate 72. Then,
nucleophilic attack of a bromide ion on the less sterically hindered carbon atom of
the epoxide furnishes ring opening and formation of intermediate 73. The oxygen of
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Fig. 40 Proposed mechanism by Wei-Li et al. [115] for the cycloaddition reaction



Guanidines as Catalysts for Direct and Indirect CO, Capture and Activation 51

0 o

o)j\o NH,CI )>

R>_/ \ HN™ NH, AT
4 N
C:;ndCI C|H2N=H(N ; (:)
oe:/ NH Znl,R

NN
1 |
/
HN—H---09 J

ClHN=( pamt
NH, R

Fig. 41 Mechanism proposed by Liu et al. [116] for the guanidinium hydrochloride/Znl, cata-
lyzed cycloaddition reaction

intermediate 73 reacts with CO, to form halocarbonate 74 which then transforms to
the cyclic carbonate through intermolecular displacement of the bromide ion [115].

In 2015, Liu et al. [116] reported the combination of guanidine hydrochloride
with Znl, as an efficient heterogeneous catalyst system for the environmentally
benign, solvent-free synthesis of cyclic carbonates under mild reaction conditions.
The effects of different Lewis acid co-catalysts as well as reaction parameters
including catalyst loadings, CO, pressure, reaction temperature, and reaction time
were investigated. With a molar ratio of guanidine hydrochloride to Znl, of 5:1,
excellent yield (94%) and selectivity (>99%) for propylene carbonate formation
were obtained at 100°C under 1 MPa of CO, after 1.5 h. The catalyst system could
be recycled. However, because of washing losses of guanidine hydrochloride, there
was a slight decrease in the yield of propylene carbonate using the recycled system.
The activity of the catalytic system was fully restored by adding an additional
20 mol% of fresh guanidine hydrochloride. Moreover, this binary catalyst was also
effective for CO, cycloaddition when using other epoxides besides propylene
oxide [116].

A possible reaction mechanism was proposed (Fig. 41) wherein guanidine
hydrochloride plays a dual role in activating both CO, and the epoxide, and Znl,
activates epoxide simultaneously. It is this synergistic effect of guanidine hydro-
chloride and Znl, which ensures that the reaction proceeds effectively [116].

2.3 Synthesis of Oxazolidinones Catalyzed by Guanidines

Oxazolidinones (75) are five-membered heterocyclic compounds which are impor-
tant materials in synthetic and medicinal chemistry. Oxazolidinones are used as
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Fig. 43 Synthesis of oxazolidinones from acetylenic amines (76) with CO, and bases used as
catalysts

chiral auxiliaries, intermediates in organic synthesis, and as building blocks for
biologically active pharmaceuticals ([117] and cited references). However, the
standard synthesis using carbonylation of amino alcohols with phosgene or CO
presents some problems, such as toxicity, corrosion, and also environmental con-
cerns as a result of commonly coproduced hydrochloric acid and alkali chloride
salts [117]. Consequently, an alternative preparation process starting from CO,
seems to be greener and more desirable [117]. Figure 42 shows an example of CO,
utilization in the synthesis of oxazolidinones from amino alcohols. This chapter
examines the literature works that used CO, in the synthesis of oxazolidinones in
reactions catalyzed by guanidines.

Costa et al. reported two works on oxazolidinone synthesis by the reaction of
acetylenic amines (76) with CO, catalyzed by various bases. In the first example in
1996 [118], guanidines TBD (1), MTBD (2), TMG (3), N-propyl-N',N',N",
N"-tetramethylguanidine (PTMG, 77), and amidine DBU (6) were used as bases.
MTBD (2) was the best catalyst, giving 75-93% yields at room temperature after
24 h under 1 atm of CO, (Fig. 43) [118].

Two years later [119], they reported an extension of this study using TBD (1),
MTBD (2), TMG (3), CyTMG (4), DPG (26), PTMG (77), pentaalkylguanidines
(78, 82, Fig. 44), trialkylguanidines (79, 80, Fig. 44), tetraalkylguanidine (81,
Fig. 44), and the amidine DBU (6) as catalysts. All guanidines showed high
catalytic activities with conversions ranging from 48% to >99% (8 compounds
gave >95% conversion) and yields ranging from 42% to 89% [119].

In 2014, Nicholls et al. reported the observation of guanidine-CO, adduct
complexes in solution using ATR-FTIR [120]. Solid-state NMR data for
DBU-CO, (15, Fig. 10) and TBD-CO, (18, Fig. 11) complexes had previously



Guanidines as Catalysts for Direct and Indirect CO, Capture and Activation 53

N/Y

Y Y
| N~ N
HsC< _CH / ;
° '?‘)\'?‘ o Proy A P N
CH3 CH, H H H H
78a. Y=octyl 79a. Y=dodecyl 80a. Y=cyclohexyl
78b. Y=dodecyl 79b. Y=cyclohexyl 80b. Y=dodecy!

79c. Y=isopropyl

o, ~ O
SARMNCHS

81 82

Fig. 44 Structures of guanidines 78-82

No CO, N
(\' ~/j act|vat|on (\O activation %§Tl\lj

—— O\
NUCH source |1| é o
TBD (1),R H )
VY
MTBD (2), R=Me o” ¢
Nuc e}
+ CO, + NucH

Fig. 45 Possible mechanisms with/without direct CO, activation

been reported [14, 15, 67, 68]. In his new work [120], Nicholls showed that while
cyclic guanidines TBD (1) and MTBD (2) form stable and detectable complexes
with CO,, guanidine TMG (3) and tertiary amines (TEA (28) and DABCO) do not
[120]. With this result, a reexamination of the effects of the catalyst and solvent in
the reaction between CO, and propargylamines reported previously by Costa
[118, 119] was performed (Fig. 43) to investigate the possible mechanisms with/
without direct CO, activation (Fig. 45).

The conversion of propargylamine (83) to oxazolidinone (84) using MTBD (2)
or TMG (3) as catalyst was performed in different solvents under 5 bar of CO, at
75°C for 18 h [120] (Table 1). From these experiments, the authors concluded that
the basicity of the catalyst, rather than its ability to form complexes with CO,, is the
origin of catalytic activity, and consequently, polar solvents (e.g., DMSO) which
can stabilize the guanidinium cation are beneficial to the reaction. A novel catalyst/
solvent combination (TMG/DMSO/H,0) with superior catalytic activity at low
catalyst loading was reported [120].

In 2007, Maggi et al. [121] reported a study of the reaction of propargylamines
with scCO,; for the synthesis of variously substituted oxazolidinones. One of the
catalysts studied was silica-supported TBD (1) (SiO,-TBD). This catalyst gave
88% yield and 99% selectivity. Nevertheless, SiO,-TBD showed a problem with
deactivation on recycling, decreasing to 45% yield in the fourth cycle. Basic
alumina gives similar results at first cycle (85% yield and 98% selectivity) but
could be reused for at least seven runs without deactivation and was thus considered
the superior catalyst for this reaction [121].
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Table 1 Conversion (%) of 83 to 84

(0]
Me_ Me CCOZ 5| bar Bn\N)I\O
/<NHBn ﬁ» Mﬁﬁ
83 84
Conversion (%) of 83 to 84 in solvent
Catalyst Loading (mol%) MeCN EtOH DMSO
MTBD 10 100 29 54
MTBD* 10 99
T™G 10 19 40 100
T™™G* 10 39 100
MTBD 1 8
MTBD* 1 8
TMG 1 7 6
T™MG* 1 8 61
“Reaction was performed in the presence of 0.1 mL of H,O
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Fig. 46 General procedure for the synthesis of oxazolidinone 87 from norephedrine (86) and CO,
in the presence of PATMG (85) and various phosphorylating agents

In 2009, Paz et al. [122] reported the synthesis of oxazolidinones from 1,2-amino
alcohols and CO, in the presence of tetramethyl-phenylguanidine (PhTMG, 85) as a
base and a variety of phosphorus electrophiles at room temperature. 4-methyl-5-
phenyloxazolidin-2-one (87) was obtained from norephedrine (86) and CO, in the
presence of PATMG (85) and various phosphorylating agents (Fig. 46) in good
yields (55-86%). The best phosphorylating agent was diphenyl chlorophosphate
which was employed for other 1,2-amino alcohols giving good yields (76-90%) of
the corresponding oxazolidinones [122]. One year later [123], the authors reported
an extensive study of this methodology employed to several amino alcohols and
also testing other sulfur and carbon electrophiles.

In 2011, Yang et al. [124] reported a study of several protic onium salts
catalyzed for the synthesis of 5-aryl-2-oxazolidinones from aziridines (88) and
CO, (Fig. 47). A study investigating the influence of the cation was performed at
100°C, 5 MPa of CO, for 1 h, and it was found that catalytic efficiency increased in
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the order HHMTA™ < HTBD* < HDBU" ~HDABCO"* < HMIm* < HPy*. HTDB”*
only gave 77% yield of oxazolidinone, while HPy™ gave 97% yield and was chosen
as the optimal catalyst [124].

2.4 Synthesis of Quinazolines Catalyzed by Guanidines

Quinazoline-2,4-(1H, 3H)-diones and their derivatives are an important class of
organic compounds, and they have a wide range of biological and pharmacological
activities. The traditional synthetic methods toward quinazolines involve
anthranilic acid, anthranilamide, phosgene, potassium cyanate, or chlorosulfonyl
isocyanate [117]. Nevertheless, highly toxic reagents or harsh conditions restrict the
use of these methods [117]. In the view of greener syntheses, an effective synthetic
approach for the synthesis of quinazoline-2,4-(1H, 3H)-diones 90 and their deriv-
atives was developed from CO, and 2-aminobenzonitrile (89) using guanidine
catalysis (Fig. 48). This chapter reviews the literature works that use CO, for the
synthesis of quinazolines in reactions catalyzed by guanidines.

In 2010, Gao et al. [125] described an efficient approach for the synthesis of
quinazoline-2,4(1H,3H )-diones 90 from CO, and 2-aminobenzonitriles 89 (Fig. 48)
catalyzed by small amounts of organic guanidines without the use of any additional
solvent [125]. Guanidines used in this study are presented in Fig. 49.

Exploratory experiments were made using 2-aminobenzolnitrile (R=H in
Fig. 48). Non-guanidine organic bases such as hexamethylenetetramine and
diethylenetriamine were inactive at 80°C. All organic guanidines, however, gave
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Table 2 Conditions and yields of the guanidine-catalyzed reaction of 2-aminobenzonitrile (89,
R=H) and CO, (reaction time, 4 h; CO, pressure, 10 MPa)

Catalyst Amount of cat. (equiv.) T (O Isolated yield (%)
TBD (1) 0.1 120 81
TMG (3) 0.1 120 87
BuTMG (91) 0.1 120 86
92 0.1 80 25
92 0.1 100 32
92 0.1 120 88
93 0.1 120 89
TBD (1) 0.02 120 26
TMG (3) 0.02 120 82
BuTMG (91) 0.02 120 27
92 0.02 120 34
93 0.02 120 36

good yields with 0.1 equiv. of catalyst at 120°C (Table 2). TMG (3) showed the
highest catalytic performance with a catalyst amount as low as 2 mol%, which was
attributed to the influence of basicity and steric effects. Further reactions with
several 2-aminobenzonitriles containing both electron-withdrawing and electron-
donating substituents were performed under identical conditions and afforded good
yields of 60-95% [125].

In 2014, Lu et al. [126] reported the synthesis of quinazoline-2,4(1H,3H )-diones
90 from CO, and 2-aminobenzonitriles 89 in a series of ionic liquids (ILs) as both
catalysts and solvents. Seven ILs (imidazolium-based ILs) failed to produce the
target product. Of the other ILs tested, the only guanidine-based IL was
tetramethylguanidine acetate ([TMG]Ac, 94), but it gave only 23% yield, while
1-butyl-3-methylimidazolium acetate ([Bmim]Ac, 95) gave 92% yield. Therefore,
[Bmim]Ac (95) was chosen as the optimal IL for this reaction [126].

In 2014, Zhao et al. described two works [127, 128] on the synthesis of
quinazoline-2,4(1H,3H )-diones 90 from CO, and 2-aminobenzonitriles 89. First,
they reported [127] the reaction using a CO,-reactive protic ionic liquid (PIL) as
both catalyst and solvent at atmospheric pressure and room temperature [127]. The
only guanidine-based IL tested ((HTMG'][TFE~], 96) gave only 67% yield, while
amidine-based IL ((HDBU™][TFE~], 97) gave 97% yield. Then, a bifunctional IL
catalyst, [HDBUT][TFE"] (97), was found to activate CO, and
2-aminobenzonitriles 89 simultaneously to produce quinazoline-2,4(1H,3H)-
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Fig. 51 Structures of magnetic catalysts (98-101) reported by Zhao et al. [128]

diones 90 in excellent yields under atmospheric pressure at room temperature
[127]. Structures of ILs 94-97 are shown in Fig. 50.

Later on, the authors reported [128] organic superbase-functionalized magnetic
Fe;0, particles as catalysts for the synthesis of quinazoline-2,4(1H,3H )-diones 90.
The magnetic catalysts used in this study [128] are shown in Fig. 51 and included
two guanidine-functionalized catalysts: TMG@F;04 (100) and TBD@Fe;0,4
(101). The catalytic efficiency showed the following trend: 101 > 100 > 99 > 98
with TBD@Fe;0,4 (101) yielding 63% and TMG@Fe;0,4 (100) yielding 35% of
product [128].

TBD@Fe;0,4 (101) was chosen as the optimal catalyst, and the optimal reaction
conditions were 10 mol% of catalyst, 4 MPa of CO,, 1 mL of toluene as solvent, and
120°C reaction temperature. TBD-functionalized Fe;O, was proven to be an
efficient and recyclable magnetic heterogeneous catalyst for the synthesis of vari-
ous quinazoline-2,4(1H,3H )-diones 90 in reasonable yields (66-93%), and it could
be recovered using an external magnetic field [128].

In 2015, Lang et al. [129] reported that the amino acid ionic liquid tetra-
butylphosphonium arginine ([TBP][Arg], 102, Fig. 52) was found to be an efficient
and recyclable catalyst for the synthesis of quinazoline-2,4(1H,3H )-diones 90 from
2-aminobenzonitriles 89 and CO, under solvent-free conditions. Other arginine-
based ILs such as tetrabutylammonium and 1-butyl-3-methylimidazolium arginine
and non-arginine-based ILs were also examined for the reaction and were inactive
or gave only moderate yields. The high efficiency of [TBP][Arg] (102) even in the
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presence of only 5 mol% of catalyst is presumably due to the synergistic effect of
dual activation exhibited by the two functional sites, i.e., the carboxylic acid and the
guanidine group [129].

2.5 Other Reactions

Jessop (2005) [130] and Phan (2008) [131] reported the first examples of
two-component reversible ionic liquids based upon DBU (6) or BuTMG (91) and
an alcohol. The preparation of amidinium (103) or guanidinium (104) alkyl car-
bonate salts as viscous liquids at room temperature was achieved by bubbling CO,
through equimolar solutions of BuTMG (91) or DBU(6) and alcohols (methanol,
1-butanol, 1-hexanol, 1-octanol, or 1-dodecanol) (Fig. 53). These switchable sol-
vents were readily convertible, under an atmosphere of CO,, to ionic liquids and
were returned to their original neutral states by the application of N, gas and/or mild
heat (50-60°C) [130, 131].

In 2008, Heldebrant et al. [132] reported a new class of CO,-binding organic
liquids (CO,BOL) that chemically capture and release CO, more efficiently than
aqueous alkanolamine systems. These organic liquids are mixtures of organic
alcohols and amidine/guanidine bases that reversibly bind CO, chemically as liquid
amidinium/guanidinium alkyl carbonates. Among the investigated bases were the
guanidines TMG (3) and Barton’s base (105). Figure 54 represents the proposed
hydrogen bonding between cation and anion in salts made from these guanidines.
These CO, capturing agents do not require an added solvent and therefore have high
CO, capacities of up to 19% by weight for neat systems and slightly less when
dissolved in acetonitrile. These organic systems have been shown to bind and
release CO, for five cycles without losing activity or selectivity [132].
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Later in 2010, Heldebrant et al. [19] reported the use of alkanolamidines,
alkanolguanidines, and diamines to form single-component reversible zwitterionic
liquids by the reaction with CO,. The guanidines used in this study were TMG
derivatives 106, 107, and 108 (Fig. 55) prepared by the reaction of TMG (3) with
bromoalkanols [19]. They found that the chain length of the alkyl group between
the alcohol and guanidine has a pronounced effect on the physical properties and
CO, regeneration behavior of the alkanolguanidines. Short alkyl chains (as in 106)
do not release CO, thermally because an addition of the carboxylate to imine
carbon occurs. This cyclization to form the cyclic carbonate (109, Fig. 56) prevents
this compound from releasing CO,, and consequently, 106 is not a useful reversible
zwitterionic liquid. Longer alkyl chains (as in 107) produced a reversible zwitter-
ionic liquid, while very long alkyl chains (as in 108) produced reversible zwitter-
ionic waxlike materials [19]. Another work with low viscosity alkanolguanidine
and alkanolamidine liquids for CO, capture was reported by Heldebrant’s group in
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2013 [133]. The structures of alkanolguanidines 110—115 used in this work [133]
are presented in Fig. 57.

In 2010, Wang et al. [134] reported the preparation of superbase-derived protic
ionic liquids (PILs), which were prepared by the proton-transfer reaction between
the organic superbase MTBD (2) and an alcohol, imidazole, or pyrrolidone. The
effect of different superbase-derived PILs on the CO, capture was investigated. The
best CO, capture was observed for MTBDH"][TFE "] (116, Fig. 58) with a molar
ratio of CO, to 116 of 1.13 and [MTBDH+]2[HFPD27] (117, Fig. 58) with a molar
ratio of 2.04 mol of CO, per mol of 117. This high molar ratio achieved in 117 is
due to the presence of two CO,-reactive groups. In summary, these superbase-
derived PILs with low melting points were capable of reversibly capturing CO,
with a high capacity (more than 1 mol per mol IL), and a gravimetric capacity of
more than 16% was achieved [134].

Kikuchi et al. reported two works [135, 136] on the incorporation of CO, into
alkyne compounds mediated by silver catalysts in the presence of bases as an
efficient system for utilization of CO, in organic synthesis. A catalytic C-C
bond-forming reaction was achieved by the carboxylative cyclization of alkynyl
ketones 118 with 1.0 MPa of CO, to afford lactone derivatives 121 in good yields
under mild conditions (Fig. 59). The authors employed silver benzoate (20 mol%)
in the presence of MTBD (2, 4 equiv.). Other metal salts and bases (TBD (1),
DMAP (27) and iPr,NEt) were examined, and MTBD (2) showed the best catalytic
activity. The authors postulated that the in situ formed enolate 119 is expected to
capture CO, generating the p-ketocarboxylate intermediate 120 that would then be
trapped by the silver-activated C—C triple bond resulting in the intramolecular
cyclization to the corresponding lactone 121 (Fig. 59). This catalytic system was
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applied to aliphatic ketone derivatives, and the corresponding y-lactones were
selectively obtained without any need for control of the enolization
[135, 136]. The geometry of the C=C double bond in the lactone derivatives was
confirmed by X-ray analysis and NOE experiments revealing the (Z)-isomer as the
sole products.

In 2014, Gomes et al. [137] reported that guanidines and amidines are highly
efficient metal-free catalysts for the reduction of CO, with hydroboranes 122.
Guanidines TBD (1) and MTBD (2) were active catalysts for this transformation,
and MTBD (2) catalyzes the reduction of CO, to methoxyborane 123 (Fig. 60) at
room temperature with TONs and TOFs of up to 648 and 33 h™', respectively.
Formate and acetal derivatives were identified as reaction intermediates in the
reduction, and the first C—H bond formation was found to be rate determining.
Other nitrogen bases such as DMAP and DABCO also were tested under similar
reaction conditions and showed negligible catalytic activity [137].

Recently in 2014, Zhang et al. [56] reported a reaction system using CO, as
carboxylative reagent in a sequential carboxylation/intramolecular cyclization reac-
tion of o-alkynyl acetophenone 124 to produce 1(3H )-isobenzofuranylidene acetic
acids and esters 125 (Fig. 61). The authors studied a catalyst/base system, using
copper and silver salts as catalysts and MTBD (2), DBU (6), DBN (20), K,CO3, and
KOrBu as bases. The optimal reaction conditions were found with 2 mol% of
AgBF, as catalyst, 2.0 equiv. of MTDB (2), and a CO, balloon at room temperature
for 12 h, obtaining 93% yield of product. This AgBF,/MTBD system was extended
to various o-alkynyl acetophenones, and the products were obtained in good yields
(50-89%) and exclusive selectivity toward 5-exo oxygen cyclization [56].
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The authors proposed [56] a reaction mechanism shown in Fig. 62. In the
presence of a suitable base such as MTBD (2), o-alkynyl acetophenone 124 is
first carboxylated with CO, to produce a f-ketocarboxylate 124a. For the following
cyclization reaction, two possible pathways were proposed: in Path 1, 124a
undergoes keto—enol tautomerism to 124b, and the enol oxygen atom of 124b
attacks the silver(I)-activated alkyne moiety in 124c resulting in cyclization and
formation of the 1(3H)-isobenzofuranylidene acetate 124d. Path 2 involves the
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direct attack of the keto oxygen atom of 124a toward the silver(I)-activated alkyne
moiety 124e, generating intermediate 124f, and the following 1,5-hydrogen shift
then gives acetate 124d. Finally, acidification or esterification of the resulting
carboxylate 124d releases the carboxylic acid or ester 125 [56].

3 Indirect CO, Capture: Use of DMC in Synthesis

As mentioned in the Introduction (Sect. 1.2), organic carbonates can be used as
alkylating and carbonylating agents and thus are a substitute for alkyl halides and
phosgene. Dimethyl carbonate (DMC, 69) is one of the most used organic carbon-
ates in synthesis, and although it is synthesized from phosgene or via oxidative
carbonylation of methanol, the increasing synthesis of DMC from CO, has
converted the reactions using DMC into a means for the indirect capture CO,.

For example, Asahi Kasei Corporation reported [36, 37] in 2003, for the first
time in the world, the commercial production (50,000 ton year ') of a polycarbon-
ate using carbon dioxide as a starting material. In this procedure, CO, is first
converted to DMC (69) that is then used in the fabrication of the polymer.
Accordingly, polycarbonate (PC) was made in four steps (Fig. 63): in the first
step, CO; reacts with ethylene oxide (126) to form ethylene carbonate (127). After
that, 127 reacts with methanol to produce DMC (69). Then, DMC (69) is converted
to diphenyl carbonate (DPC, 128) which reacts with bisphenol A (129) to generate
the PC [36, 37]. Thus, DMC could be considered as an activated form of CO, with
higher reactivity toward nucleophiles than the nonactivated CO, molecule.

X
0o
0" 0 2MeOH
Co, + A J/ \oJ\o/ + HOC ~on
126 127 69
DMC
e ) QD)
128
DMC DPC
o GH,
20 o HE o
0~ o CH;
128 129
DPC bisphenol A

PC prepolymer (n=10-20)

Fig. 63 Asahi Kasei polycarbonate process [36, 37]
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In 2011, Tang et al. [138] reported an isocyanate-free synthesis of thermoplastic
polyureas. They related for the first time that the organic superbasic guanidine TBD
(1) is a promising catalyst for the transurethanization between dicarbamates 131a—c
and diamino-terminated poly(propylene glycol) (PPGda, 132) for providing
polyureas 133 [138]. First, they prepared the dicarbamates 13la—c by
carbomethoxylation between 1,4-diaminobutane (DAB, also called putrescine,
130) and DMC (69) using TBD (1) as catalyst [138]. This synthetic strategy to
prepare dicarbamates 131a—c is shown in Fig. 64. The following transuretha-
nization reaction between dicarbamates 131a—c and diamino-terminated poly(pro-
pylene glycol) (PPGda, 132) providing polyureas 133 [138] is shown in Fig. 65.

Thus, the authors reported the synthesis of polyureas catalyzed by TBD (1),
starting from DAB (130), DMC (69), and PPGda (132), which are all potentially

o
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Fig. 64 Synthesis of dicarbamates 131a—c from DAB (130) and DMC (69) using TBD (1) as
catalyst
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Fig. 65 Transurethanization between dicarbamates 131 and diamino-terminated poly(propylene
glycol) (PPGda, 132) providing polyureas 133



Guanidines as Catalysts for Direct and Indirect CO, Capture and Activation 65

0 TBD (1) o] 0

RO + ~ Al 80°C,\JL,R+R\J\,R
070" o~ 070 0" o
o 134 135

(excess)

Fig. 66 General procedure for synthesis of unsymmetrical (134) and symmetrical (135) organic
carbonates using TBD (1) and DMC (69)

DMC (69)
MeOH
H TBD, DBU, DABCO or NEt; o
(catalytic amount)
R\"/N\OH reflux/20h R\NJ\OMG
o) ux H
136 137

Fig. 67 General procedure to obtain methyl carbamates 137 from hydroxamic acids 136

biomass-derived starting materials. This isocyanate-free route offers a versatile and
effective way to prepare segmented polyureas with monodisperse hard
segments [138].

In 2012, Mutlu et al. [139] reported the synthesis of symmetrical and unsym-
metrical organic carbonates as well as polycarbonates using TBD (1) as a catalyst in
combination with DMC (69) in a procedure without the use of classic toxic and
harmful chemicals, such as phosgene and carbon monoxide [139]. The direct
condensation of an alcohol and DMC (69) using TBD (1) in a homogeneous
organocatalytic system without additional solvents affording unsymmetrical (134)
and symmetrical (135) organic carbonates [139] is shown in Fig. 66. The influence
of several reaction parameters such as amount of DMC, catalyst loading, and
reaction time was discussed. All reactions were performed at atmospheric pressure
at 80°C, and yields of up to 98% of unsymmetrical carbonates were obtained under
optimized conditions (17 examples). The results obtained for the synthesis of low
molecular weight building blocks could be transferred to the catalytic synthesis of
high molecular weight polycarbonates [139].

In 2012, Kreye et al. [140] reported a catalytic variant of the Lossen
rearrangement. They investigated if catalytic quantities of TBD (1) or other
amine bases (DBU (6), TEA (28) and DABCO) have the potential to activate
hydroxamic acids 136 with DMC (69) in situ to form methyl carbamates 137
[140] (Fig. 67).

The first experiments were using aliphatic hydroxamic acids. After optimization
of the reaction conditions, they found that the best results were obtained when DMC
(69) and methanol were used in a 10:1 ratio with 0.2 equiv. of TBD (1) at reflux for
20 h, giving yields of 52—-77% (7 examples). After that, they extended the procedure
to aromatic hydroxamic acids using the same conditions. However, instead of the
expected methyl carbamate derivative 137, they obtained aniline 138 (Fig. 68).
Presumably, aromatic methyl carbamates are not stable under the applied basic
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reaction conditions and are degraded to anilines 138 in the presence of TBD (1) and
methanol and/or water (65-83% yield, eight examples) [140].

In summary, methyl carbamates were obtained when aliphatic hydroxamic acids
were employed in this catalytic Lossen rearrangement, while aromatic hydroxamic
acids yielded anilines under the same conditions. The mixture of DMC/methanol
was recycled several times without observing any decrease in yields [140].

In 2013, Islam et al. [141] reported the transesterification kinetics of a homoge-
neous reaction system consisting of canola oil and DMC (69) for the productions of
glycerol-free biofuels using TBD (1) as catalyst. The reaction between fatty acid
triglycerides 139 and DMC (69) avoids the production of glycerol and, instead,
produces a mixture of fatty acid methyl esters (FAMEs, 140) and cyclic glycerol
carbonate esters of fatty acids, known as fatty acid glycerol carbonates (FAGCs,
141) (Fig. 69) [141].

The study was mainly focused on the influence of temperature, catalyst loading,
and oil/DMC molar ratio on the progress of the transesterification reaction. The
optimum conditions found were 70°C, 1.5 wt% of TBD (relative to the amount of
oil), and a molar ratio of 0il/DMC of 1/6 [141].

The authors proposed a mechanism for this catalytic process (Fig. 70) which is
based on TBD (1) acting as a bifunctional nucleophilic organocatalyst. In the first
step, TBD (1) reacts with DMC (69), leading to intermediate 1. The methoxide
anion from this intermediate attacks the triglyceride 139 to form 1 mol of FAME
140 and generates the intermediate II. The combination of diglyceride alkoxide
with the intermediate II results in the regeneration of TBD (1), the formation of a
molecule of FAGC 141 and another 1 mol of FAME 140 [141].

In 2013, Unverferth et al. [142] reported the TBD-catalyzed polycondensation
reaction of fatty acid-derived dimethyl dicarbamates and diols as a versatile,
non-isocyanate route toward renewable polyurethanes [142]. First, the authors
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synthesized the dicarbamate monomers 142 and 143 by the Lossen rearrangement
procedure described above (Fig. 67). The carbamate monomers 142 and 143 were
then used in poly(transurethanization) reactions with diols 144 and 145 to obtain the

polyurethanes 146 [142] (Fig. 71).

After optimization of the reaction conditions, polycondensations were
performed at 120—160°C, continuous vacuum, and 0.1 equiv. of TBD (1) in three
portions (0.033 equiv. at 120°C for 2 h, 0.033 equiv. at 140°C for 2 h, and
0.033 equiv. at 160°C for 12 h), and polyurethanes were obtained with molecular
weights of up to 25 kDa. Other catalysts, e.g., Lewis acids such as titanium
isopropoxide or tin(II) 2-ethylhexanoate, in amounts of 0.1 equiv. at temperatures
of 130°C were less active than TBD (1), and only oligomers were obtained [142].
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4 Conclusion

There are a number of energy fuel products including methanol, formic acid, and
hydrocarbons and value-added chemicals including carbonates, carbamates,
oxazolidinones, quinazolines, urea derivatives, isocyanates, etc. which can be
produced from CO,. These are also very important organic intermediates and
building blocks in organic synthesis, pharmaceuticals and medicinal chemistry,
dyes, and agricultural fields. Various catalytic systems have been found to be
effective for CO, conversion. Heterocyclic guanidines like TBD and MTBD and
linear guanidines such as TMG are an important group of compounds useful as
catalysts for the capture and activation of CO,. This chapter showed literature
reports of guanidine catalysts with notorious efficiency for the synthesis of value-
added chemicals by direct and indirect capture and activation of CO,. TBD seems
to be particularly useful as a catalyst both in the direct reaction with CO, and
indirect reactions with DMC. The catalytic efficiency of TBD likely results from
both the hydrogen bond activation of CO, and the formation of activated carbamate
derivatives with enhanced electrophilicity.
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Abstract This chapter will give an insight into the chemistry of triaminogua-
nidinium salts (TAGX), their synthesis, and potential application. The main focus
will be on the utilization of triaminoguanidinium salts as building blocks for Cs-
symmetric ligand systems. Both the direct application and the coordination chem-
istry leading to molecular and supramolecular coordination compounds will be
presented. The formation of basic coordination compounds and different discrete
coordination cages will be described in more detail.
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Abbreviations

a Anti

acac Acetylacetonate

DMAB Dimethylaminoborane

DMF N,N-Dimethylformamide

en Ethylenediamine

HsL/ 2-(4-(2-Hydroxybenzyl)amino)-5-(2-(2-hydroxybenzylidene)
hydrazinyl)-4H-1,2,4-triazol-3-yl)phenol

HsL tris(2-Hydroxybenzylidene)triaminoguanidine

NaHbar Sodium 5,5-diethylbarbiturate

pTsOH para-Toluenesulfonic acid

s Syn

TAG Triaminoguanidine

TAGX Triaminoguanidinium salt

[HeBr;sL]Cl1 tris(5-Bromo-2-hydroxybenzylidene)triaminoguanidinium
chloride

[HsMe;3BrsL]Cl tris(5-Bromo-2-methoxybenzylidene)triaminoguanidinium
chloride

[H¢(OMe)3BrsL]ClI tris(5-Bromo-2-hydroxy-3-methoxybenzylidene)
triaminoguanidinium chloride

[HeL]Cl1 tris(2-Hydroxybenzylidene)triaminoguanidinium chloride

[HeBr3L]Cl1 tris(5-Bromo-2-hydroxybenzylidene)triaminoguanidinium
chloride

[HeBre(OMe)sL]Cl  tris(3,5-Dibromo-2-hydroxy-4-methoxybenzylidene)

triaminoguanidinium chloride

1 Introduction

In 1904 Stollé mentioned the preparation of TAGCI from hydrazine hydrate and
carbon tetrachloride and the subsequent condensation with benzaldehyde [1]. Now-
adays triaminoguanidinium salts are prepared by conversion of guanidinium salts
with hydrazine hydrate (Fig. 1). Details of the basic module are presented in the
chapter of S. Herres-Pawlis, which covers the guanidinium salts.

Small Cs-symmetric organic molecules, which offer three chelating coordina-
tion sites, are accessible. By deprotonation with an appropriate base, free triamino-
guanidine bases (TAG) can be obtained. Moreover, cyclization reactions for the
formation of triazoles [2, 3], tetrazoles [4, 5], and tetrazines [6] are widely used to
obtain cyclic compounds with a high nitrogen content. Already in 1957, Scott
described a new method for the preparation of a tetrazine derived from TAGNO;
and acetylacetone [7]. Further research in this area was done by Klapotke, who was
interested in tetrazoles and their usage as constituent for energetic salts [4, 5].
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Fig. 1 Formation of TAGX and deprotonation to triaminoguanidine. Black circles show possible
coordination sites

2 TAG-Based Ligands

There are only a few examples in which unsubstituted triaminoguanidinium salts
are used directly as ligands. Romanenko et al. demonstrated the conversion of
triaminoguanidinium chloride with CuCl, forming the first coordination compound
[Cu(TAG)CI5]CI - H,O based on ionic TAGCI [8]. Earlier research described Ni(II)-
coordination compounds from neutral TAG [9]. However, all these products are
unstable in both air and water because of the reducing character of the unsubstituted
triaminoguanidinium salts. Therefore, protection groups have to be introduced. The
terminal amine groups can easily be functionalized by condensation with aldehydes
and ketones, which was already shown by Stollé in 1904 [1]. Furthermore, an
enhancement of the chelating properties of the system is possible by adding
additional donor atoms by the condensation with salicylaldehyde derivatives (Fig. 2).

Thus, tris-chelating ligands with a threefold symmetry are accessible. These are
able to bind three metal centers with close metal-metal contacts.

Further substituents which influence the properties of the ligands can also be
introduced. In this way, ligands with enhanced solubility or increased steric demand
can be prepared, and building blocks with desired properties for further applications
can be designed.

Regarding the crystal structures of [HgL]Cl [10] and [H¢Br3L]Cl [11] (Fig. 3), it
is noticeable that the ligands can undergo conformational changes. Due to the
possible rotation around the Cjnine—Ciphenyr Single bond, the position of the
OH-substituent may be syn or anti with respect to the C=N-imine unit. Thus,
four different isomeric forms are conceivable (sss, ssa, saa, aaa). In the case of
[HeBrsL]Cl, the ligand exhibits the symmetric aaa-conformation because the
hydroxyl groups form hydrogen bonds to the chloride ion. [H¢L]Cl, on the other
hand, is present in an saa-conformation in solid state. Thus, intermolecular hydro-
gen bonding between the hydroxyl group and a polar solvent or the anion leads to
the anti-conformation, whereas intramolecular bonding between the hydroxyl
group and the imine leads to a stabilization of the syn-conformation. Metal binding
is much stronger in the sss-conformation, and the undesired aaa-conformation in
polar solvents can be inverted to sss by the addition of a base, which was proven by
multidimensional NMR studies [11].

In addition to the utilization as ligand for metal binding, salicylaldehyde-derived
TAG salts can also be used for the formation of two-dimensional, porous molecular
networks by self-assembly on solid surfaces [12]. The introduction of a charged,
trigonal core at solid surfaces results in additional bonding sites for other ions or
molecules. With the coordination of metal ions, the construction of 2D metal arrays,
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Fig. 3 (a) Crystal structure of [H¢L]Cl. Black circle shows a tris-chelating coordination pocket.
(b) Crystal structure of [HgBr;L]Cl. Solvent molecules and anions are omitted for clarity

which may serve as tailor-made catalysts, would become possible. For the assembly
on solid surfaces, long alkyl chains were attached to the phenyl groups because van
der Waals interactions between interdigitated alkyl chains with adjacent molecules
efficiently promote self-assembly. It could be observed that two different networks,
a porous honeycomb and a nonporous linear network, are formed (Fig. 4). The type
of network is dependent on the concentration of the ligand and on the length and
number of the alkyl chains.

While the inherent lability of the imine bond is advantageous for self-assembly
in supramolecular chemistry, it may also lead to decomposition or side reactions.
To prevent potential decompositions, the reduction of the imine bond is necessary.
This can be achieved by catalytic reduction with molecular hydrogen (Fig. 5a) [13].

Another method to reduce TAGX-derived ligands was described by Maas
et al. [14]. While the reduction of tris(2-phenylpropyl-1-iminyl)guanidinium chlo-
ride was not possible by catalytic hydrogenation, the reaction with dimethylami-
noborane (DMAB) and p-toluenesulfonic acid (pTsOH) according to Casarini
et al. [15] yielded the reduced tris(2-phenylpropyl-1-amino)guanidinium tosylate
(Fig. 5b). Maas used this reduced species for an N-carbamoylation with aryl iso-
cyanates. The reaction with p-toluenesulfonyl isocyanate led to an N-mono-
sulfonylcarbamoylation, and the reaction with aryl isothiocyanates led to the
formation of triazoles. These examples show the diversity of secondary products
derived from 1,2,3-tris(alkylamino)guanidinium salts using heterocumulenes as
reagents. Compared to the imino-ligands mentioned before, the conformational
flexibility of the reduced ligands is considerably enhanced. Solid-state structures
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Fig. 4 Chemical structure of [He(C;oH2,)6L]Cl. STM image and network model of
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Fig. 5 Reaction scheme for the preparation of (a) tris(benzyliminyl)guanidinium chloride and
catalytic hydrogenation to tris(benzylamino)guanidinium chloride and (b) tris(2-phenylpropyl-1-
iminyl)guanidinium chloride and reduction to tris(2-phenylpropyl-1-amino)guanidinium tosylate

show that the phenyl groups are oriented out of plane of the CNg unit, and
asymmetric structures can therefore be observed. Nevertheless, these ligands are
still symmetric on the NMR time scale. Using salicylaldehyde derivatives instead of
benzaldehyde may lead to compounds with even stronger metal coordination
properties due to the additional acidic NH group.

As shown above, TAGX can easily be functionalized via condensation. Addi-
tional to the presented salicylaldehyde or benzaldehyde derivatives, non-aromatic
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ketones like acetone can also be used [16]. Moreover, the aromatic systems may be
expanded by using naphthalene aldehydes [17], and it may be altered electronically
by the introduction of heteroatoms like nitrogen as in pyridine carbaldehydes
[18]. All these examples show that the TAG system is very flexible and offers a
lot of possibilities for variation with regard to the desired application.

2.1 Metal Coordination

Due to the chelating character of the three coordination sites in the C3-symmetric
TAG ligands, metals can be bound very strongly. Here, we will show some basic
coordination compounds formed from salicylaldehyde-derived TAGX ligand sys-
tems and different metal ions. These compounds form the basis for the design of
supramolecular structures.

In 2000, the first examples of this class of coordination compounds were
reported by Robson et al. [10]. The reaction of [HgL]Cl with Zn(II) or Pd
(IT) chlorides in the presence of a base led to the compounds shown in Fig. 6.

In these complexes, the ligands are fully deprotonated and exhibit the sss-
conformation. Every metal ion is coordinated by the ligand in a threefold manner,
and additional co-ligands are bound to complete the coordination sphere. The
complex possesses a chiral, propeller-like structure in which the CNg unit is still
planar and the phenyl rings are twisted out of plane. In 2005, another coordination
compound with Zn(Il) was presented (Fig. 7) [19].

In this case, the ligand contains a methoxy group instead of an acidic hydroxyl
group in the 2-position. [H;Me3Br;L]Cl and ZnCl, were reacted in the presence of a
base to give the coordination compound (Et;NH),[(ZnCl,);Me3BrsL]. It can be
seen that the ligand remains in the aaa-conformation, and the methoxy group does
not participate in the coordination. The Zn(II) center is coordinated tetrahedrally by
the ligand and two chloride co-ligands. This example demonstrates that even in the
aaa-conformation the ligand is able to bind metal ions.

Using copper(Il) as a metal ion, different observations were made. If sterically
demanding co-ligands like sodium 5,5-diethylbarbiturate (NaHbar) are employed,
basic coordination compounds can be achieved (Fig. 8) [11].

a)

Hy N on, (@ q
,.,' 6 W2
Zn ~
T L4
N
H;0 =
P:’Nzn é :"

Fig. 6 (a) Crystal structure of the [(PdCl)3L]27 ion. (b) Crystal structure of the [(Zn(H,0)
(NH3));L]" ion



Triaminoguanidinium-Based Ligands in Supramolecular Chemistry 81

Fig. 7 Crystal structure of MeO
the [(ZnCly)3Me;BrsL]** ion 6 LG par
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[

Fig. 8 Crystal structure of o
the [(CuHbar);Br;L]*~ ion HN A

Again, a base was present and therefore the ligand is fully deprotonated. Every
coordination site is occupied by a metal ion. The ligand adopts the common
propeller-like twisting of the phenyl group, while the CNg unit remains planar.
The coordination sphere of the Cu(Il) centers is completed by partially
deprotonated diethylbarbiturate anions. The distortion of the ligand is stronger as
compared to the systems presented before. This shows the ligand’s high degree of
flexibility for further uses as predesigned building block for supramolecular cages
and coordination polymers. Indeed, Plass et al. could show that the same system of
CuCl, and [HeL]CI without sterically demanding co-ligands builds up a coordina-
tion polymer consisting of two interpenetrating (10,3)-a nets with opposite chirality
(Fig. 9a) [21]. The ligands are fully deprotonated and every coordination site is
occupied by one metal ion. By variation of the phenyl rings through the attachment
of additional OH groups at the 5-position, a porous (10,3)-a net with channels filled
with solvent molecules could be obtained (Fig. 9b) [22].

Given the spatial proximity of the metal ions in all coordination compounds of
about 500 pm, Plass became interested in their magnetic behavior [20]. Indeed, the
porous network showed strong antiferromagnetic coupling. To observe the
exchange coupling of paramagnetic Ni(I)-ions bound to the ligand, Plass reacted
[HgBr3L]Cl and Ni(Il)-salts in the presence of a base and an additional sterically
demanding co-ligand like 2.,4,6-tris(2-pyridyl)-1,3,5-triazine and 2,2’-bipyridine
[23]. Thus, the system was prevented from building coordination polymers and
monomeric coordination compounds could be obtained. Magnetic measurements
showed strong antiferromagnetic interactions between the metal ions, but due to the
Cs-symmetry of the system, a nonmagnetic ground state was observed.

All the examples shown before are predicated on the presence of a base to
enforce the sss-conformation and to facilitate the metal coordination. To investigate
what happens if the ligand is converted with a basic metal salt without any
additional base, [HgBr;L]Cl was reacted directly with (NH4)g[M0,0,4].
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Fig. 9 (a) Schematic presentation of the [CusL]* building block and topology of the two
interpenetrated (10,3)-a nets. (b) [Cu3(OH);L]" building block and topology of the porous
framework with one of the ten-membered rings highlighted (nodes represent the central carbon
atom of the triaminoguanidine ligands) [20]
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Fig. 10 Crystal structure of the asymmetric unit of [MoO,(H,0),(H3Br3L)] - 2DMF

Figure 10 shows that in the resulting complex only one coordination pocket is
occupied and the ligand is only partially deprotonated. The overall conformation is
ssa and the anti-conformation is stabilized by a hydrogen bond to a DMF molecule. This
proves that it is possible to coordinate metal ions even in the absence of strongly basic
conditions, yet the resulting structures can no longer be reliably predicted anymore. To
generate supramolecular structures with a defined shape, however, a predictable coor-
dination behavior of the ligand is indispensable, while its flexibility must also not be
disregarded. Thus, TAG-derived ligands are excellent building blocks for supramolec-
ular architectures due to their well-known as well as tunable coordination behavior.

2.2 Triazole Formation

Using NaHbar as a co-ligand for the coordination of Pd(II) to [HeL]Cl, the
formation of a 1,2,4-triazole could be observed [24]. This oxidative cyclization of
a triaminoguanidinium-based ligand was already found in 2000 [10] resulting in a
part of a huge donut-shaped coordination oligomer (see Fig. 28). The crystal
structures of an Eu(IIl) and an isostructural Gd(III) tetramer exhibited the same
structural unit consisting of two different triazole backbones (Fig. 11).

To investigate the triazole formation, model compounds were synthesized
[25]. [HeBrsL]Cl was reacted with Pd(Il) salts and phosphine-based co-ligands
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Fig. 11 Asymmetric unit and visualization of different triazole backbones in entire coordination
of a Eu(Ill)-triazole tetramer

= Br\‘ = Br o
® | ' ,L
OH “ oM 7 “oH
rotation around _ -2H*. -2¢” L

=N “N-N bond “"N

HN"-.//N‘N/ X Br 2 = Br g - R
T N X \*’\AN( NN

N e &\r’ v = pi~0
@j RyP OH R;P R,yP

Br

Fig. 12 Triazole formation from [(Pd(PR3)H3B73L] to [(Pd(PR3)HBr3L']

(PPh;3, PEt3). A basic coordination compound [(Pd(PEt3;)H3Br3L] was formed under
inert conditions. After that, H,O, was added stoichiometrically to allow a time-
resolved monitoring of the oxidation. By means of NMR studies and single crystal
diffraction, it could be demonstrated that the steric demand of the co-ligand leads to
a rotation of the aromatic unit, followed by a nucleophilic attack on the imine
carbon atom resulting in a proton and electron elimination and the triazole forma-
tion (Fig. 12).

Because the oxidation is also driven by oxygen from air and the ligand and
triazole can easily be differentiated by 'H-NMR, this reaction is a well-suitable
exercise for undergraduate students to prove their skills in working under inert
conditions [26].

3 Supramolecular Coordination Compounds

The following chapters will give an overview of the application of TAGX-based
ligands in supramolecular chemistry. The focus will be on the coordination of metal
ions to construct large structures from scratch.

Supramolecular coordination compounds can be differentiated into polymeric
structures or discrete coordination compounds. Coordination polymers built from
the Cu(IT)/[HeL]Cl system have been discussed earlier (Fig. 9).
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3.1 Layered Coordination Structures

Since ligands derived from TAG salts and salicylaldehydes are flat with a slightly
propeller-like twisting of the phenyl rings, metals can be coordinated in a tris-
chelating manner (see Fig. 6). The coordinated metal ions can be linked by
additional molecules to build up layered structures. For instance, a bilayer of
{{Zn(NH3) }3Br3;L}, is stabilized by bridging OH™ groups (Fig. 13) [19].

Here, the triangular units exhibit an orientation opposite to each other. In this
way, close contacts between neighboring bromine atoms are avoided. The Zn
(IT) ions are trigonal bipyramidally coordinated. An analogous structure is observed
when pyridine carbaldehyde is used instead of 5-bromosalicylaldehyde. In that
structure, the bilayered zinc compound is bridged by chlorine ligands [18].

The construction of supramolecular structures is often highly sensitive towards a
change of solvent, anion, and reaction conditions. Thus, the dimeric structure of the
compound shown in Fig. 13 is not observed when the same reaction mixture is
crystallized from a different solvent. The observed structure exhibits two ligands
that are orthogonally twisted and a central zinc ion that is octahedrally coordinated
by two binding pockets (Fig. 14).

A triple-layered compound [{{Ga(OH),}sBrel}{{Ga(acac)}sBrel},] can be
obtained under solvato-thermal conditions at 120°C from [HgBrgL]Cl, gallium
acetylacetonate, and triethylamine in acetonitrile (Fig. 15) [27].

Fig. 13 (NHy)[{{Zn(NHj3)}3Br;L},{p-(OH);}5] (a) schematic drawing, (b) crystal structure in
the same orientation, and (c) side view
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Fig. 14 (a) Schematic representation of [Zn{Zn,(OH,);(NH3)Br;L},]; (b) an arrow indicates the
central zinc ion in the asymmetric unit
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Fig. 15 Asymmetric unit
of [{{Ga(p-OH),}3BreL}
{{Ga(acac)BreL},]

Fig. 16 Truncated or
adamantanoid tetrahedron
constructed by six metal
ions and four C3-symmetric
TAG-based ligands

Three layers of the ligand are arranged in parallel with alternating orientation.
The outer ligands are slightly bent. All nine binding pockets are occupied by Ga(IlI)
ions, which are connected by bridging OH™ groups as already shown in Fig. 13.

3.2 Tetrahedral Structures

Supramolecular structures in which the ligands form a tetrahedral cage are also
accessible by using TAGX-based ligands (Fig. 16). The aromatic substituents of the
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Fig. 17 [Et,N]g[{(CdCl);L}4], visualization of the faces of the tetrahedral structure. Counterions
and solvent molecules are omitted for clarity

Fig. 18 Edge of the tetrahedral coordination compound [Et,N]g[{(CdCl)3L},] in (a) side and (b)
frontal view. Bridging (CdO), units are highlighted

ligands force a linkage at the edges of the tetrahedral structure which therefore form
a truncated or adamantanoid tetrahedron.

The porosity of the discrete cage can be influenced by the functionalization of
the aromatic rings. Thus, guest molecules are able to interact with the cavity of the
host and may serve as a template for the desired structure. [HgL]Cl is one of the
simplest TAG-based ligands in coordination chemistry. The group of Robson [28]
was able to create a supramolecular tetrahedral coordination compound by the
reaction of [H¢L]Cl with stoichiometric quantities of cadmium(II) chloride in the
presence of tetraecthylammonium hydroxide (Fig. 17).

This coordination cage is an octa-anion with one tetraethylammonium ion inside
the cavity which was proven by '"H-NMR and *C-MAS NMR spectroscopy. A
different set of signals for internal and external EtyN™ ions was detected. Within
this cage, (CdO), units build the edges of the tetrahedron. “O” stands for the
deprotonated hydroxyl group of the aromatic rings (Fig. 18).
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Fig. 19 (Et4N)5(Et3NH)3
[{(CdCl)3BrsL}4],
visualization of the faces of
the tetrahedral structure.
Counterions and solvent
molecules are omitted for
clarity

Furthermore, Robson’s group was able to isolate a similar tetrahedral coordina-
tion compound in which the coordination sphere of cadmium is completed by
bromine and the cavity is filled with Me,N* ions [28].

Another ligand is produced by the reaction of 5-bromosalicylaldehyde with TAG
salts [29]. The emerged ligand [HeBrsL]Cl is reacted with cadmium(II) chloride
and Et4NCI as a cationic template in the presence of triethylamine and yields a
similar tetrahedral coordination cage (Fig. 19).

In addition, the tetrahedral structure can also be obtained even without the use of
a tetrahedral template like NEt,*. HNEt;" is also able to fill the cavity together with
one molecule of water. The resulting cage structure can be verified in solid state, in
solution, and also in the gas phase. NMR spectroscopy shows different HNEt;*
species, inside and outside the cavity. ESI mass spectrometry shows the tetrahedral
cage with one HNEt;" ion and one water molecule encapsulated [29].

3.3 Double-Walled Tetrahedral Structures

For the construction of tetrahedral coordination cages, an exact match of the ligands
with the steric requirements of the metal centers is necessary. Zinc(II) ions exhibit a
smaller diameter as compared to cadmium(II) and palladium(II) ions. This would
force the faces of a theoretical tetrahedral coordination structure to come in close
contact, which is sterically unfavorable. Since zinc(II) ions are situated up to 0.87 A
above the planar CNg unit (Fig. 13), they can form a (ZnO), bridging edge. By
utilizing an equimolar mixture of the two ligands [HgBrsL]" and [HeBrg(OMe)sL]*
(Fig. 20), the formation of a double-walled tetrahedral structure (Fig. 21) in which
the layers are linked by methanolate ions can be achieved [30].



88 C. von Ef3en et al.
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From Fig. 21 it can be seen that the double-walled tetrahedron exhibits nearly
closed corners. The sterically more demanding ligand [Bre(OMe)sL]’~ occupies the
outer shell of the tetrahedral coordination cage. The four negative charges of this
compound are compensated by four HNEt;* ions, of which one is located inside
the cage.

3.4 Octahedral Structures

Octahedral coordination cages are accessible by using an approach similar to the
construction of tetrahedral structures (Fig. 22).

The dihedral angles at the edges of octahedral coordination cages are larger in
comparison with tetrahedral structures. Therefore, the binding angle of the bridging
element needs to be customized by a suitable twofold bridging ligand such as
sodium 5,5-diethylbarbiturate (NaHbar, Fig. 23a) [24].

Thus, when [HgL]Cl is reacted with palladium(II) chloride and NaHbar in
aqueous acetonitrile solution in the presence of NEt;, an octahedral coordination
compound is formed. The resulting large cavity is occupied by four sodium ions and
approximately twenty water molecules (Fig. 23b).

Even though the aromatic rings of the ligands are tilted out of the face planes to
avoid close H-H contacts, the corners of the octahedral structure are tightly closed.
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Fig. 23 (a) bar”", bridging angle o = 108—117°, (b) schematic drawing of the octahedral coor-
dination compound

3.5 Trigonal Bipyramidal Structures

The construction of trigonal bipyramidal structures by using TAG-derived ligands
follows the same design concept needed for the construction of octahedral struc-
tures. Ligands occupy the faces of the trigonal bipyramid, and twofold bridging
units are used to connect at the edges (Fig. 24).
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Fig. 24 Schematic drawing
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To force a system into a trigonal bipyramidal structure, it is necessary to increase
the steric demand at the corners of the polygon by the right choice of ligand. The
equatorial angles at the corners of a trigonal bipyramid are small (60°); thus, the
atoms tend to avoid each other. This effect can further be increased by modifying
the aromatic substituents with large groups such as the bromine atoms in [HgBr3L]*.
Accordingly, the reaction of palladium(Il) chloride, [HeBr;L]Cl, NaHbar, and
NEt4Cl in the presence of NEt; leads to the formation of a trigonal bipyramidal
structure. The cavity is occupied by four EtzNH* ions and one EtzN™ ion (Fig. 25).

From Fig. 25 it can be seen that the aromatic rings of the ligands are slightly
tilted due to the steric demand of the bromine substituents. bar”~ is bridging two
palladium(II) ions and the ethyl groups are pointing outwards.
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Fig. 25 Visualization of
the faces of the trigonal
bipyramidal structure,
bar®™ highlighted black.
Counterions and solvent
molecules are omitted for
clarity

3.6 Irregularly Shaped Coordination Compounds
3.6.1 A Box-Shaped Coordination Compound

In the complex [Co(en);]Brs, Co(IIl) is octahedrally coordinated. It can potentially
be used as a template for the construction of an octahedral supramolecular com-
pound. With [HeL]Cl and Pd(II), a box-shaped coordination compound is formed.
Each ligand molecule binds two palladium(Il) ions and one cobalt(IIl) ion
(Fig. 26) [24].

The Co(IIl) ions are coordinated octahedrally by two ligands. Two Pd(II) ions
are connected by bridging bar”~ ligands. The remaining two Pd(II) ions complete
their coordination sphere with one chloride anion each.

3.6.2 A Donut-Shaped Coordination Compound with Cd

Although ligand HsL remains intact during the formation of trimetallic complexes
(Fig. 6), it is able to undergo an cycloisomerization to form a triazole in the
presence of Cd(II) ions and low quantities of triethylamine. Furthermore, the
reduction of one imine bond to the corresponding secondary amine is observed
(HsL', Fig. 27) [10].

This structural motive is part of a coordination oligomer shown in Fig. 28. The
donut-shaped coordination oligomer exhibits a molecular weight of over
10,000 g mol ' and a diameter of 30 A. The oligomer contains 24 Cd(II) centers,
12 H,L*~ , and 6 H,L'*~ ligands in total.
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Fig. 26 Box-shaped coordination compound (Et;N)g[{ Co{(PdC)(Pd)L },(p-bar)},]
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Fig. 27 (a) Triazole formation of HsL to HsL'; (b) schematic representation of a donut segment

Fig. 28 Donut-shaped coordination oligomer
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Fig. 29 (a) Dimeric building block; (b) donut-shaped coordination oligomer

3.6.3 A Donut-Shaped Coordination Compound with Zn

The reaction of [Hq(OMe)3BrsL]Cl and zinc(Il) chloride in the presence of
triethylamine leads to the formation of a protein-sized (d =32 A), donut-shaped
coordination compound (Fig. 29b) [19].

The coordination oligomer consists of six dimeric building blocks shown in
Fig. 29a. In total, the structure contains 30 Zn(II) ions, 12 ligands, and 18 chloride
ligands leading to an overall charge of —18, which is compensated by HNEt;* ions.
The donut-shaped coordination oligomer exhibits a higher symmetry as compared
to the oligomer in Fig. 28. This ligand does not undergo triazole formation under the
reaction conditions. The coordination compound has a sufficiently high solubility
for "H-NMR spectroscopy. The obtained spectrum proves that the coordination
compound is also stable in solution.

4 Conclusion

Triaminoguanidinium salts are the basis for miscellaneous multidentate ligands. As
three metal centers can be bound strongly in a chelating manner, these ligands can
be used in supramolecular coordination chemistry. A large variety of supramolec-
ular coordination compounds, both desired and unexpected, have already been
obtained. Given the structural diversity and complexity of these already known
compounds, TAGX-based complexes will certainly offer a lot of exciting opportu-
nities for further applications in the future.
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MLCT Metal to ligand charge transfer

PD Polydispersity

PhIO Iodosylbenzene
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1 Introduction

Within the last 15 years, the coordination chemistry of neutral guanidines enjoyed a
rapid expansion. Guanidine transition metal complexes have been applied in
diverse fields of bioinorganic chemistry as well as polymerisation catalysis. The
Nimine donor function resembles the 0-imine donor function of histidine which
makes them highly valuable for the synthesis of bioinorganic copper complexes
mimicking type 2 and type 3 copper proteins [1].
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Scheme 1 Stabilisation of a positive charge through delocalisation in a guanidine

The chemistry of the neutral guanidines is very different from that of the
formally related guanidinate anions which have already been known for a rich
variety of coordination modes and excellent donor properties since the 1960s
[2-4]. A special class of guanidinates are the imidazolin-2-iminato ligands which
have been established as powerful ancillary ligands in catalysis [5]. Guanidines
have found widespread use in coordination and organic chemistry, as pharmaceu-
ticals, sweeteners, catalysts, etc., and a multitude of synthetic approaches has been
reported [6, 7].

The electron-rich guanidines and guanidinates owe their excellent donor prop-
erties to a good charge delocalisation within the Y-shaped CN3 moiety (Scheme 1).
This CN3 moiety shows a special delocalisation behaviour of the 6 w-electrons
which has been discussed as Y-aromaticity [8]. This resonance stabilisation is a
major reason for the high basicity of guanidines (pKgy, of [H-NMe—-C(NMe,),] in
MeCN: 25.00) [9, 10]. Due to their strong donation properties, guanidines are
capable of forming stable complexes with many metals in various oxidation states.

For the description of the degree of delocalisation within the guanidine moiety,
Sundermeyer et al. introduced the p-value [11]. It describes the changes of the C—N
bond lengths (elongation of the C=N double bond and shortening of the C-NR,
bonds) within the guanidine unit. It is calculated by the formula p = 2a/(b + c¢) with
a as C=N bond length and b and ¢ as C-NR, bond lengths. p equals to 1 for a
C5-symmetrical guanidine unit. In free guanidine ligands, p amounts to 0.92 [12],
whereas in complexes, it is raised to 0.96 up to 1.04 (vide infra) due to the
stabilisation of the metal charge. The guanidine moiety tries to maintain a high
degree of planarity of all substituents for ideal delocalisation, but this is hindered by
the steric interaction between the substituents. This steric hindrance twists the
amine parts of the guanidine in a propeller-like fashion which decreases the
delocalisation. It was observed that even in the unsubstituted guanidine HN=C
(NH;),, the NH,, units are twisted slightly against each other [13, 14]. This effect is
more pronounced in peralkylated systems [15].

This review focuses on the coordination chemistry of neutral guanidines
containing a substituted RN=C(NR,), moiety because the coordination chemistry
of this specific ligand class has been developed very successfully towards numerous
applications in bioinorganic chemistry and catalysis. The wealth of guanidine-
stabilised complexes has been classified into different groups depending on the
number of guanidine units and further appended donor groups.

More exciting applications of guanidines as redox-active compounds in the
stabilisation of diboranes and in supramolecular approaches are reviewed by
Himmel and Oppel et al. in this book.
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2 Guanidines for Bioinorganic Coordination Chemistry

Owing to their excellent donor properties, guanidines are capable to stabilise
various transition metals in several oxidation states which renders them very
valuable for bioinorganic chemistry. Guanidines can be categorised by the number
of guanidine units or type of the coordinating atom of the non-guanidine function.
Historically, the earliest studies in bioinorganic coordination chemistry focused on
mono(guanidines), followed by a lively progress of bis- and tris(guanidines) and
combinations of guanidines with other N and S donor functions. The following
sections retrace this development from the very beginning.

Historically, the first acyclic guanidine adducts were reported in 1965 [16], when
Longhi et al. presented a series of complexes of 1,1,3,3-tetramethylguanidine
(TMG) at divalent transition metals. In the 1990s, Schmidbaur et al. used TMG
as ancillary ligand for the stabilisation of gold complexes [17]. The substitution
pattern of the CNj unit can easily be changed by various methods yielding, for
example, the chiral pyrrolidine-1-carboximidamides [2, 18-21]. They possess good
chelating properties explored in zinc and molybdenum chemistry by Anders
et al. [19-21]. These early examples revealed the superior donor properties, but
only the combination into poly(guanidines) paved the way to a broader use in
coordination chemistry.

2.1 Bis(guanidines)

Bis(guanidine) ligands are composed of two guanidine functions which are
connected by a backbone linker. The first bis(guanidine) was published in 2000
simultaneously by the groups of Pohl, Henkel and Sundermeyer [22-24]. 1,3-Bis(,
N.N' ,N'-tetramethylguanidino)propane (btmgp, TMG,p) is based on two
tetramethylguanidine units bridged with a propylene linker. The groups synthesised
the molecule using totally different synthetic routes. Henkel and Pohl et al. used the
reaction of 1,3-dibromopropane with an excess of tetramethylguanidine (HN=C
(NMe,), =TMG) for at least 12 h at 100—150°C (Scheme 2, right). Followed by
distillation of the TMG excess, deprotonation with sodium ethoxide and purifica-
tion by distillation, they obtained yields of 30—-40%, whereas the Sundermeyer
group used the synthetic approach of Kantlehner et al. [25]. Here, they used the
reaction of tetramethylchloroformamidinium chloride with 1,3-propylenediamine
in acetonitrile for several hours at reflux. After two deprotonation steps, the pure
ligand was obtained with 95% yield (Scheme 2, left).

btmgp convinces with its favourable coordinative bite and especially its high N
donor strength, which leads to a wide field of applications such as the stabilisation
of biomimetic copper complexes [22, 26].

Besides the initially described btmgp, more propylene-bridged chelate guanidine
ligands have been synthesised. The examples in Fig. 1 show different coordination
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Fig. 1 Molecular structures of (a) [Cu(btmgp)I], (b) [Cu(btmgp)Cl,], (c) [Cuz(btmgp)2]2+
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in

crystals of [Cuy(btmgp),][PFgls, (d) [Cuz(DMEGzp)z]2+ in crystals of [Cu,(DMEG;p),][PF¢], and

(e) [Cuz(DPiszp)z]2+ in crystals of [Cu,(DPipG,p),][PFsl>
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Table 1 Selected bond lengths (A) and angles (°) of selected propylene-bridged bis(guanidine)

complexes
[Cu, [Cu,
[Cu [Cu [Cup(btmgp)o] | (DMEG2p)s] | (DPipGop)s]
(btmgp)I] (btmgp)CLy] | [PFel, [PF¢l> [PFsl>
M—Nimine 2.010(5), 1.988(5), 1.876(2), 1.878(2), 1.856(3),
2.002(5) 1.992(4) 1.878(2) 1.873(2) 1.876(3)
Nimine=Cimine | 1.287(8), 1.315(7), 1.323(3), 1.310(3), 1.320(5),
1.302(8) 1.306(7) 1.315(3) 1.318(3) 1.297(4),
Cimine—Namine | 1.363-1.387 | 1.351-1.354 | 1.356-1.363 1.345-1.370 1.356-1.374
Nimine—M— 103.3(2) 89.7(2) 176.7(1) 175.3(1) 176.8(2)
Nimine
p 0.94 0.97 0.97 0.97 0.96
References [22] [22] [27] [27] [27]

geometries of selected bis(guanidine) ligands with one or two copper centres
[22, 26, 27]. Bis(guanidines) can act as chelating or bridging ligands caused by
their strong donor properties. They also stabilise linear copper coordination under
formation of binuclear compounds or coordination polymers. Table 1 shows the
most important geometrical parameters of selected complexes for comparison of
the different propylene-bridged guanidines. The M—Nji;,e bond length decreases
with smaller coordination number and higher oxidation state of the metal centre.
The shortening of the bond length describes a change in donation between metal
and ligand which causes structural changes of the CNj3 unit. The stronger interaction
is accompanied by the elongation of the Cjine—Nimine bond, shortening of the
Cimine—Namine bonds and concomitant increase of the p-value. Due to delocalisation,
any changes of oxidation states and geometry of the complex are stabilised by the
whole guanidine unit. These special donor properties make the guanidine ligands
very important in coordination chemistry.

Another frequently used backbone for bis(guanidine) ligands is the ethylene
unit. Owing to the suited distance between the coordinating N donor atoms, these
ligands build stable complexes, which have a favourable coordination “bite”. The
geometric parameters (Table 2) for several ethylene-bis(guanidine) copper com-
plexes (Fig. 2) show similar trends; the Cu—Nj,ine bond length is shortened with higher
oxidation states, and therefore, the delocalisation parameter p increases [29-31].

Additionally to the well-known copper complexes of bis(guanidine) ligands with
aliphatic backbone linkers, there are various complexes with other transition metals
like Mn, Co, Ni, Zn, Cd, Hg and Ag and propylene- and ethylene-bridged ligands
(Fig. 3). Table 3 displays their geometric parameters. The complexes show two
different coordination modes depending on oxidation state and coordination geom-
etry: distorted tetrahedral [M(L)Y,] (i.e. [Co(btmgp)Cl,] and [Zn(DMEG,e)Cl,])
and linear complexes with two metal centres ([Cu,(btmgp),][PF¢l,) [22, 28].

The bite angles of all transition metal complexes with ethylene-bridged ligands
are smaller in comparison to the values of btmgp complexes. Therefore, the
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Table 2 Selected bond lengths (A) and angles (°) of ethylene-bridged bis(guanidine) copper

complexes
[Cu! [Cu" [Cu [Cu
(DMEG,¢),] | (DMEGse),] | [Cu (TMGse)s] | (TMGae)
[CuCl,] [Cu,Ly] (DMEG,e)l] | [Cu,L] Cly]
Cu—Nimine 2.078(2), 1.960(2), 2.046(1), 1.994-2.000 | 1.975(1)
2.062(2) 1.979(2) 2.029(1)
Nimine=Cimine | 1.294-1.296 1.305(4), 1.293(2), 1.310-1.327 |1.310
1.298(4) 1.291(2)
Cimine—Namine | 1.377-1.397 1.362-1.372 | 1.384(2), 1.351-1.379 | 1.361-1.368
1.381(3)
Nimine—Cu— | 84.0(1) 84.4(1) 85.48(6) 83.8(1) 83.9(1)
Nimine
p 0.93 0.95 0.95 0.97 0.96
References [28] [29] [30] [31] [31]
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Fig. 2 Molecular structures of (a) [Cu(DMEG,e),]" in crystals of [Cu(DMEG,e),][CuCl,], (b)
[Cu(DMEG,e),]*" in crystals of [Cu(DMEG,e),][Cu,l4], (¢) [Cu(DMEG,e)I], (d) [Cu(TMG,e),]**
in crystals of [Cu(TMGae),][Cu,l4] and (e) [Cu(TMGae)Cl,]

coordination of two guanidine ligands and the formation of bis(chelate) complexes
are promoted (i.e. [Fe(DMEGye),]** or [Ni(DMEG,e),]**). In general, the differ-
ences of the other geometric parameters of btmgp and DMEG,e complexes are not
significant [28].

Next to the aliphatically bridged bis(guanidine) ligands, a variety of ligands with
aromatic backbone linkers was developed [33, 34]. Diphenylene-amine, phenylene
and pyridine are three representative backbones for bis(guanidine) complexes.

2'-Bis(2N-(1,1',3,3'-tetramethylguanidino))diphenylene-amine (TMG,PA) is
an example for an aromatic copper-coordinating ligand. The Cu" complex
[Cu™(TMG,PA™ )] is synthesised by the reaction of the ligand with Cu' in
acetonitrile. This implies an oxidation of the metal centre by the N—H proton of



102 J. Stanek et al.

.1 :i...z. .I :i: I. ° .. ........ @
:. ..-’. o " [ &J. %
° ° i ® ° ° e« ©
Wy
.‘.o.'.'.... e %o e ® .Oo
.ﬁ .t.o:..:. '.:.. .o..
. :* . ..:. .o.._' ./.. .. L:“% p
e® e ©® Y ° °
i] s - I h.].‘ o .. .= ™Y I.} :. .. .. ... .
» 0;’ : ® g o ¢ .. /0 .. s o .. %J .. °
.0"'}),: o’ C ‘e e -
j . ) e e
A e 0 ° o © . & oo
o’ eo * 4 ° ° o .. ° ¥ g
.’.‘:‘é_). .(l_!. .:_,::u.. o . Qe .,a ‘.
: ® o o @ 5 .. ... ‘\. - ° .’. .. ] . [ Y .- 9
T . ° : N %o @ e o ﬁ.

Fig. 3 Molecular structures of (a) [Mn(btmgp)Br,], (b) [Co(btmgp)Cl,], (¢) [Zn(btmgp)
(CH3CO0),], (d) [Aga(btmgp),][ClO4l>, (e) [Fe(btmgp)l], (f) [Zn(DMEG:e)CL], () [Zn
(DMEG,¢)(CH;COO0),], (h) [Mn(DMEG,e)Cl,], (i) [Co(DMEG,e)Cl,], (j) [Ni(DMEG,e),]** in
crystals of [Ni(DMEGse),]1,, (k) {[Ag(DMEG,e)]BF,}, and (I) [Fe(DMEGze)z]2+ in crystals of
[Fe(DMEGae),][Fex(CO)s]

the ligand which itself is converted to molecular hydrogen. If the copper reagent
contains a non-coordinating counterion (i.e. [PF¢] "), Cu'is prevented from oxida-
tion. Instead it induces a cyclisation reaction within the ligand, which results in the
formation of a benzimidazole—guanidine ligand, and [CuIZ(TMGbenZ)z] [PFg], is
formed. In Fig. 4, the molecular structures of the distorted tetrahedral complex
[Cu™(TMG,PA™ )] and the [Cu'5(TMGbenz),][PF¢], complex with linear copper
coordination are shown [35].

The aromatic ligand TMG,b forms stable complexes with copper halides. [Cu
(TMG;,b)Cl,] and [Cu(TMG;b)Br;] (Fig. 5) have distorted copper centres with 7,4
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Fig.4 Molecular structures of (a) the [Cuz(TMGbenz)2]2+cati0n in crystals of [Cu'5(TMGbenz),]
[PF6]2 (Cquimine,benz 1879(5)5 Cquiminjc,gu'd 1895(6)9 Nimine,benzfcimine 1307(8), Nimine.gu217
Cimine 1324(9) A) and (b) [Cu(TMGZPAamld)I] (Cu_Namide 1903(5)a Cu_Nimine 1961(5)5 Nimine_
Cimine 1.348 A)

a) P b) e ©°

5 ® Py ®
Fig. 5 Molecular structures of (a) [Cu(TMG,b)Cl,] and (b) [Cu(TMG,b)Br;,]
lTablﬁ 4 ASeleZted bIOHdO . [Cu(TMG,b)Cl] | [Cu(TMG,b)Br,]
engths (A) and angles () of =~ 70— 1.972(2), 1.980(2) | 1.959(3), 1.971(3)
phenylene-bridged bis
(quanidine) copper complexes _CU—X 2251(1),2.231(1) | 2.361(1), 2.380(1)
C=N 1.340(3), 1.343(3) 1.311(5), 1.343(5)
Nimine_cu_Nimine 83 5( 1) 839(2)
P 1.00 1.00
References [37] [37]

values of 0.51 and 0.55 (with 7, = 1 for an ideal tetrahedron and 7, = 0 for an ideal
square planar coordination) [36, 37]. The geometric parameters (Table 4) show
trends similar to ligands with aliphatic backbones. It has to be noted that upon
attachment to an aromatic unit, the guanidine moiety tends to a stronger
delocalisation which appears in the large p of 1. Those copper guanidine complexes
are used for the atom transfer radical polymerisation of styrene (see Sect. 3.2) [37].

Many more complexes of ligands with aromatic backbones with other transition
metals have been synthesised. Himmel et al. developed a zinc complex with the bis
(guanidine) ligand bdmegb (or DMEG;,b) which consists of two DMEG groups
connected via a benzene linker. [Zn(DMEG;b)(Et),] crystallises with distorted



Guanidine Metal Complexes 105

a) o @ b @ ®
© ® ? ? ? °
»—a ] ¢ o
® ..,:. o > ® ° .‘ ) 1 P %.
2

)

Fig. 6 Molecular structures of (a) [Zn(DMEG,b)(Et);], (b) [MnBr3y(TMG,pyH)], (c)
[MnBrz(DMEGzpyH)2]2+ in crystals of [MnBr,(DMEG,pyH),][MnBry,] and (d)
[Mn,Cl3(DMEG;py),]* in crystals of [Mn,Cl3(DMEG,py),][MnCl,]

tetragonal geometry [38]. In studies on manganese complexes, Herres-Pawlis and
Henkel et al. observed that pyridine-bridged bis(guanidines) occur in protonated
and unprotonated forms within the same complexes: the reaction of TMGpy or
DMEGpy with manganese halides leads to the complexes [MnBr3(TMG,pyH)],
[MnBry(DMEG,pyH),]** and [Mn,X5(DMEG,py),]* (with X=CI/Br). The Mn
atoms of [MnBr3(TMG,pyH)] and [MnBr,(DMEG,pyH),], are coordinated each
to one guanidine and one pyridine N ligand. In the binuclear complex
[Mn, X3(DMEG5py),], each Mn atom is coordinated to Ng,, and Ny, of one ligand
and to one guanidine of the second ligand, and the two metal centres are connected
via a halogen bridge (Fig. 6) [39]. In the coordinating guanidine moieties, p
amounts to approximately 1, whereas it is even larger in the protonated guanidine
units (Table 5).

However, the majority of guanidine complexes comprise copper. Some of the bis
(guanidine) copper complexes react with O, at low temperatures and generate
different forms of binuclear Cu,O, motifs (Fig. 7): the bis(p-oxo)dicopper(Ill)
and p-n*m>-peroxo-dicopper(Il) complexes [26, 27]. Those complexes act as
bioinorganic model complexes for type 3 copper proteins like hemocyanin. Due
to characteristic ligand-to-metal charge transfer (LMCT), they can be identified
using UV/Vis spectroscopy: the [Cumz(p—O)ﬂ2+ core shows oxo—Cu(IIl) LMCTs
at 300 and 400 nm and the [Cu“z(p—Oz)]2+ core the analogous peroxo— Cu(Il)
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Fig. 7 Bis(guanidine)-stabilised Cu,O, motifs
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Fig. 8 Molecular structures of (a) [Cuz(btmgp)z(p-OH)z]2+ in crystals of [Cu,(btmgp),(p-OH),]
[PF¢]» and (b) [Cuz(btmng)z]zJr in crystals of [Cu,(btmgpO),][PFg],

LMCTs at 350 and 550 nm [40]. The guanidine-stabilised [Cu™,(u-0),]** core
shows an additional absorption band of 7,,,—Cu(Ill) LMCTs at 550 nm [41]. In
those bis(guanidine)-stabilised Cu,0O, species, the preferred formation of bis
(p-oxo)dicopper(III) complexes or p-n:n>-peroxo-dicopper(Il) complexes is cor-
related with the torsion within the guanidine groups [27]. The warming of the
solutions of Cu,0, complexes above —40°C leads to hydroxylation of the guani-
dine methyl groups forming bis(p-alkoxo)dicopper(II) and bis(p-hydroxo) dicopper
(I) complexes (Fig. 8, Table 6) [26]. When the substituents at the guanidine are
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Table 6 Selected bond lengths (A) and angles (°) of hydroxo and alkoxo dicopper complexes

[Cuy(btmgp), (OH),][PF¢l, [Cuy(btmgpO),][PFela

Cu—Nimine 1.962(2), 1.968(2) 1.937(2), 1.961(2)
Nimine=Cimine 1.321(3), 1.313(3) 1.314(3), 1.311(3)
CimineNamine 1.356-1.364 1.348-1.374
Nimine=CU—Nimine 94.0(2) 93.3(1)
p 0.97 0.97
References [26] [26]
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Fig. 9 [Cu,(u-O),(BL¥"),1?* (left) and molecular structure of [Cu,(p-OH),(BLF"),]1** (Cu-N1
1.916(2), Cu-N2 1.950(2), Cu-O 1.932(2), Cu—OA 1.930(2), Cu—CuA 3.0487(6), N1-C3 1.342
(3), N2-C14 1.340(3); N1-Cu—N2 84.52(8), O—Cu—OA 75.72(8), Cu—O—CuA 104.28(8), N1-Cu—
0O 100.78(8), N2—Cu—OA 99.32(8)) (right, H atoms omitted for clarity)

significantly enlarged, the Cu,O, core unit is shielded which precludes reactions
with substrates or solvent molecules such as in the bis(p-oxo)dicopper(I1l) complex
with the ligand N',N*-bis[bis(2,2,6,6-tetramethylpiperidin- 1-yl)methylen]propan-
1,3-diamine (B(TMPip)G,p) [42]. By combining resonance Raman and XAS
spectroscopy, it was possible to characterise the optically excited state of the bis
(p-oxo)dicopper(II) complex: owing to the large substituents, only 10% of struc-
tural distortion on the way to a peroxo core is achieved.

Besides the Cu,O, complexes with TMG,p and DMEG;p ligands, Tamm
et al. developed bis(p-oxo/hydroxo) cores with the ethylene-bridged ligand N,N'-
bis(1,3-diisopropyl-4,5-dimethylimidazolin-2-ylidene)-1,2-ethanediamine ~ BL'™".
The presence of the bis(p-oxo)dicopper(IIl) at low temperatures was determined
by UV/Vis spectroscopy, and it exhibits absorption bands at 400, 585 and 760 nm.
Upon warming to room temperature, the more stable bis(p-hydroxo) dicopper(Il) is
formed. Its molecular structure is shown in Fig. 9 [43].

Furthermore, the Tamm group prepared more complexes of BL'™" with other
transition metals. Each metal centre is coordinated by two Ny, donors of the ligand
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Fig. 10 Molecular structures of (a) [Mn(BL™)CL], (b) [Fe(BL')CL], (¢) [Co(BL™)CL], (d)
[Ni(BLF)CL,], (e) [Cu(BL®")Cl,] and (f) [Zn(BL™")Cl,]

Table 7 Selected bond lengths (A) and angles (°) of transition metal complexes with BL

[Mn(BL™") | [Fe(BL™") | [Co(BL™) | [Ni(BL™") | [Cu(BL™") | [Zn(BL™")
ClL,] Cl,] Cl,] Cl,] Cl,] Cl,]
M-N1 2.1224(12) | 2.0668(16) | 2.0142(14) | 1.9951(9) | 1.9709(12) | 2.0342(9)
M-Cl 2.3356(5) |2.2795(7) |2.2585(5) |2.2502(4) |2.2460(5) |2.2500(4)
N1-C2 1.3248(17) [1.330(2) [1.329(2) | 1.3308(14) | 1.3286(18) | 1.3264(14)
N2-C2 1.3651(18) |1.364(2) [1.362(2) | 1.3680(14) | 1.3592(17) | 1.3664(14)
N3-C2 1.3645(18) | 1.367(2) [1.362(2) | 1.3614(14) | 1.3644(18) | 1.3615(13)
N1-M-NT' 81.46(6) |81.28(6) |84.00(8) |83.58(5) |83.39(7) |84.39(5)
Cl-M-CI’ 118.64(3) [118.05(3) [113.95(3) |114.64(3) |104.35(3) |115.46(2)
N1-M-Cl 122.45(3) | 124.14(5) |124.83(4) |127.38(3) |140.14(4) |122.54(3)
N1-M-CI 103.70(3) | 102.70(5) |103.83(4) |101.43(3) |98.52(4) | 104.67(3)
Angle between 74.5 72.2 72.8 68.6 53.9 75.5
MCl, and
MN, planes
p 0.971 0.974 0.976 0.975 0.976 0.972
74 0.82 0.79 0.78 0.75 0.57 0.82
Angle between | 67.1 66.0 66.1 66.6 64.8 66.2
imidazole planes

and two chloride anions (Fig. 10). They crystallise in a distorted geometry with 74
values between 0.57 and 0.82 (Table 7). With 7, =0.57, the copper complex is most
distorted, and the other complexes, especially [Mn(BLiPr)CIZ] and [Zn(BLiPr)Clz],
are more tetrahedrally coordinated. All guanidine CNj centres have similar p-
values [44].

The sulphur analogue of a p-n*m?-peroxo-dicopper(I) complex could be suc-
cessfully synthesised and characterised by the Houser group. In the obtained
p-n’:n’-disulfido-dicopper(Il) complexes (Fig. 11), the copper centres are
coordinated with btmgp and N,N'-(2-methyl-2-(2-pyridyl)propan-1,3-diyl)bis
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Fig. 11 Bis(guanidine) p-n:n*-disulfido-dicopper(II) complexes

Table 8 Selected bond lengths (A) and angles (°) of bis(guanidine) p-n*m>-disulfido-dicopper
(II) complexes

[Cuy(btmgp),(S2)1[PFsla [Cuy(Py-btmgp)a(S2)]1[PFs>
Cu—Nimine 1.932(2), 1.936(2) 1.919(4), 1.926(3)
Nimine=Cimine 1.314 1.323
Cimine—Namine 1.361 1.352
Cu-S 2.1533(9) 2.1264(15)
S-S 2.1993(14) 2.204(2)
Nimine—CU—Nimine 99.77(9) 98.95(16)
S—Cu-S 61.44(3) 62.44(5)
p 0.97 0.98

(tetramethylguanidine) and show characteristic charge-transfer transitions at
376 and 477 nm in the UV/Vis spectrum. Concerning the geometrical parameters
of the p-n2:nz—disulﬁdo-dicopper(H) complexes (Table 8), the Cu—Njuyine bond
lengths are shorter than in the comparable bis(p-hydroxo) dicopper complexes.
Houser et al. additionally synthesised the cupric chloride complex and the bis
(p-hydroxo) dicopper complex with N,N'-(2-methyl-2-(2-pyridyl)propan-1,3-diyl)
bis(tetramethylguanidine) [45].

Further aromatic bis(guanidines) without metal coordination studied so far are
the proton sponges based on diaminonaphthalenes intensively investigated by
Sundermeyer et al. [11].

2.2 Tris(guanidines)

The class of tris(guanidines) comprises ligands with three guanidine units which are
connected through a tertiary amino group. The most important tris(guanidine)
ligand TMGstren was synthesised using the method of Kantlehner et al. by the
Sundermeyer group in 2001 [46]. It found attention as “superligand” for transition
metal chemistry and could form complexes with various transition metals, i.e. Cu
and Fe [46, 47]. A very interesting ability of this ligand is the stabilisation of
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Scheme 3 Synthesis of copper complexes with TMGstren

copper—superoxo complexes which was examined in various studies by
Sundermeyer, Schindler and Holthausen et al. [48—53]. Another tris(guanidine)
ligand is DMPGs;tren which forms the [Cu(DMPGstren)]ClO, complex with cop-
per() [47].

The precursor structures of copper—superoxo complexes allow interesting
insights into the guanidine binding situations. The metal centre is tetrapodally
coordinated by all three guanidine units; therefore, they form a cavity around the
copper atom. In some copper(I) complexes (shown in Scheme 3), the metal centre is
only coordinated by the TMGgtren ligand. In copper(II) complexes, this tetrapodal
coordination is not sufficient, and ancillary ligands such as chloride or acetonitrile
complement the coordination sphere. Therefore, the parameter p is larger in copper
(II) than in copper(I) complexes (Table 9).

The copper—superoxo 1:1 CuO, species is formed reversibly from the
corresponding [Cu(TMGstren)] analogue at low temperatures (Scheme 4), it was
spectroscopically and theoretically characterised in 2004 [48, 51], and the structure
of the end-on superoxo [CuH(n1-027)(TMG3tren)][SbF6] complex was determined
in 2006 (Fig. 12) [49, 52]. The electronic and geometric properties of the superoxo—
Cu(II) unit were characterised by isotopic probing [55], different spectroscopic
techniques (i.e. magnetic circular dichroism and resonance Raman) and DFT
calculations [56]. It is noteworthy that this superoxo—copper(Il) complex possesses
a triplet ground state which is due to the two corresponding perpendicular magnetic
orbitals, the d,»-n,* and the &, * orbitals. Hence, any antiferromagnetic coupling is
precluded. Moreover, resonance Raman profiles of the Cu—O and O-O stretches
proved the dominant absorption feature of the complex as a superoxo n*; to copper
d,» (LMCT) transition. Upon warming to room temperature, the superoxo complex
loses the bound oxygen within seconds which proves the stability of the
tetramethylguanidine groups against C—H activation. In flash-photolysis studies
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Fig. 12 Molecular structures of (a) [Cu(TMGstren)]" in crystals of [Cu(TMGstren)]Cl, (b) [Cu
(TMG;tren)C1]™ in crystals of [Cu(TMG;tren)CI]Cl, (c¢) [Cu(TMG3tren)(MeCN)]2+ in crystals of
[Cu(TMG;tren)(MeCN)][CIO4]5, (d) [Cu(O2)(TMGstren)]™ in crystals of [Cu(O,)(TMGstren)]
[SbFg], (€) [Cu(NO,)(TMGstren)]” in crystals of [Cu(NO,)(TMGstren)] [B(CgFs)4] and (f) [Cu
(TMGstrenO)]" in crystals of [Cu(TMGstrenO)][B(CgFs)4]
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and theoretical calculations on the involved excited states, Karlin and Neese
et al. showed that the bound dioxygen can be relieved by photodissociation even
at low temperatures of —40°C [57]. This effect is wavelength dependent (in contrast
to myoglobin-O, systems) because upon excitation at 436 nm, the triplet-Cu(Il)-
superoxide is promoted to a Cu(I)-*O,-species with extremely weakened Cu—O
bond. With an O—O bond length of 1.280(3) A and a O—O—Cu angle of 123.5(2), the
[CuO,(TMGs;tren)] complex has a similar geometry as the crystallographic struc-
ture of the peptidylglycine a-hydroxylating monooxygenase (PHM), a hydroxylat-
ing and amidating enzyme for selected aliphatic C—H positions [58]. The end-on
superoxo—copper(Il) species also appears as a crucial intermediate in dopamine
B-monooxygenase (DBM). DM and PHM are important enzymes in neuropeptide
and neurotransmitter biosynthesis and catalyse the stereospecific hydroxylation of
C-H bonds. PHM catalyses the hydroxylation of the glycine a-carbon of glycine-
extended peptides, and DPM catalyses the conversion of dopamine to
norepinephrine [59].

The reaction of the [Cu(O,)(TMGstren)] complex with phenolic substrates
results in substrate oxidation to ortho-quinones or radically coupled bisphenols
[50, 53]. The [Cu“(TMG_gtrenO)][B(C6F5)4] complex is formed as by-product by
hydroxylation of a guanidine methyl position [50, 53]. This hydroxylation reaction
could be evoked by an hydrogen atom source like TEMPO and a subsequent O-O
bond cleavage or by applying PhlO to TMGgstren copper(I) complexes
[50, 53]. Poater and Cavallo relate this hydroxylation behaviour in DFT studies to
a highly reactive intermediate hydroperoxo species [Cu”(TMthren)OOH_]+
which abstracts the methyl-H-atom at a guanidine group [60].

Similar to the PhIO activation, TMGstren copper(I) complexes reacted with
tosyl azide (TsNj) to a copper complex which is aminated at a methyl group of
one of the guanidine groups [9]. Furthermore, the reaction of the end-on superoxo—
copper species with NO was examined by the Karlin group. The generated
peroxynitrite copper(I) complex is stable at low temperatures and decays into a
copper(Il) nitrito complex [54].

Besides its biomimetic properties, the [Cu(TMGstren)]Cl complex could also
function as a catalyst in the oxidative carbonylation of methanol to dimethyl
carbonate and water. This reaction is a non-phosgene route to dimethyl carbonate,
a precursor in many industrial processes. During this reaction, the copper
(I) complex reacts with O, in the presence of methanol under formation of a
copper(Il) methoxy species. The masked coordinated methoxy radicals are trans-
ferred to CO to give dimethyl carbonate and the initial copper(I) complex which
allows to start the next cycle [61].

In 2013, Karlin and Solomon et al. examined the protonation and electron
transfer reduction of [Cu(O,)(TMGstren)]* with trifluoroacetic acid (CF;CO,H)
and exogenous decamethylferrocene (Fc*) reductants. The reaction products are the
copper(II)-CF;CO, complex and H,O, (Scheme 5) [62].

Que et al. focused their studies on the tris(guanidine) ligand TMGstren and its
iron reactivity. In 2009, a trigonal bipyramidal iron(II) complex was developed.
The metal centre in [Fe(TMGgtren)(TfO)](TfO) is coordinated by three Ny, donors
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Scheme 5 Reaction of [Cu(O,)(TMGstren)]™ with CF3CO,H and Fc*
Table 10 Selected bond lengths (A) and angles (°) of TMGgtren iron complexes
[Fe [Fe(O) [Fe
(TMGstren) | (TMGstren)]* [Ee'(CN) [Fe"™(CN) (TMGstren)
(TfO)]* (deuterated) (TMGatren)] | (TMGastren)]* | (CH;CN)**
Fe-L,, 2.156(2) 1.661(2) 2.1293(15) 2.094(4) 2.151(4)
Fe-Ngya 2.094 (D) 2.005 (D) 2.109 (@) 2.014 (D) 2.073(®)
Fe-Numine | 2.118(3) 2.112(3) 2.3017(12) 2.214(3) 2.254(3)
Ngua=Coua | 1.316 (@) 1.337 (@) 1.319 (@) 1.340 (9) 1.311 (@)
References | [63, 64] [65] [66] [66] [46]
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Fig. 13 Molecular structures of (a) [Fe(TMGstren)(TfO)]" in crystals of [Fe(TMGstren)(TfO)]
(Tf0), (b) [Fe(O)(TMGstren)]* in crystals of Ds¢-[Fe(O)(TMGstren)][TfO),, (¢) [Fe"(CN)
(TMGstren)], (d) [Fe™(CN)(TMGstren)]* and (e) [Fe(TMGstren)(CH;CN)]** in crystals of [Fe
(TMGjtren)(CH;CN)](CIO,),

in equatorial and by the N, i, donor and the coordinating anion in axial position
(Table 10). The reaction of this complex with 2-(tert-butylsulfonyl)-
iodosylbenzene (*PhIO) leads to the oxoiron(IV) species [Fe(O)(TMGstren)]**
(Fig. 13). The presence of the oxoiron double bond was confirmed by resonance
Raman spectroscopy [63, 64]. One year later, the Que group obtained the molecular
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Fig. 14 Molecular ]

structure of [Fe(TMG,dien) \“ .\.
(TfO),] (Fe—O,, 2.2012 &

(15), Fe-Oq 2.0816(15), -

Fe—Nymine 2.2835(17); Fe—
Ngua(D), 2.0597(17))

structure after deuteration [65]. The Fe(IV)=0 complex with the TMGs;tren ligand
shows only weak C—H activation reactivity, and in its self-decay pathway, hydrox-
ylation activity occurs which is directed towards the guanidine methyl substituents
as observed for their copper analogues [65, 67]. The existence and reactivity of the
Fe(IV)=O0 species with this high oxidation state of the metal centre were confirmed
by different analytical methods [68]. These systems function as biomimetic models
for an intermediate of nonheme iron (NHFs) enzymes, which are responsible for
many C-H bond activations [68]. Additionally, the Que group synthesised iron
(IV) TMGs;tren complexes with other small coordinating molecules. [Fe'V(CN)
(TMGstren)]*™ was generated starting with the iron(I) complex [Ee"(CN)
(TMGatren)] via [Fem(CN)(TMG_;tren)]+ by electrolytic oxidation. The formation
was observed by UV/Vis spectroscopy through the growth of characteristic UV/Vis
transitions of Fe(IV)=CN at 403/393 and 609/584 nm [66].

Another closely related oxoiron precursor complex developed by the Que group
has to be mentioned here, although [Fe(TMG,dien)(TfO),] comprises a bis(guani-
dine). The complex has trigonal bipyramidal geometry like their tris(guanidine)
analogues, and the iron centre is coordinated equatorially by two Ny, donors and a
coordinating anion; the N,ine and a TfO™ occupy the axial positions (Fig. 14). The
Fe(IV)=O0 species [Fe(O)(TMszien)(CH3CN)]2+ occurs after the reaction with
*PhIO in acetonitrile and shows characteristic UV/Vis transitions at
380 (8,200 M ' cm™ ") and 805 nm 270 M~ ' ecm™ ') [69].

Additionally, the TMGgtren ligand can coordinate the transition metals cobalt,
nickel, manganese, zinc and molybdenum. Ray et al. synthesised the trigonal
bipyramidal complexes [Co"(TMGstren)(TfO)|(TfO) and [Ni"(TMGstren)
(TfO)]* (Fig. 15), which formed metal oxo species. The Co(IV)-O species is
stabilised by a Sc(TfO); group, whereas the Ni(III)-O complex is formed by the
reaction of the precursor complex with mCPBA (meta-chloroperbenzoic acid) and
subsequent O—O homolysis [70-72]. The Zn and Mn complexes with TMGgstren
crystallise like their iron analogue with trigonal bipyramidal geometry (Fig. 15).
The metal centre is coordinated by three N, donors in equatorial position and by
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Fig. 15 Molecular structures of (a) [Ni"(TMG;tren)(TfO)]* in crystals of [Ni(TMGs;tren)(OTf)]
OTH, (b) [Mn(TMGg;tren)CI]* in crystals of [Mn(TMGstren)CI]Cl, (c) [Mn(TMG3tren)(CH3CN)]2
* in crystals of [Mn(TMGstren)(CH;CN)[(C1Oy),, (d) [Zn(TMGstren)(CH;CN)J** in crystals of
[Zn(TMGgtren)(CH3CN)](C1O4), and (e) [Mo(TMGs;tren)(CO)5]

Table 11 Selected bond lengths (A) and angles (°) of TMGgtren transition metal complexes

[Mn(TMGgstren) | [Mn(TMGstren) [Zn(TMGgtren) [Mo(TMGgstren)

CliCl (CH;CN)]** (CH5CN)]** (CO)s]
M-X 2.430(1) 2.215(3) 2.187(3) 1.926(9)
M—N,u, 2.183(9) 2.135(9) 2.039(9) 2.328(9)
M-Namine | 2.378(1) 2.328(3) 2.269(2) 2.354(2)
(C=N)gua | 1.313(9) 1.311(9) 1.310(9) 1.314(9)
(CN)gua 1.355-1.373 1.358-1.365 1.351-1.369 1.364-1.377
References | [46] [46] [46] [46]

Namine and the coordinating anion or a solvent molecule in axial position (Table 11).
In [Mo(TMGs;tren)(CO)5], the Mo centre is coordinated tetragonal bipyramidally
by two Ny, and two CO ligands in equatorial and Nypine and CO in axial position.
One guanidine unit is not coordinating [46].

Another special tris(guanidine) ligand is the TMGmgset (1,1,1-tris[2N-(1,1,3,3-
tetramethylguanidino)methyl]ethane), which is based on three guanidine units
connected by an aliphatic backbone linker. It forms complexes with the transition
metals Zn and Mn. In [Zn(TMGmgset)Cl,] and [Mn(TMGmset)Cl,], the metal
centres each are coordinated by only two Ngy, units and two chloride anions, the
third guanidine does not coordinate (Fig. 16). The complex crystallises with
distorted tetrahedral geometry [24].
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Fig. 16 Molecular
structure of [Zn(TMGmset) q% Y
Cl,] (Zn—Cl 2.267(@), Zn— 9
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C1 107.90(4), Cl-Zn—Nyu, P (3 &
102.93(9)/121.97(9),

Ngug—Zn—Ngy, 96.29(10)) ® .: P o
nd 4

© U2,

@

o L

2.3 Hybridguanidines

The combination of guanidine functions with other donor functions can be very
useful for tailoring coordination sites. In this context, hybridguanidines have been
designed which combine amine or imine functions with various guanidines and
backbones.

The first examples of this class are shown in Fig. 17: N-(1,3-dimethylimida-
zolidine-2-ylidene)pyridine-8-amine (DMEGpy), 1,1,3,3-tetramethyl-2-((pyridin-
2-yl)methyl)guanidine (TMGpy), N-(1,3-dimethylimidazolidin-2-ylidene)quino-
line-8-amine (DMEGqu) and 1,1,3,3-tetramethyl-2-(quinolin-8-yl)guanidine
(TMGqu) combine guanidine groups with pyridinyl or quinolinyl groups. The
ligands were synthesised by the reaction of chloroformamidium chlorides with
2-picolylamine or §-aminoquinoline [73].

With these ligands, numerous complexes with cobalt, copper, manganese and
zinc have been structurally characterised. Figure 18 depicts selected TMGqu
containing complexes, and Table 12 collects the key bond lengths of these com-
plexes. The complexes with metals in oxidation state +II attain relatively high p-
values of 0.98-1.00. The manganese complexes have been shown to be active
catalysts for the epoxidation of 1-octene with peracetic acid [74]. The zinc com-
plexes are highly active lactide polymerisation catalysis and are summarised in
Sect. 3.1. Elongation of the pyridine side arm yields the ligands TMGepy and
DMEGepy which gave mono(chelate) copper and cobalt complexes [77].

The most important feature of the TMGqu copper complexes (Fig. 18d) is the
structural similarity of copper(I) and copper(Il) states which renders them models
for the entatic state. The guanidine donors answer strongly to the change in
oxidation state (0.1 A), whereas the quinoline maintains its distance to the copper.
The angle between the chelate planes changes from 67° in TMGqu copper
(I complexes to 43° in TMGqu copper(I) complexes due to steric encumbrance
which hinders a stronger structural change. Their structural similarity in solid state
and solution has been confirmed by X-ray absorption spectroscopy. In principle, the
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Fig. 17 Guanidine ligands DMEGpy, TMGpy, DMEGqu and TMGqu [73]
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Fig. 18 Selected TMGqu complexes: (a) [Co(TMGqu)Cl,], (b) [Mny(TMGqu),(p-Cl),Cl,], (c)
[Mn3(TMGqu),(p-CH3COO)g] and (d) overlay of [Cu(TMun)2]+/ **in crystals of [Cu(TMGqu),]
C104 and [Cu(TMun)z] [PF6]2

Table 12 Selected bond lengths of TMGqu complexes

[Co [Cu [Cu
(TMGqu) [Mny(TMGqu), | [Mn3(TMGqu), |(TMGqu),]* | (TMGqu),]**
Cl,] (p-C1),Cl,] (p-CH3COO)g] | (average) (average)
M—Ngu, 2.045(6) 2.189(1) 2.283(2) 2.082 1.963
M—Nimine | 2.122(6) 2.220(1) 2.203(2) 1.991 1.975
(C=N)gua |1.361(9) 1.352(2) 1.332(4) 1.320 1.349
(C—N)gua 1.346(2)/ 1.354(2)/1.339 | 1.348(4)/1.360 | 1.364 1.341
1.352(2) ?2) 4)
P 0.99 1.00 0.98 0.96 1.00
References | [73] [74] [74] [75, 76] [75, 76]
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Fig. 19 Molecular structures of (a) [Sn(DMEGqu)Cly], (b) [Me,Sn(DMEGqu)Cl,] and (c) [Sn
(DMEGqu)(3,5-DBCat)Cl,] [81]

concepts of charge transfer through optical excitation and electron transfer are
combined in these complexes. Here, the transition state of the electron transfer is
accessible by resonant excitation of the two entatic copper complexes through
vibrational modes which are coupled to metal ligand charge transfer (MLCT) and
ligand metal charge transfer (LMCT) states. Raman spectroscopy helped to identify
the resonance and the crucial vibrations which connect the two states. The charge-
transfer behaviour of these complexes has been intensively studied by density
functional theory and many-body perturbation theory, and TD-DFT was found to
reproduce the experimental spectra faithfully when using triple-zeta basis sets and
hybrid functionals [78-80].

DMEGqu is even able to stabilise tin(IV) complexes (Fig. 19) where the
guanidine C=N bond is considerably elongated to 1.355-1.365 A due to charge
transfer to the formal tin(IV) [81]. This leads to a large p-value of 1.04 and an
enhanced planarity of the DMEGqu moiety.

In  parallel, aliphatic hybridguanidines have been  developed,
e.g. (tetramethylguanidino)(dimethylamino)-propane (TMGdmap). Here, biomi-
metic phenolate hydroxylation was observed via the bis(p-oxo) dicopper(Ill) com-
plex [Cuz(p-O)z(TMdeap)2]2+ [41]. This reactivity proves that
[Cu2(p-0)2(TMdeap)2]2+ can be regarded as a good model system for the
binuclear copper protein tyrosinase which mediates the ortho-hydroxylation of
phenols [1]. The comparison between the parent bisamine and bis(guanidine)
species highlights the attributes that lead to biomimetic phenolate hydroxylation
with a bis(p-oxo) dicopper(Ill) complex: the congested complex with bis(guani-
dine) ligation of btmgp reacts neither with phenols nor phenolates revealing the
importance of core accessibility in such oxidations. The least congested complex
with bisamine ligation yields exclusively the C-C radical-coupled bis-phenol
product with both phenols and phenolates, a reactivity observed with most bis
(p-oxo) dicopper(IIl) complex species. The hybrid guanidine complex unites mild
oxidative capability with steric accessibility. The distinct sideband in the UV/Vis
absorption of [Cu2(p-0)2(TMdeap)2]2+ at 450 nm (compared to classical bis
(p-oxo) complexes) could be identified as 1 — Cu,0, LMCT.

With this ligand, copper(I) complexes and a bis(p-hydroxo) dicopper
(I) complex could be structurally characterised. Here, the different donor strengths
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Fig. 20 Molecular structures of (a) [Cu(TMGdmap)I], (b) [Cu(TMGdmap)l], and (c)
[Cuz(TMdeap)z(p—OH)z]2+ in crystals of [Cuy,(TMGdmap),(p-OH),][Culs]

of the two N donor functions appear very distinct with Cu—Njine bond lengths of
1.961(2) and 2.037(2)A in the copper(l) iodido complexes and 1.981(3)A in the
hydroxo complex compared to Cu—N,;,e bond lengths of 2.119(2), 2.160(2) and
2.046(3) A, respectively (Fig. 20).

When the ligand backbone is shortened to an ethylene bridge, oxygen can still be
activated, but no defined Cu,0O, species could be observed [82]. However, numer-
ous bis(p-hydroxo) dicopper complexes could be structurally characterised (Fig. 21
and Table 13). Here, the distinct donor difference between simple aliphatic amine
groups and the strong guanidine donor becomes obvious: the Cu-N,,, bond length
is 0.07-0.14 A shorter than the Cu—=N,,,i;,. bond.

In a different research field, tripodal ligands have been used for the stabilisation
of potential spin-crossover iron(II) complexes. Here, the pyridinyl-guanidine com-
plex [Fe(TMG-uns-penp)(NCS),] was structurally characterised and investigated
within a series of tripodal ligands [83].

2.4 Guanidine-thio Ligands

Besides the bis- and tris(guanidine) ligands with different backbone linkers, more
guanidine ligands contain further N, O or S donor functions. Through the additional
heteroatom functionalities linked by a flexible backbone, new coordination geom-
etries and bonding modes are created.

The guanidine hybrid ligands with a sulphur donor were developed by the
Henkel group and form biomimetic model complexes for the Cu, centre. The
thiolate—guanidines and thioester—guanidines (Fig. 22) act as ligands for mono-
and polynuclear copper centres. Therefore, the bis(guanidine) ligands react with the
copper reactant generating the required complexes after the reductive splitting of
the ligand’s disulphide bridge and formation of a thiolate donor [84].

In the obtained complexes, the copper centres are coordinated by the Ny, of the
guanidine units and one or two S donor atoms of the non-guanidine unit (Fig. 23 and
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Fig. 21 Molecular structures of (a) [Cuz(DMEdeae)z(p-OH)z]2* in crystals of
[Cu(DMEGdmae),(p-OH), 115, (b) [Cuz(TMdeae)z(p—OH)z]2+ in crystals of

[Cuy(TMGdmae),(p-OH),]L,, (c) [Cuz(TMGdeae)z(p—OH)z]ZJr in crystals of [Cuy(TMGdeae),(-

p-OH),]Cu,l4 and (d) [Cuz(DPidemae)z(p—OH)z]2+ in crystals of [Cu,(DPipGdmae),(p-OH);]
(CF3503),

Table 13 Selected bond lengths of hybrid guanidine bis(p-hydroxo) dicopper complexes [82]

[Cuy(DMEGdmae), |[Cuy(TMGdmae), |[Cuy(TMGdeae), |[Cuy(DPipGdmae),
(p-OH), 11, (p-OH), 1, (p-OH),]Cusly (p-OH),](CF3503),
M-O 1.935(2)/1.928(2) 1.932(2)/1.948(2) | 1.927(2)/1.967(2) | 1.911(2)/1.933(2)
M—Ngu, 1.961(2) 1.949(3) 1.933(2) 1.937(2)
M—Nmine | 2.031(2) 2.033(3) 2.071(2) 2.046(2)
(C=N)gua |1.308(3) 1.311(4) 1.316(3) 1.325(3)
(C—N)gua | 1.345(3)/1.373(3) 1.365(4)/1.368(4) | 1.364(3)/1.366(3) | 1.357(3)/1.364(3)
p 0.96 0.96 0.96 0.97
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Fig. 22 Examples of thio-guanidine ligands: (TMGS), (left) and (DMEGS), (right) [84, 85]
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Fig. 23 Molecular structures of (a) [Cu3(TMGS);], (b) [Cus(TMGS);]], (¢) [Cug(TMGS)s]** in
crystals of [Cug(TMGS)g][PF¢lo, (d) [Cur{(TMGS),}-]*" in crystals of [Cu,{(TMGS), },][TfO],, (e)
[Cux(TMGS),Cl,] and (f) [Cug(DMEGS)s]** in crystals of [Cug(DMEGS)g][PFs],2CH;CN-2CH,Cl,

Table 14). In [Cu3(TMGS)s], each copper is part of a five-membered chelate ring,
and the metal centres are connected through S-bridges. The [Cus(TMGS)g]*" is
formally comparable to the dimeric form of [Cu3(TMGS);] and builds CueSe cages
[84]. [Cug(DMEGS)s]** could be synthesised as analogous CugSg complex with the
DMEGS ligand [85]. The binuclear complexes [Cu,{(TMGS),},][TfO], and
[Cuy(TMGS),Cl,] are synthetically connected by a chloride-induced disulphide—
thiolate interconversion. Disulphide cleavage and addition of chloride anions lead
to significant structural changes; the six-membered Cu,S,-ring is transformed into a
bis(p-S) dicopper unit [86].

Table 14 illustrates the general tendency: upon oxidation of the coordinated
copper ion, the C=N bond stretches and the p-value increases.

Furthermore, Henkel and Schindler et al. developed modified TMGgstren ligands
replacing one guanidine with a thio unit. The resulting copper compounds function
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Fig. 24 Molecular structures of (a) [Cu((TMG,)>N¢SEt)]* in crystals of [Cu((TMGe,),N¢SEt)]
BPhy and (b) [Cu((TMG,(),NSEt)CI]" in crystals of [Cu((TMG,,)>NSEt)CI|Cl

Table 15 Selected bond lengths (A) and angles (°) of (TMGe,)>NSEt -complexes

[Cu((TMGe)>NeSED)]* [Cu((TMGc),NSEt)CIT*
Cu—Ninine 2.039(1), 2.031(1) 1.958(2), 1.964(2)
Cu—Nmine 2.196(1) 2.054(2)
Nimine=Cimine 1.304(2), 1.307(2) 1.310(3), 1.323(3)
Cimine=Namine 1.384(2), 1.375(2), 1.376(2) 1.364(3), 1.352(3), 1.354(3), 1.365(3)
Cu-S 2.260(1) -
References [87] [87]

as model complexes of the peptidglycine-a-hydroxylating monooxygenase (PHM)
(Fig. 24, Table 15) [87].

2.5 Tetrakis(guanidines)

1,2,4,5-Tetrakis-(tetramethylguanidino)benzene (ttmgb) was developed by the
group of Himmel in 2008 [88]. The general redox and spectroscopic chemistry of
these so-called guanidine-functionalised aromatic compounds (GAFs) is compre-
hensively discussed in the chapter by Himmel. This section focuses on structural
aspects of the redox chemistry of complexes containing 1,2,4,5-tetrakis-
(tetramethylguanidino)benzene with special attention to the stretching of the C—
Nimine bond length in different complexes with different metal and ligand oxidation
states (Scheme 6). The reaction of the ligand with an excess of copper
(ID) tetrafluoroborate yields the binuclear complex [{ Cu(MeCN),},(ttmgb)][BF,]¢
under oxidation of the ligand and precipitation of elemental copper. The reaction
with copper(Il) nitrate yields [{Cu(NO;),},(ttmgb)] which decomposes under
ligand oxidation to give [{ Cu(NO3), },(ttmgb)][Cu(NO3),]. Slightly different reac-
tion conditions provide [{Cu(NO3),},(ttmgb)][NOs] including a radical form of
ttmgb. With halide ligands, a nonoxidised and an oxidised form of [Cu,Br,(ttmgb)]
have been reported, and the oxidation of [Cu,l,(ttmgb)] leads to the coordination
polymer {[(Cul),(ttmgb)](I5),},. Recently, the Himmel group demonstrated that
[{Cu(OAc),},(ttmgb)] can be oxidised to complexes with radical monocationic or
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Scheme 6 Copper complexes with tetrakis(guanidines)

dicationic ligands depending on the oxidising agent [89]. Selected bond lengths of
these complexes are summarised in Table 16. It is worth mentioning that each of
these ligand states can stabilise copper complexes. Shortest Niyine=Cgua bond
lengths are found (as expected) in the pure ligand (1.29 A) and in the copper
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Fig. 25 (a) dmtp and its natural model purine, (b) molecular structure of [Cu,(dmtp), (NCS),], (c)
molecular structure of [Cu,(dmtp),(CH,CICOO),], (d) molecular structure of [Cuy(dmtp),Cls]
and (e) molecular structure of [Cu(NCS),(6mtp),]

(D) complexes (1.32 A). All copper(Il) complexes with the neutral ttmgb ligand
contain guanidine moieties with distinct delocalisation of the Y-aromatic system
but with an expanded Njpine=Cgya bond in the range of 1.32-1.34 A. The N pine—
Cgua bonds are slightly longer in a comparable range of 1.34-1.36 A (see Table 16).
The one-electron oxidation leads to an inversion of this situation with Nimine=Cgua
bond lengths in the range of 1.37 A and Namine—Cgua bonds in the range of 1.33—
1.34 A. The withdrawal of another electron leads to an even more inverted guani-
dine situation with formal Njyine=Cgya bonds in the range of 1.39-1.41 A and
formal Nymine—Cgua bonds in the range of 1.31-1.34 A. Additionally, it can be noted
that the Njpine—Carom distance decreases with the sequential oxidation of the ligand
owing to the delocalisation of the charge into the aromatic ring [89-92]. For
detailed information about this kind of complexes and the chemistry behind, the
reader is referred to the chapter by Himmel.

2.6 Triazolopyrimidine as Purine Analogue

5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyrimidine is a nitrogen-rich ligand system
which includes a guanidine function (in the following abbreviated as dmtp). In
1983, Reedijk and co-workers began to investigate the coordination chemistry of
this type of ligand. It has been used as a purine analogue with several advantages in
comparison with its natural model (Fig. 25a). One of the pyrimidine N-atoms which



Guanidine Metal Complexes 129

provides an additional coordination position in the natural purine framework
occupies the bridge-head position in dmtp. Thus, one possibility of coordination
is ruled out. Another important feature in contrast to purines is the fact that none of
the N donor atoms in dmtp is protonated under neutral or weakly acidic conditions.
With its structure, dmtp should mimic the N(3), N(9) coordination of purines, so
that the coordination chemistry of nucleic acid fragments could be easily modelled
and investigated. Dmtp provides three coordination sites. Due to sterical reasons,
the coordination via N(3) is preferred and thus observed in most of the complexes.
One of the first crystallised compounds, [Cu,(dmtp),(NCS),], contains a dimeric
unit of copper centres bridged via two thiocyanates (Fig. 25b). The Cu—N(3) bond
lengths are 2.019(8) and 2.000(7) A. After extensive studies with different metal
salts, Reedijk et al. concluded that the coordination chemistry of dmtp essentially
depends on the used anion [93-95].

Szlyk et al. used dmtp in the synthesis of an analogous copper(Il) chloroacetate
complex [Cu,(dmtp),(CH,CICOO),] (Fig. 25¢). Two copper centres are connected
by four carboxyl functions of the chloroacetate anions. The coordination sphere
around every copper ion contains an axially coordinated dmtp ligand. As usual, the
ligand coordinates via N(3). The Cu-N(3) bond length is 2.150(1) A and thus
significantly longer than in the complexes investigated by Reedijk et al. [96].

Besides the complexes described above, dmtp also stabilises complexes in a
bridging mode. One example of such a complex is [Cuy(dmtp),4Cl,] (Fig. 25d). This
compound includes an interesting complex cation comprising four copper atoms.
Two of the metal atoms are connected by the dmtp ligand. Dmtp coordinates with N
(3) (Cu=N(3), 1.918 A) and N(4) (Cu-N(4), 1.965 A). The Cu—Cu distance is
2.909 A. Two of such moieties are associated by bridging chlorido anions. The
cation could also be crystallised with different anions, such as [PtC14]27. Com-
plexes with other halogenido anions could, so far, not be crystallised. Similar
spectral properties imply a similar structure of the corresponding complex
cation [97].

The group of Reedijk performed coordination studies with differently
substituted triazolopyrimidine ligands to investigate the influence of the substitu-
ents. Complexes including the ligand 5-ethyl[1,2.4]triazolo[1,5-a]pyrimidin-7-ol
revealed good stacking abilities that influence their solid-state structure and mag-
netic properties [98]. The C5 modification into 5-methyl[1,2,4]triazolo[1,5-a]
pyrimidine (Smtp) has only a small influence on the copper(Il) coordination chem-
istry in regard to the unsubstituted [1,2,4]triazolo[1,5-a]pyrimidine (tp). In contrast
to that, the C6 modification in 6-methyl [1,2,4]triazolo [1,5-a]pyrimidine (6mtp)
gave a much larger effect. [Cu(NCS),(6mtp),] shows a rather uncommon structure
and interesting spectral properties. The central metal is surrounded by two thiocy-
anates and two 6mtp molecules in a distorted tetrahedron (Fig. 25¢). The formal
copper(Il) complex seems to have a more monovalent character which is also
reflected in an intense charge transfer band at approx. 500 nm [99].
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Fig. 26 (a) The general synthesis of guanidine platinum complexes and (b) trans-[Pt(N,N-
DMG),Cl,], an example for a cytostatic guanidine platinum complex

2.7 Guanidines in Medicinal Complexes

Cisplatin is by far the best-known cytostatic based on a transition metal complex.
The compound behind the name cisplatin, cis-[Pt(NH3),(Cl),], binds to and causes
an irreversible structural change in DNA, which triggers the desired apoptosis of
malignant cells. The mechanisms behind the cisplatin—DNA interaction seemed to
be well understood. Thus, it was not surprising that the cytotoxicity of the analo-
gous trans-[Pt(NH3),(Cl),] is significantly lower. Nevertheless, several exceptional
Pt complexes were found that exhibit a higher cytotoxicity when their leaving
groups occupy the trans-positions in the ligand sphere. The mechanism behind
the effect of Pt-based cytostatics thus seems not completely clear. This and several
side effects in the medical application of cisplatin are reasons for constant research
on new transition metal and especially Pt-based cytostatics. The teams around
Bokach and Kukushkin screened multiple Pt guanidine complexes with regard to
their cytotoxicity. Several complexes have been synthesised (Fig. 26) [100]. In
contrast to cis-[Pt(NH3),(Cl),] and trans-[Pt(NH;3),(Cl),], some trans-complexes
were found by these groups and Keppler that possess significantly higher cytotox-
icity than their cis-congeners. Trans-complexes revealed a higher accumulation
than the respective cis-complexes. This could be another reason for their increased
cytotoxicity [101].

Additionally, Karvembu et al. recently developed guanidine-containing bioac-
tive complexes. Copper(Il) is of special importance as central metal because of its
biocompatibility. The group of Karvembu screened different copper(Il) complexes
with trisubstituted guanidine ligands (example in Fig. 27) with respect to their DNA
and protein interaction. Their cytotoxicity in vitro also has been investigated.
Spectroscopic measurements gave indication about a non-covalent intercalative
DNA interaction. A good protein binding ability was revealed by fluorescence
spectroscopy. The cytotoxicity study stands in contrast with the results from the
DNA interaction assay, which leads to the assumption that the cytotoxic activity
proceeds differently [102].

2.8 Bicyclic Guanidines

1,3,4,6,7,8-Hexahydro-2H-pyrimido[ 1,2-a]pyrimidine (hpp) represents an interest-
ing class of guanidine ligands. Coles and co-workers were the first to use this kind
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Fig. 28 (a) Molecular structure of [Cu(hppH),Cl], (b) [Cu(hppH),I] and (c¢) with ion pair of [Cu
(hppH), ]I

of ligand to stabilise copper(I) cyanide structures [103]. Before that, the protonated
derivative hppH has never been used as a neutral ligand. The complex [Cu
(hppH),Cl1] was structurally and spectroscopically examined and additionally tested
as catalyst in ATRP (see Sect. 3.2). The complex includes some interesting struc-
tural features that seem worth mentioning (Fig. 28).

The central metal is surrounded by two hppH ligands coordinating via N, and
an additional chlorido anion completing the trigonal planar coordination sphere.
Two additional hydrogen bridges enhance the stability of this complex. The com-
plex molecule of [Cu(hppH),Br] exhibits a similar structure, whereas [Cu(hppH),I]
crystallises differently. In this complex, the unit cell contains both complex mol-
ecules with a Cu bond (Fig. 28b) and ion pairs composed of a complex cation and an
iodine anion (Fig. 28c). There are no additional hydrogen bridges stabilising this
type of structure [104].
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Fig. 29 (a) Molecular structures of HC{SiMes;} {hpp},, (b) [Sn(CH{hpp},)Mes] and (c) [AI(HC
{hpp}2)o]* in crystals of [AICHC{hpp},),][AICL]

Further studies elucidated sterical and electronic factors influencing the bonding
of hppH compared to the well-established PPhj ligand. With the replacement of a
single hppH by PPhj; in [Cu(hppH),Cl], a shortening of the Cu—Cl bond from 2.40
to 2.21 A was observed. Compared to PPh;, hppH seems to be the stronger donor
[18]. In the following, the influence of the hydrogen bridges described previously
was further investigated by the synthesis of the hppH derivatives hppMe and
hppSiMe and their copper complexes [105].

In further work, the group of Coles developed compounds with two or three hpp
moieties combined within one ligand. With Me,Si{hpp}, and H,C{hpp},, they
obtained copper chelate complexes such as [Cu(H,C{hpp},)Cl] and [Cu(Me,Si
{hpp},)CI]. Complexes of an analogous MeSi{hpp}; could not be obtained so far.
In comparison with [Cu(hppH),Cl], [Cu(H,C{hpp},)Cl] shows many similarities.
In [Fe(hppH),Cl,], hydrogen bonds again play an important role in determining the
structure of the complex molecule. The molecular structure of [Fe(H,C{hpp},)Cl,]
is analogous to the structure of [Cu(H,C{hpp},)CI] except that there is an additional
chlorido anion coordinated. In palladium(II) complexes, a square planar coordina-
tion sphere could also be stabilised by H;C{hpp},. The bis(guanidine) ligand H,C
{hpp}, can stabilise trigonal planar, tetrahedral and square planar complexes
[106, 107]. H,C{hpp}, also can serve as a N,C,N'-pincer ligand as demonstrated
by Coles and co-workers in 2014. Reaction of the ligand firstly with /BuLi and then
with SiMe;Cl or SnMe;Cl yields the complexes shown in Fig. 29.

HC{SiMe;}{hpp}, includes a pentacoordinated silicon atom with four partici-
pating Si—C interactions and an additional Si—Nj;, interaction. In [Sn(CH{hpp},)
Mes], the Sn atom is coordinated by the pincer ligand in a pseudo-facial manner and
three additional methyl groups. The coordination sphere can be better described as a
bicapped tetrahedron. The complex cation of the analogous aluminium complex [Al
(HC{hpp},)-][AICL,] is depicted in Fig. 29¢c. The authors reported it as the first
six-coordinate organoalumocenium cation [108].

The bulky silyl-substituted hpp ligand (C{SiMes},{SiMeshpp})~ developed in
2007 yielded a number of main-group metal and mercury complexes depicted in
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Fig. 30 Molecular structures of main-group metal and mercury complexes including (C
{SiMes ) {SiMeshpp)): (a) Li(C{SiMes}o{SiMeshpp)), (b) Ca(C{SiMes ) {SiMeshpp}). (¢) Zn
(C{SiMes; },{SiMe,hpp})Br of the dimer {Zn(C{SiMes}.{SiMeohpp})Br},, (d) Hg(C
{SiMes },{SiMe,hpp})Cl, (e) Sn(C{SiMes},{SiMe,hpp})CI and (f) In(C{SiMes},{SiMe,hpp})
Cl,

Fig. 30 [109-112]. With zinc, bromido-bridged binuclear complexes and extended
clusters are also known.

2.9 Azoimidazole Ligands

The combination of nitrogen-rich organic compounds often leads to the formal
construction of a guanidine system. The attachment of azo groups at imidazole
yields so-called azoimidazole ligands containing a guanidine moiety and the azo
group as an additional donor function. This class of ligands is synthesised by
coupling of imidazole with substituted phenyl- or f-naphtyldiazoniumions in an
aqueous solution of sodium carbonate. Subsequent alkylation of the imidazole unit
generates a broad library of azoimidazole ligands. The group of Sinha investigated
this new class of ligands in platinum and copper coordination chemistry. [Pt
(B-NaiEt)Cl,], for example, is a platinum mono(chelate) complex containing one
B-NaiEt ligand and two chlorido anions in a square planar coordination sphere
(Fig. 31a) [113].

In combination with Cu(I) perchlorate, the same group synthesised a complex
containing two B-NaiEt ligands preferentially coordinated by Njpine (Cu—Ninine
1.851 A). The central metal and N, possess a loose contact (Cu—Ny,, 2.655 A), SO
that the copper is coordinated in an almost linear manner (Fig. 31b). The analogous
complex bis[1-methyl-2-(naphthyl-a-azo)imidazole] copper perchlorate contains a
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Fig. 31 (a) Molecular structure of [Pt(B-NaiEt)Cl,], (b) and (¢) comparison of the molecular
structure of copper complexes containing structurally different azoimidazole ligands
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Fig. 32 Azoimidazole complexes containing additional pseudohalide ligands

sterically less demanding ligand. The azoimidazoles form a bis(chelate) under
formation of five-membered metallacycles (Fig. 31c). The distances between cop-
per and both Nj,ine and Ny, are almost identical (Cu—Njypine 2.004 A, Cu-N Azo
2.021 Ay [114].

Sinha et al. also synthesised copper(Il) complexes containing the pseudohalide
azide and thiocyanate. Both octahedral complexes contain two pseudohalide anions
in a cis-fashion (Fig. 32). The rest of the coordination sphere is occupied by two
azoimidazole ligands. The equatorial plane is formed by the Nj;,. atoms and the
pseudohalides. Very different Cu—N distances for Njyine and Na,o (Cu—Nimine
ca. 2.0 A, Cu—N,,, ca. 2.7 A) lead to a distortion of the formed metallacycle and
the octahedron. Both the large difference between the Cu-N distances in the
complexes just described and the almost linear Cu—Nj;,e coordination in the
complexes described earlier lead to the assumption that Nj,i, represents
the stronger donor [115].

Using copper(Il) azide, tetranuclear complexes were also synthesised and inves-
tigated structurally and magnetically [116]. Incorporation of an additional donor, in
this case a thioether functionality, enables access to five-coordinated complexes
like 1-alkyl-2-{(o-thioalkyl)phenylazo}imidazole copper(II) chloride. The objec-
tive was to develop a ligand that can stabilise both copper(I) and copper
(I) complexes [117].
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Scheme 7 (a) The general synthesis of polydentate guanidine ligands starting from 2,4,6-
trichloro-1,3,5-triazine and (b) example for a bridged polydentate triazine ligand
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Fig. 33 (a) A nickel and (b) a copper complex containing the NZ,NZ,N4,N4,N6,N6-hexa(pyridin-2-
yl)-1,3,5-triazine-2,4,6-triamine ligand

2.10 Triazine-Based Guanidine Ligands

A new class of polydentate ligands containing the guanidine functionality was
developed by Reedijk et al. in 2002. The ligands are based on a 1,3,5-triazine
scaffold. Starting from 2,4,6-trichloro-1,3,5-triazine, the sequential substitution of
chlorido units by simple amines yields a large library of new polydentate ligands.
The basic reaction and reaction conditions are shown in Scheme 7a. By adjustment
of the reaction conditions, it is also possible to synthesise bidentate ligands. The
conjunction of two of such units with bridging amines leads to complex polydentate
compounds (example given in Scheme 7b) [118].

The new ligands described above were used in complex syntheses with nickel
and copper. The copper complexes were tested in the catalysed oxidation of 3,5-di-
tert-butylcatechol. With nickel(IT) perchlorate hexahydrate, crystals of [Niy(N>,N?,
N* N* N® N°-hexa(pyridin-2-yl)-1,3,5-triazine-2,4,6-triamine),(H,0),(MeOH),]
(Cl04)4(MeOH)¢ (Fig. 33a) were obtained. The two ligands coordinate in a
bidentate bridging manner and connect two nickel ions. The slightly disordered
octahedral coordination sphere is completed by a methanol molecule and a water
molecule. An additional metal coordination seems possible due to the fact that both
N? N N* N* N® N°-hexa(pyridin-2-yl)-1,3,5-triazine-2,4,6-triamine ligands have
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another unoccupied coordination site. The central guanidine moieties are not
involved in coordination.

Analogous copper(Il) complexes form one-dimensional ladderlike structures
(Fig. 33b shows one building block or “rung” of this ladder). Here again, the
guanidine moieties are not involved in coordination. Different complexes were
tested in the oxidation of 3,5-di-fert-butylcatechol and showed catalytic activity
[119, 120]. In further studies, Reedijk and co-workers have shown that the complex
architecture strongly depends on the reaction conditions. The crystallisation solvent
had an influence on whether mononuclear or trinuclear complexes of N,N'-{2,4-di-
[(di-pyridin-2-yl)amine]-1,3,5-triazine }ethylene diamine with zinc(Il) nitrate
would be obtained [121]. In 2008, the group of Reedijk published a new ligand
system based on 1,3,5-triazine. The new ligand includes a pyrazolyl-pyridine
moiety for copper coordination and a TEMPO radical unit. The aim was to develop
an ecologically friendly catalyst for the aerobic oxidation of primary alcohols to the
corresponding aldehydes [122].

In the mixed-valent CuH4CuI complex shown in Fig. 34, 1,3,5-triazine ligands
coordinate with their central triazine/guanidine site. A copper(Il)-mediated
one-electron oxidation and deprotonation of the ligand leads to an azo radical
anion, which contains a typical N-N bond length of 1.33 A. This results in a
remarkable radical anion ligand. The complexes have been comprehensively stud-
ied by various analytical methods [123].

Ligands containing an additional thioether coordination site also showed tri-
azine/guanidine coordination. The ligands are depicted in Fig. 35a and b, examples
of a corresponding complex in Fig. 35c—e. It is worth mentioning that one of the
bromido ligands in [Cu(2-chloro-4,6-bis-N-[2-methylsulfanyl-N-(pyridin-2-
ylmethyl)aniline]-1,3,5-triazine)] is in close contact to the central electron-poor
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Fig. 35 (a) and (b) Triazine ligands with additional thioether coordination sites, (c)—(e) com-
plexes including different triazine—thioether complexes
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Fig. 36 (a) 2-Chloro-4,6-bis(di-2-picolylamino)-1,3,5-triazine, (b) The copper(Il) perchlorate
and (c) the copper(II) chloride complex of 2-chloro-4,6-bis(di-2-picolylamino)-1,3,5-triazine

triazine ring. It should also be noted that the relatively small distance between the
bromido ligand can be enforced by geometrical restrictions [124].

Massoud et al. investigated structural, magnetic and DNA cleavage properties of
copper(I) complexes with the bisguanidine ligand 2-chloro-4,6-bis(di-2-
picolylamino)-1,3,5-triazine (Fig. 36a). With copper(Il) perchlorate hexahydrate
and copper(Il) chloride dihydrate, they obtained two compounds that were studied
comprehensively (Fig. 36b and c). Di-p-hydroxido [Cuz(pbdpaTCI)(p—OH)z—
(H20)5(Cl04)0.5]1(Cl04); 5 - (H,0); 5 is a dimeric copper complex containing
two bridging hydroxido ligands. In [Cuy(p-bdpaT<")Cl,],- 2CH;O0H bdpaT® itself
acts as a binucleating bridging ligand. The two complexes show different magnetic
and electrochemical properties. The chlorido complex is a moderately active
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Fig. 37 (a) The cyclotriphosphazene ligands 2-(N,N,N',N'-tetramethylguanidine)-2,4,4,6,6-
pentaphenoxy-2 A°4 1,6 A°-cyclotriphosphaza-1,3,5-trien, (b) 2,2-dichlor-4,4,6,6-tetra-(N,N,N',
N'-tetramethylguanidine)-2 A°,4 1,6 A’-cyclotriphosphaza-1,3,5-trien, (¢) molecular structures of
the copper(Il) and (d) palladium(Il) complex of 2,2-dichlor-4,4,6,6-tetra-(N,N,N',N-
"_tetramethylguanidine)-2 2°,4 1°,6 A>-cyclotriphosphaza-1,3,5-trien

nuclease, whereas the p-hydroxido shows no DNA cleavage activity. The strong
magnetic coupling between the two copper centres mediated by the hydroxido
ligands seems to play a fundamental role in inhibiting its reactivity [125].

2.11 Further Coordination Chemistry with Guanidine
Ligands

The following section deals with further interesting coordination chemistry with
guanidine ligands.

Diefenbach and Bloy synthesised and investigated cyclotriphospazenes with
additional tetramethylguanidine groups. The reaction of monochloropentaphenox-
ycyclotriphosphazene with N,N,N' N'-tetramethylguanidine in dioxane yields 2-(N,
N,N' N'-tetramethylguanidine)-2,4,4,6,6-pentaphenoxy-2 Y4 6 ks-cyclotri-
phosphaza-1,3,5-trien (Fig. 37a). Attempts to synthesise an analogous
hexasubstituted cyclotriphosphazene derivative failed so far. The tetrasubstituted
2,2-dichlor-4,4,6,6-tetra-(N,N,N' N'-tetramethylguanidine)-2 2”4 1,6 A’-cyclotri-
phosphaza-1,3,5-trien was obtained instead (Fig. 37b).

The tetraguanidine ligand has been used in complex synthesis with CuCl, and Pd
(CH3CN),Cl, (Fig. 37c and d). The ligand connects two square planar metal
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Fig. 38 The complex

system [GuH][Cu,(OH)(cit) . .
(Gu),] studied by Parsons _ & .

et al. . .

é ) ‘/“' ®
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centres, and the coordination spheres are completed by the corresponding anion
ligands. The square planar coordination spheres of the copper complex exhibit a
distinct tetrahedral distortion. Geometrical restrictions lead to distorted bond angles
within the metallacycles and exceptional short Cu—P distances of 2.763(4) and
2.778(4) A. The analogous Pd complex has not been further discussed due to
unsatisfactory crystal quality [126].

In 2009, Parsons et al. performed high pressure experiments with the copper
(IT) guanidine complex [GuH][Cu,(OH)(cit)(Gu),] (Fig. 38). Under increased pres-
sure, the Cu(Il) dimer polymerises into one-dimensional chains [127].

Experiments by Knipp and co-workers had a more biochemical background. In
2012, they mutated the heme protein nitrophorin 4 (NP4) in Rhodnius prolixus, a
bloodsucking parasite. They chose to mutate Leu130 under the assumption that this
alteration has no significant influence on the folding of NP4. The original leucine
was replaced by arginine, an amino acid containing a guanidine function. The
incorporation took place in proximity to the ferroheme centre of the protein,
which demonstrates the principal possibility for guanidine ferroheme coordination.
There are only few arginine metal interactions known in nature and even fewer
arginine iron coordination examples. This is due to the reason that arginine typi-
cally occurs protonated. In the L130R mutant of NP4, an iron coordinated by
Arg130 with an interatomic distance of 2.1 A could be observed. This implies a
strong interaction between the donor and metal centre. Furthermore, it seems to be
the first arginine—ferroheme interaction ever observed. The special environment
provided by the ferroheme cavity in NP4 might be one of the reasons why arginine
serves as a ligand in this context [128].

Siemeling and co-workers not only combined N-heterocyclic carbenes with a
non-coordinating guanidine moiety [129], but they also developed ferrocene-based
bisguanidine ligands. Such ligands can be easily obtained starting from
1,1’-diaminoferrocene and suited chloroformamidinium chlorides. The molecular
structure of such a ligand and its hydrated form are shown in Fig. 39. The molecular
structure  of the palladium complex trans-[PACI(1,1'DiTMG-ferrocene
kFex’N )]>[PdCl4] is shown in Fig. 39c. The distance between iron and palladium
is 2.714(1) A and is ascribed to a weak dative Fe — Pd bond. Therefore, this class of
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Fig. 39 (a) The molecular structure of a 1,1’diguanidinoferrocene ligands, (b) the same ligands
hydrated and (c) the molecular structure of frans-[PdCI(1,1'DiTMG-ferrocen xF. ¢,k°N)1,[PdCly]
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Fig. 40 (a) Example for a complex of the type [Ru(p-cymene)LCl,] before and (b) after the
reaction under the influence of UV light

ligands seem to act as tridentate ligands that provide two strong guanidine donors
and an additional weak Fe donor. The inserted guanidine function alters the
electrochemical behaviour of the ferrocene system dramatically. In 1,1’-diTMG-
ferrocene, for example, the ferrocene-based half-wave is found at —0.68 V vs
ferrocenium/ferrocene. The cyclovoltammetric measurement of the palladium-
centred transition results in decomposition of the majority of the complexes [130].

Coordination chemistry with late transition metals was conducted by the group
of Severin. For their studies, they synthesised several imidazolin-2-imine and
imidazolidin-2-imine ligands. When reacted with [Ru(p-cymene)Cl,],, mononu-
clear complexes of the type [Ru(p-cymene) LCl,] were obtained (example shown
in Fig. 40a). Under the influence of UV light, these compounds lose p-cymene to
give complexes in which one of the aryl groups acts as a n-ligand (Fig. 40b) [131].

Recent investigations by Stavropoulos et al. resulted in copper(I) guanidine
complexes as catalysts that mediate nitrene transfer from corresponding precursors
to aliphatic hydrocarbons and olefins. The ligand used was TMGastrphen. The
molecular structure of the complex cation [Cu(TMGstrphen)]” is shown in
Fig. 41. The catalyst shows a wide substrate range and product yields that are
comparable with those reported for Rh and Ru catalysts. Comprehensive mecha-
nistic studies have also been carried out. They gave hints that the mechanism
differentiates from that of the rhodium-mediated nitrene transfer. Hammett corre-
lations support a mechanism where carboradicals generated by H atom abstraction
play a crucial role [132].
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3 Guanidines in Transition Metal Polymerisation Catalysis

3.1 Ring-Opening Polymerisation (ROP) of Lactide with
Zinc Guanidine Complexes

Polylactide (PLA) is an aliphatic, biodegradable polyester which can be produced
from renewable resources such as corn, sugar beets, corn straw or agricultural waste
[133, 134]. The polymer can be manufactured to plastics similar to conventional
materials such as poly(ethylene terephthalate) (PET) or poly(propylene) (PP) [135—
137]. These excellent properties raise the interest in new ecologically friendly
catalysts for polylactide synthesis. PLA has found application in many fields, for
example, in food packaging, in medical implants and in agricultural areas
[138, 139]. Producing biodegradable polymers from renewable raw materials will
reduce the use of fossil resources and decrease the accumulation of waste in future.

Polylactide can be synthesised from lactide by ring-opening polymerisation
(ROP). The cyclic diester lactide is produced from lactic acid which is obtained
from bacterial fermentation of a carbohydrate feed. After use, PLA can be either
recycled, combusted or composted. Thus, the CO, emission in relation to the
starting materials is neutral [136—151].

3.1.1 Coordination-Insertion Mechanism

There are different mechanisms for polylactide synthesis. Polycondensation and
addition reactions, for example, are uncontrolled polymerisation reactions. In these,
high temperatures and long reaction times are necessary. Furthermore, the lack of
kinetic control generates polymers with a high polydispersity and rather short
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Scheme 8 Coordination— MLq
insertion mechanism RO!
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polymer chains [141, 144—151]. During the last decades, many new ROP processes
have been developed. Cationic, anionic, organocatalytic and coordination—insertion
mechanisms are considered as controlled chain growth polymerisation reactions.
Since the coordination—insertion mechanism is controlled with regard to molecular
weight, microstructure and composition, it is regarded as the most efficient process
for ring-opening polymerisation of lactide. The polymerisation can be conducted
under living conditions, and the absence of ionic intermediates excludes
racemisation processes [141, 144—151].

The reaction is initiated by coordination of an exocyclic oxygen atom of a lactide
monomer to the metal centre of a catalyst complex. Afterwards, a nucleophilic
attack of the alkoxide on the acyl carbon atom and an insertion of lactide into the
metal alkoxide species with retention of configuration take place (Scheme 8)
[141, 144-151].

Nowadays, mostly homoleptic catalysts are being used, such as tin
(I) ethylhexanoate, zinc(Il) lactate and aluminium isopropoxide [152—
154]. These are used in combination with initiators such as benzyl alcohol. Due
to side reactions like transesterification and epimerisations, which lead to broad
molar mass distribution, new single-site metal catalysts are of high interest [133—
139, 141, 144-151, 155]. As an advantage, this class of catalysts can initiate and
catalyse the reaction at the same time. Therefore, they should exhibit great control,
activity and selectivity during the polymerisation. As a result, the research and
development of single-site catalysts for the ring-opening polymerisation of lactide
increases substantially. The ideal catalyst is nontoxic, tolerant towards air, lactide
melt and acidic impurities in the monomer. Furthermore, it should be cheap,
colourless and odourless [141, 144-151].

A variety of catalysts for ROP reactions of lactide are already known. Most
complexes contain zinc, tin, magnesium or aluminium as metal centres and anionic
ligands such as thiolates, aminates, salens, B-ketiminates, alkoxides and carboxyl-
ates [156—167]. Most of these catalysts exhibit good activity in the ROP of lactide.
As a major disadvantage, the anionic ligands render their complexes very sensitive
towards air, moisture and impurities. Although these complexes often exhibit a high
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Fig. 42 Molecular structure of (a) [Zn(DMEG,e)Cl,] and (b) [Zn(DMEG,e),]*" in crystals of [Zn
(DMEG2¢),][OTT], [32]

activity, they are mostly not suitable for industrial use [133, 134, 140-151]. In
contrast to the poor properties of anionic ligands in ROP, a small number of neutral
ligands are less sensitive towards impurities, air and moisture and stabilise ROP
active complexes [165]. Here, especially guanidines have been found to stabilise
very robust zinc complexes with high ROP activity.

3.1.2 Zinc Guanidine Complexes

Guanidines possess a large Lewis basicity and good donor properties — both
features are crucial for efficient ROP catalysis [27, 28, 135]. The large variety of
fully characterised guanidine ligands comprises different modifications on each of
the nitrogen atoms.

In 2007, the first cationic, bis(chelate) complex [Zn(DMEG,e),][OTf], which is
active in the ROP of lactide in melt was reported (Fig. 42) [32]. The angles between
the chelate planes of this complex indicate a coordination between tetrahedral and
square planar geometry. At 150°C, polymers with molecular weights around
24,000 g/mol could be obtained within 24 h [32]. Besides bis(chelate) zinc triflato
complexes, complexes with chloride and acetate anions ([Zn(DMEG,e)Cl,] and
[Zn(DMEG,e)OAc,]) were synthesised and successfully tested in the ROP. ROP
studies of these complexes in lactide melt yielded polymers with molar masses
between 18,000 and 59,000 g/mol. It was further found that the catalytic perfor-
mance of these complexes strongly depends on the anionic component of the zinc
salt. Complexes with chloride or bis(triflate) anions showed an improved catalytic
activity compared to acetato complexes.

The basicity of the ligand is important for the ROP catalysis. Thus, the com-
plexes [Zn(8MeBL)Cl,] and [Zn(8MeBL)(OAc),] bearing a more basic imino
imidazoline ligand 8MeBL have been tested as well [137]. It was found that the
partial charge on the zinc atom and on the donating N, atom is very important
for lactide polymerisation activity (Fig. 43) [137, 168]. Polymerisations with
complexes [Zn(8MeBL)Cl;] and [Zn(8MeBL)(OAc),] yielded PLA polymers
with molecular weights of 25,000 and 12,000 g/mol at a conversion of around
90% (Table 18).
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Fig. 44 Molecular structures of (a) [Zn(DMEGpy)Cl,], (b) [Zn(DMEGqu)CL], (¢) [Zn
(DMEGpy)(OACc),], (d) [Zn(DMEGqu)(OAc),] and (e) [Zn(DMEGqu),(CF3S03)][CF5S05] [168]

The aromatic guanidine ligands discussed in Sect. 2.3 [73] have been used in
reactions with zinc chloride, acetate or triflate for subsequent polymerisation
studies (Table 18) [168]. The resulting complexes were investigated in ROP
reactions, where picolylamine-based zinc chlorido catalysts exhibited a higher
polymerisation activity than comparable quinoline-based zinc chlorido complexes
(Fig. 44) [168]. Furthermore, complexes with a coordinated pyridine ligand
containing chlorido ligands show a much higher catalytic activity than those
which contain acetate instead of chloride. If the complexes contain quinoline
ligands, then it is the other way round. However, the highest activity for the
polymerisation of lactide is achieved with quinoline complexes containing triflate
([Zn(DMEGqu),(CF3S03)][CF;3S03]  and  [Zn(TMGqu),(CF5S03)][CF5SO3])).
Molecular weights up to 176,000 g/mol could be obtained.

In the chlorido and acetato complexes, the zinc centre is four-coordinate. The
Zn—N bond lengths of the two nitrogen donor atoms differ slightly with no obvious
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Table 17 Selected bond lengths of [Zn(DMEGpy)CL], [Zn(DMEGqu)Cl,], [Zn(DMEGpy)
(CH3CO00),], [Zn(DMEGqu)(CH3;COO),] and [Zn(DMEGqu),(CF;S053)][CF3;S05] [168]

[Zn [Zn [Zn [Zn [Zn

(DMEGpy) |(DMEGqu) | (DMEGpy) |(DMEGqu) (DMEGqu),(CF3S05)]

Cl] Cl,] (OAc),] (OAC),] [CF3S0s]
Zn-N,, 2.047(1) 2.045(1) 2.036(2) 2.048(1) 2.089(3), 2.091(3)
Zn—Ngyy, 2.036(1) 2.039(1) 2.038(2) 2.106(1) 2.035(3), 2.049(3)
Coua=Nguwa | 1.317(2) 1.327(2) 1.313(2) 1.336(2) 1.357(5), 1.342(5)
Coua— 1.375(2) 1.355(2) 1.367(2) 1.336(2) 1.329(5), 1.352(5)
Namine 1.362(2) 1.352(2) 1.348(2) 1.364(2) 1.344(5), 1.338(5)
p 0.96 0.98 0.97 0.99 1.00

Table 18 Results of the ROP of lactide with zinc guanidine complexes

Catalyst t(h) | Conversion (%) |M, (g/mol) |PD |P?* |References
[Zn(DMEG,e),][OTf], 24 |83 24,000 1.6 |nd. |[32]
[Zn(DMEG,e)Cl,] 24 |79 22,000 1.7 10.50 |[32]
[Zn(DMEG,e)OAc,] 24 |69 15,000 1.6 [0.50 |[32]
[Zn(8MeBL)Cl,] 24 |85 25,000 2.0 1053 |[137]
[Zn(8MeBL)OAC,] 24 |88 12,000 2.0 1050 |[137]
[Zn(TEGqu)Cl,] 48 17 16,000 2.0 [0.55 |[15]
[Zn(DMorphGqu)Cl,] 24 |51 30,000 1.6 [0.57 |[15]
[Zn(MorphDMGqu)Cl,] 24 |72 31,000 1.8 [0.56 |[15]
[Zn(TMGqu)OAc,] 48 |41 9,000 2.1 |nd. |[168]
[Zn(DMEGqu)OAc,] 48 |58 9,000 2.0 |nd. |[168]
[Zn(DMPGqu)OAc;] 48 |60 19,000 1.8 |nd. |[15]
[Zn(DMorphGqu)OAc,] 48 51 15,000 1.7 10.49 |[15]
[Zn(MorphDMGqu)OAc2] 48 |29 13,000 1.7 1049 |[15]
[Zn(DMEGqu)OMes.] 48 |0 - - - [169]
[Zn(TMGqu),(OMes)] 48 |33 18,000 1.6 [nd. |[169]
[OMes]

[Zn(TMGqu),(OTf)][OTIf] 24 |93 70,000 22 |nd. |[168, 170]
[Zn(DMEGqu),(OTH][OTf] |24 |92 77,000 2.1 |nd. |[168, 170]
[(TMGy4(baem),b)(ZnCl,),] 24 |81 19,000 1.9 [0.54 |[171]
[Zn(TMGstren)(C1)][Cl] 24 |71 12,000 1.9 [0.52 |[171]
[Zn(DMEGjstren)(C1)][Cl] 24 |72 12,000 1.8 [0.53 |[171]

Conditions for rac-LA polymerisation with zinc guanidine complexes: solvent-free melt polymer-
isation at 150°C, monomer/initiator ratio 500:1
ap,: probability of racemic enchainment calculated by analysis of the homonuclear decoupled 'H-

NMR spectra

trend (Table 17). In the five-coordinate triflato complexes, a larger partial charge at
the zinc centre is obtained which results in slightly shorter Zn—N,,, bond lengths
and a larger p-value of 1.00 [168]. This indicates a stronger donation of the
guanidine nitrogen atom compared to the pyridine nitrogen atom, which is directly
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related to the Y-aromaticity. Consequently, the C=N,,, bonds are elongated com-
pared to those in the chlorido and acetato complexes.

It has to be noted that the increasing size of the substituents, e.g. in tetraethyl-
guanidine zinc complexes, at the guanidine renders it difficult to maintain this
aromaticity. Analysing the molecular structures with density functional methods
proved that rotational conformers with a lower degree of intra-guanidine twisting
are energetically more favourable which demonstrates that the guanidine part tries
to maintain the delocalisation [15].

Focusing on quinoline—guanidine complexes, mono(chelate) chlorido com-
plexes ([Zn(TMGqu)Cl,], [Zn(DMEGqu)CL,], [Zn(DMPGqu)Cl;], [Zn(TEGqu)
CL], [Zn(DMorphGqu)Cl,], [Zn(MorphDMGqu)Cl,]) show a lower ROP activity
than comparable mono(chelate) acetato complexes ([Zn(TMGqu)OAc,], [Zn
(DMEGqu)OAc,], [Zn(DMPGqu)OAc,], [Zn(DMorphGqu)OAc,], [Zn
(MorphDMGqu)OAc,]) (Fig. 44) [15, 168]. However, bis(chelate) triflato com-
plexes ([Zn(TMGqu),(OTf)][OTf], [Zn(DMEGqu),(OTf)][OTf]) possess a much
higher activity in the polymerisation of lactide (Fig. 45, Table 18). Furthermore,
they show a high robustness towards impurities in the monomer. During ROP of
technical lactide with complexes ([Zn(TMGqu),(OTf)][OTf] and [Zn
(DMEGqu),(OTf)][OTf]), PLA with polydispersities around two and molecular
weights of up to 77,000 g/mol can be synthesised. Consequently, these catalysts are
of high interest for industrial use.

For further improvements of the polymerisation properties, the guanidine—quin-
oline ligands have been modified in the 2-position of the quinolinyl moiety. The
aim is to reach a steric hindrance at the zinc metal in the resulting zinc triflato or
chlorido complexes. The activity studies of the complexes in the lactide polymer-
isation imply that the substitution at the 2-position (methyl or fert-butyl) has a
critical influence on the tacticity, polydispersity and polymerisation rate. Using
methyl-substituted quinoline—guanidine bis(chelate) zinc triflato complexes
(Fig. 46), shorter polymer chains were obtained compared to unsubstituted cata-
lysts. Concluding, methyl-substituted quinoline ligands have a major effect on the
stereoselectivity and catalytic activity during ROP processes [172].

Previous studies showed that in the mono(chelate) mesylato complexes ([Zn
(DMEGqu)OMes,] and [Zn(TMGqu),(OMes)][OMes]) and bis(chelate) triflate
complexes ([Zn(TMGqu),(OTf)][OTf] and [Zn(DMEGqu),(OTf)][OT(]), the zinc
atoms possess higher positive partial charges compared to the respective chlorido
and acetato complexes ([Zn(TMGqu)Cl,], [Zn(DMEGqu)CL], [Zn(TMGqu)OAc,]
and [Zn(DMEGqu)OAc,]) [169]. In these cases, the partial charge of the guanidine
follows a reversed trend. The smaller positive charge at the zinc atom results in a
lower catalytic activity. In addition to electronic effects, the Zn—O bond length of
the solid-state structure correlates with the activity during the polymerisation
reaction. In the mesylato complex [Zn(TMGqu),(OMes)][OMes], the zinc—oxygen
bond is shorter (2.103(1)A) and stronger compared to the respective triflato com-
plex (2.684(3) Ain [Zn(TMGqu),(OTf)][OTf]), which leads to a lower ROP activ-
ity. As a result, the larger Lewis acidity of the zinc complex facilitates the ring-
opening step of the lactide during lactide ROP [168].
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Fig. 45 Overview of zinc guanidine complexes

The dinuclear tetrakis(guanidine) complex [(TMGy4(baem),b)(ZnCl,),] and the
tris(guanidine) zinc complex [Zn(TMGstren)CI][Cl] and [Zn(DMEGs;tren)Cl]
[C1] are examples for poly(guanidines). These poly(guanidines) were tested in the
polymerisation of lactide and showed moderate activity [171]. In all these poly-
merisations, no external initiator is needed. The same results are obtained regard-
less of using technical or sublimated lactide. Therefore, no impurities in the
technical lactide can act as a chain starter [173]. The donor strength of guanidines
is similar to that of ketiminates. Thus, they are supposed to act as ring-opening
reagents. The next mechanistic hint was given by the fluorescence activity of the
guanidine—quinoline ligands [73]. The quinoline-related emission can be detected
in the zinc complexes and in the resulting polymer. The fluorescence intensity of
samples with different chain lengths was investigated. Samples with shorter chain
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lengths show higher fluorescence intensity compared to longer chains. As a result,
the ligands act as end groups, and after workup, they can be found at the end of the
polymer. Furthermore, in the UV—vis spectra, the absorption of the guanidine—
quinoline ligands was observed in the corresponding polylactide samples. The
reason is the m—m* transition of the aromatic quinoline system in the
polymer [170].

The polymerisation with complexes [Zn(TMGqu),(OT)][OTf], [Zn
(DMEGqu),(OTf)][OTf] follows a first-order kinetic with activation parameters
of AH*=79(4)kJ mol " and AS* = —33(4)J K" mol " up to 165°C [170]. These
values are in good agreement with those of other single-site catalysts [174]. A
polymerisation at room temperature with these catalysts is energetically hindered. It
has been observed that the molecular weights increase with the conversion, and
thus, a controlled polymerisation can be assumed. However, the polydispersity
amounts to a value around two which is a result of transesterification reactions.
With the results from polymerisation kinetics and computational studies on the [Zn
(TMGqu),(OTH)][OTT] system, a mechanism for zinc guanidine complexes could
be proposed (Figs. 47 and 48) which proceeds without any co-initiator. The
hypothesis is that the guanidines act as ring-opening reagents because of their
high nucleophilicity and strong donor properties. Previous studies showed that a
good basis set and functional for describing zinc N-donor complexes is 6-31G(d) or
6-311 g+(d) and B3LYP [137, 168, 175-179]. The first step is the exothermic
coordination of the lactide monomer by one of the carbonyl oxygen atoms to the
zinc atom (C1). Due to its high Lewis acidity, Zn>" exhibits a particularly suited
coordination sphere. In the transition state TSO, one of the guanidine N-atoms
moves away from the zinc centre. This results in a stronger coordination of the
lactide to the zinc metal C2. During the next transition state TSI, the Ny, atom
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Fig. 47 Insertion of the first lactide monomer (R reactants, C zinc coordinated lactide, TS
transition state, INT tetrahedral intermediate, O opened species, P propagating species)

transfers electron density to the carbonyl carbon atom at the lactide monomer under
formation of a tetrahedral intermediate (INT1). This step needs an activation
enthalpy of 102 kJ/mol which is reachable at the temperature used for the poly-
merisation. Going from INT1 to INT2, the coordination sphere changes, and the
second oxygen atom of the lactide molecule participates in the zinc coordination. In
both intermediate states, the Zn—Ng,, distance is very long. In TS2, the C.aponyi—
O.ikoxide bond in the lactide molecule breaks with formation of an eight-membered
heterocycle followed by the ring-opened species P1. This detailed mechanism is
similar to other reported single-site catalyst coordination—insertion mechanisms
[156, 180-183]. In summary, the nucleophilicity of the guanidines is obviously
strong enough to open the lactide ring.

For the chain propagation, a further study had to be performed, because the
coordination sphere changes after the first step. In the initiation step, the ring
opening is accomplished by the alcoholate function of the lactate part. In the
propagation steps, the lactate group is linked to the zinc atom which is now
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Fig. 48 Complete reaction coordinate diagram for the propagation step (C’ zinc coordinated
lactide, TS transition state, INT tetrahedral intermediate, O’ opened species, P propagating species)

responsible for the nucleophilic attack and opens the ring of the second lactide
monomer (Fig. 48). For the propagation steps, a similar mechanism was calculated
as for the initiation step, starting with the lactate species. In the propagation
mechanism, the pre-transition state TSO does not appear because no coordination
rearrangement is needed. The transition states TS1’ and TS2' are similar to the
initiation steps. At first a nucleophilic attack occurs (TS1’) followed by the ring-
opening part with the Ccarponyi—Oakoxide bONd release (TS2"). The alcoholate func-
tion of the lactate acts as a stronger nucleophile, and therefore, the activation barrier
of TS1’ is lowered to 65 kJ/mol. In comparison to the experimental value for the
activation enthalpy (AH 1 =79(4) kJ/mol), the theoretical value compares very well.
All in all, the propagation step is energetically more preferred than the initiation
step. As a result of the high initiation barrier, only a few catalysts are active in the
ROP at lower temperature. This leads to higher experimental molecular weights
than expected from the theoretical molecular weights [170].

In conclusion, a great advantage of using guanidine zinc systems is that they are
robust against air and monomer impurities. Only few further robust systems are
known, for example, tris(phenolate) titanium complexes [184—187]. As a result of
the excellent donor properties and high nucleophilicity, guanidines have the ability
to open the lactide ring.

In summary, it has been shown that guanidine ligands are well suited for the
complexation of zinc salts and that these complexes show good catalytic activity in
the polymerisation of lactide. In comparison to anionic ligands, neutral ligands are
strongly preferred since the industrial use demands for complexes that are robust
against impurities in the lactide monomer, air and elevated temperatures. Another
advantage of using guanidine ligands is the high synthetic flexibility with ligand
tailoring at all sides.
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3.2 Guanidines in Copper-Mediated Atom Transfer Radical
Polymerisation

Atom Transfer Radical Polymerisation (ATRP) reactions are a class of Controlled
Radical Polymerisation (CRP) reactions. In CRP reactions, an equilibrium of
activators and deactivators implements controlled conditions to radical polymeri-
sations. As a result, polymers with narrow molecular weight distributions and
precise molecular structures can be synthesised. In ATRP, a vast variety of transi-
tion metal complexes can be used; however, copper complexes with chelating N
donor ligands are present in the literature predominantly [188].

During ATRP reactions, the catalysts undergo numerous oxidation and reduction
reactions changing the metal’s oxidation state, its coordination number and its
geometrical parameters. For a catalyst, only stable ligands with a strong coordina-
tion are able to sustain these conditions for an elongated period of time. Many metal
cations are stabilised by strong electron donating ligands. Guanidine copper com-
plexes, for example, can be stabilised in both of its stable cationic oxidation states
(Cu' and Cu™) [27]. Even frequent oxidation changes, which exert steric or geo-
metrical stress on the coordination sphere, do not lead to dissociation of the
coordination. These properties make guanidines great ligands for copper ATRP.

In 2005, Brar and Kaur used a tetramethylguanidine (TMG) derivative of the
tren ligand (tris(2-aminoethyl)amine) called TMGstren as ligand in copper-
mediated ATRP (Fig. 49) [189]. The complex of TMGstren with CuBr was
successfully applied in polymerisations of methyl methacrylate (MMA), nbutyl
acrylate (BA), styrene (sty) and acrylonitrile. The catalyst behaved similarly to
Megtren in BA polymerisation although a decreased activity in styrene polymeri-
sations was observed. The high activity of this ligand was utilised in polymerisation
reactions with low catalyst loadings (0.05 mol% of the initiator).

Tamm et al. synthesised an ethylene-bridged bis(imidazolin-2-imine) ligand
(BLiPr) derived from a cyclic N-heterocyclic carbene in 2008 [43]. The guanidine
ligand incorporated strong donating N donor atoms which stabilised Cu' metal
centres and exhibited trigonal coordination. The respective copper complexes with
non-coordinating anions were used in oxygen activation (SbFs~, PFg ) (see
Sect. 2.2), whereas the CuCl derivative (Fig. 50) was successfully used in ATRP
of styrene. The catalyst yielded polystyrene with low polydispersities and molec-
ular weights up to 30,000 g mol ™.

The bis(chelate) guanidine ligand [N',N*-bis(1,3-dimethylimidazolin-2-ylidene)
ethane-1,2-diamine] (DMEG,e) was synthesised and characterised by Herres-
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Fig. 50 Left, the bidentate ethylene-bridged bis(imidazolin-2-imine) ligand (BLiPr) synthesised
by Petrovic et al.; right, the CuCl complex used in ATRP of styrene [43]
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Fig. 52 Left, the ATRP active ligands TMGd'pae and DMEGd'pae; right, the molecular structure
of the ATRP catalyst [Cu(TMGd'pae)Cl] [190]

Pawlis et al. in 2008 (see Sect. 2.1 for the transition metal complexes) [29]. Later, in
2010, a tetramethylguanidine derivative [bis(N,N,N',N'-tetramethylguanidino)eth-
ane] (TMG,e) was synthesised, and both ligands were coordinated to CuCl and
applied in ATRP of styrene (Fig. 51) [31]. The complexes exhibited coordination
environments between tetrahedral and square planar geometries. In ATRP, the
complexes yielded polymers with high conversions and good molecular weight
distributions indicating a controlled polymerisation mechanism.

In 2011, Herres-Pawlis et al. synthesised and characterised copper halide com-
plexes with the ligands 2-(2-(diisopropylamino)ethyl)-1,1,3,3-tetramethyl-
guanidine (TMGd’pae) and N-(2-((1,3-dimethylimidazolidin-2-ylidene)amino)
ethyl)-N-isopropylpropan-2-amine (DMEGd'pae) (Fig. 52) [190]. The molecular
structure of the complex as well as DFT calculations revealed a stronger donation of
the TMG unit in TMGd'pae than the respective DMEG unit. The polymerisation of
styrene under ATRP standard conditions with CuCl and CuBr resulted in good
molecular weights with reasonable reaction control. For bidentate ligands, it should
be noted that they are generally used in a 2:1 ratio towards copper for controlled
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Fig. 53 Left, TMGpy;

right, TMG,b used in A \N_ _N/ Q \N_
copper-mediated ATRP =N N= =N N
(37, 191] J= = N

polymerisation reactions. However, in this particular case, polymerisations were
also conducted successfully in a 1:1 ratio.

In 2014, the same group published a series of copper halide complexes with
different bidentate guanidine hybrid ligands [37, 191]. Of those, the hybrid ligands
(tetramethylguanidine)methylenepyridine (TMGpy), (dimethylethyleneguanidine)
methylenepyridine (DMEGpy) and the bisguanidine ligand 2,20-(1,2-phenylenebis
(1,1,3,3-tetramethyl)guanidine) (TMG,b) (Fig. 53) were applied in atom transfer
radical polymerisation. The methylenepyridine derivatives (TMGpy and DMEGpy)
exhibited a fast polymerisation with good control and PD values around 1.2, in
which the higher polymerisation rate was obtained with DMEGpy. While TMG,b
showed a slower polymerisation rate, it revealed excellent reaction control with PD
values as low as 1.06.

Another class of guanidines, the hexahydropyrimidopyrimidine ligands, were
applied in ATRP in 2003 by Coles et al. [104]. The bicyclic guanidine ligand
1,3,4,6,7,8-hexahydro-2H-pyrimido-[1,2-a]pyrimidine (hppH) stabilised copper
(D halides by coordination of the imine nitrogen and additional NH-halide interac-
tions (see Sect. 2.8).

4 Conclusion

Neutral guanidines have been proven to be highly useful ligands for the stabilisation
of transition metals in various oxidation states and even rather high oxidation states
such as Cu(III), Co(IV) and Fe(IV) in bioinorganic model complexes. They are able
to coordinate a large number of transition metals and main-group metals in a vast
multitude of coordination motifs. Bis(guanidine) copper complexes are useful as
tyrosinase models, whereas tris(guanidine) copper complexes mimic the dopamine
B-monooxygenase. The same TMGstren ligand stabilises a nonheme iron enzyme
model as well as high-valent nickel and cobalt complexes. Hybridguanidines
combine guanidine functions with other N donor functions and are able to model
electron transfer systems but also stabilise efficient lactide polymerisation and
ATRP catalysts. In parallel, the guanidine unit has been incorporated in larger
scaffolds such as triazolopyrimidines which act as purine analogue, bicyclic gua-
nidines, azoimidazole ligands and triazine guanidines.

For all of these complexes, the excellent ability to delocalise the positive charge
within the whole guanidine unit is the key to their multifaceted coordination
chemistry.
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Standing for a long time in the shadow of their anionic congeners, neutral
guanidines have taken a permanent place in coordination chemistry, and many
more exciting applications are to be expected in the future.
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Abstract Guanidino groups and guanidinate substituents are used to stabilise
positive charges, both through mesomeric and through inductive effects. The
interplay between several guanidino groups is employed to create redox-active
compounds. One realisation concept leads to guanidino-functionalised aromatic
compounds (GFAs), which comprise aromatic systems substituted with several
guanidino groups and constitute a relatively new class of strong organic electron
donors as well as redox-active ligands. Some properties of these compounds and
applications are presented, e.g. photochemical reductive C-C coupling, redox
switches and stabilisation of polyanions. In addition, we allude to dinuclear copper
complexes of bridging GFA ligands with several oxidation states of copper and the
GFA ligand. In a second concept, two guanidinyl groups are connected, leading to
bisguanidines which are generally termed urea azines. They could be oxidised in
two separated one-electron steps. GFAs and bisguanidines are compared with other
organic electron donors, and a relationship is established between the (gas-phase)
adiabatic ionisation energy and the redox potential in solution. Lewis acid-base
adducts between boranes and bicyclic guanidines could be subjected to
dehydrocoupling reactions, leading to new sp’—sp>-hybridised diboranes of special
reactivity. Their coordination chemistry and oxidative insertion reactions into the
B-B bond are discussed. The electron-rich bridging guanidinate substituents allow
for the synthesis of unprecedented cationic boron hydride compounds.
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Abbreviations

9-BBN 9-Borabicyclo[3.3.1]nonane
COSMO  Conductor-like screening model

cv Cyclic voltammetry
Fc/Fc* Ferrocene/Ferrocenium
GFA Redox-active guanidino-functionalised aromatic compound

hppH 1,3,4,6,7,8-Hexahydro-2H-pyrimido[ 1,2-a]pyrimidine. The compound
is also known as triazabicyclodecene (1,5,7-triazabicyclo[4.4.0]dec-5-

ene or TBD)
Htbn 1,5,7-Triazabicyclo[4.3.0]non-6-ene
Htbo 1,4,6-Triazabicyclo[3.3.0]oct-4-ene

TCNQ Tetracyanoquinodimethane
TDAE Tetrakis(dimethylamino)ethylene

1 Introduction

Neutral guanidines as well as guanidinates are excellent ligands, which are applied
in coordination chemistry for manifold purposes [1-10]. Cu' complexes of tripodal
tris(2-guanidinylethyl)amine ligands were used for the preparation of end-on
bonded superoxo complexes which exhibit a rich chemistry [11-16]. Other guani-
dine ligands were used as catalysts, e.g. in lactide polymerisation [17-21] or Heck-
type reactions [22]. Acyclic guanidinates with sterically demanding organic groups
served as substituents in dimeric Mg' compounds [23, 24]. Bicyclic guanidinate
ligands stabilise dinuclear transition metal complexes with multiple bonding
between two highly oxidised metal atoms [25-28] and were applied for the design
of molecular catalysts for several reactions [7, 29].
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Scheme 1 Lewis structures of the two proton sponges 1,8-bis(tetramethylguanidino)-naphthalene
and H,C(hpp), (hppH = 1,3,4,6,7,8-hexahydro-2H-pyrimido[ 1,2-a]pyrimidine)

The superior Brgnsted basicity of guanidines is employed to build super bases
([30] and references given therein) and proton sponges ([31]). Proton sponges
exhibit a very high proton affinity, but are otherwise much less nucleophilic. The
archetypical proton sponge is 1,8-bis(dimethylamino)-naphthalene, which was first
reported by Alder [32]. Both the bridging position of the bound proton and the
reduction of the lone-pair repulsion between the two amino groups are factors to
explain the high proton affinity. From the many examples for proton sponges
[22, 33-40], Scheme 1 shows the Lewis structures of two examples, namely,
1,8-bis(tetramethylguanidino)naphthalene, which was studied by the group of
Sundermeyer [34], and H,C(hpp), (hppH = 1,3,4,6,7,8-hexahydro-2H-pyrimido
[1,2-a]pyrimidine) from the group of Coles [35]. In both cases, the interplay of
two guanidino groups, acyclic or bicyclic ones, is responsible for the proton sponge
characteristics. The same guanidino groups will also be relevant for the discussion
in this chapter. Also, the interplay between several guanidino groups is used to
realise a special reactivity.

For the discussion in this chapter, the capability of guanidino groups and
guanidinate substituents to stabilise positive charges both through mesomeric and
inductive effects is of significance. If guanidino groups are attached to electron-rich
systems, special redox properties result. In the second section of this chapter, we
discuss the creation of strong organic electron donors by the interplay of several
guanidino groups. The simplest realisation concept is to connect directly two
guanidinyl groups, resulting in bisguanidines (usually termed urea azines). Surpris-
ingly little is known about these species. An alternative concept that envisages
substitution of aromatic systems with several guanidino groups leads to a new class
of strong organic electron donors, which is denoted GFA (guanidino-functionalised
aromatic compound). Within this concept, it is even possible to turn electron
acceptors such as p-benzoquinones into electron donors. Some applications of
GFAs will be discussed. In the third section of this chapter, bicyclic guanidino
groups will be applied as bridging substituents in sp’—sp’-hybridised diboranes
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featuring a direct B-B bond. They lend a special reactivity to the B-B bond, which
manifests itself especially in the formation of unprecedented mono- and dicationic
boron hydrides.

2 Redox-Active Guanidines

2.1 Guanidino-Functionalised Aromatic Compounds
(GFAs)

Organic electron donors are attractive for a variety of applications which span from
synthesis [41] to materials. A prominent (and archetypical) example for an electron
donor is tetrakis(dimethylamino)ethylene (TDAE, 1), which was first synthesised in
1950 [42]. The CV curve of 1 in CH3CN shows two reversible one-electron waves
[43, 44], while in DMF one reversible two-electron wave is observed [44, 45]. Its
redox potential (E;») in DMF amounts to —1.07 V vs. Fc/Fc* (Fc = ferrocene)
[46]. The related compound 1,1’,3,3'-tetraphenyl-2,2’-biimidazolidinylidene (2)
followed 10 years later [47]. Both compounds were extensively used in redox
reactions and also for the formation of carbene complexes [48]. Further modifica-
tions led to compound 3 (see Scheme 2) [49, 50], which was termed “super electron
donor”. An E,j, value (for two-electron oxidation) of —1.60 V vs. Fc/Fc™ was
determined for this compound. Upon oxidation of 3, aromaticity is created (see
Scheme 2), and this aromatic stabilisation of the monocationic and dicationic forms
was made responsible for the stronger reduction power compared to 1 or 2 [51].

In 2008 our group reported the first member of a new class of strong electron
donors, which was termed GFAs (guanidino-functionalised aromatic compounds)
[52, 53]. The compound 1,24 5-tetrakis(tetramethylguanidino)benzene 4 (see
Scheme 2) exhibits an E,;, value of 0.70 V vs. Fc/Fc* in dichloromethane, when
ferrocene is used as external standard [46], and —0.76 V, when ferrocene is used as
internal standard [54]. The neutral compound 4 as well as complexes of the radical
monocation 4™ and the dication 4°* were synthesised and structurally characterised.
The structure of 4** is in line with a description as a pair of bisguanidino-allyl cations
which are connected by two C—C single bonds (see the Lewis structure in Scheme 2).
The alternative description as a quinone-diiminium dication does not correctly
describe the electronic situation (see the examples provided below). In the case of
4 and most other GFAs, aromaticity is present in the neutral form, but removed upon
oxidation to the monocation or dication (see Scheme 2). In the following years, we
synthesised a number of GFA compounds and studied their chemistry [52].

It might be tempting to explain the higher redox potential in solution of 4 com-
pared with 1 and 3 with the loss of aromaticity upon oxidation [51, 55]. However,
this explanation is wrong. The (gas-phase) ionisation energy (calculated with
B3LYP/TZVP) of 4 (4.66 eV) is slightly lower than that of 1 (5.03 eV) and not
much higher than that of 3 (4.43 eV). The second ionisation energy of 4 (7.31 eV) is
even much lower than that of 1 (9.08 eV) or 3 (8.52 eV). Hence, intrinsic effects
cannot explain the order in the redox potentials determined in solution.
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Scheme 2 Five typical organic electron donors: tetrakis(dimethylamino)ethylene (TDAE, 1),
1,1',3,3-tetraphenyl-2,2’-biimidazolidinylidene (2), the special tetrakis(dialkylamino)-ethylene
(3) and the GFA compounds 1,2,4,5-tetrakis(tetramethylguanidino)benzene (4) and 1,4,5,8-
tetrakis(dimethylguanidino)naphthalene (5)

The relatively large volume of 4 (707 A3 compared with 1 (296 A% or 3 (254 A3
reduces the stabilisation of the charged species by a polar solvent. Hence, solvent
stabilisation and not the gain or loss of aromaticity is the decisive factor. We will
discuss this issue in some more depth in Sect. 2.3 (for a comprehensive discussion,
see Eberle et al. [46]).

In the case of compound 5, the 10x-aromatic system is removed upon oxidation,
but a 61-aromatic system is formed. Compound 5 and stable salts of the dication 5°*
and even the tetracation 5** (in this case the 6m-aromatic system which is created
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Scheme 3 Lewis structures of some GFAs and related compounds with distinct optical properties
before oxidation. The wavelength at the maximum of the band due to the lowest-energetic
electronic transition detected in the UV/Vis spectrum (4,ps) and the redox potential (E},, values
in V vs. Fc/Fc™, with ferrocene (Fc) added as internal standard to the solution) is given underneath

upon two-electron oxidation is removed) were already synthesised and structurally
characterised [56, 57]. The redox potential of 5 (E;,=—0.65 V vs. Fc/Fc* in
CH,Cl,) is slightly higher than that of 4. Usually, (uncoordinated) GFAs eliminate
two electrons at similar potential, and consequently a two-electron wave is
observed in the CV curves. A rare exception is the compound 3,3’ 4,4 -tetrakis
(tetramethylguanidino)1,1’-biphenyl, for which two well-separated one-electron
redox waves are observed (at E;, values of 0.06 and 0.61 V in CH3CN vs. SCE),
translating into values of —0.34 and 0.21 V vs. Fc/Fc* [58].

Compounds 4 and 5 are colourless in their neutral state, but become intensely
coloured after oxidation. Other GFAs are already coloured in their neutral state.
Scheme 3 gives some examples, namely, 1,2,4,5-tetrakis(tetramethylguanidino)-
3,6-dinitro-benzene (6) [54], 2,3,5,6-tetrakis(tetramethylguanidino)-p-benzoqui-
none (7) [59] and 2,3,7,8-tetrakis(tetramethylguanidino)-phenazine (8) [60]. The
phenazine derivative 8 shows intense solvent-dependent fluorescence. Coordina-
tion with ZnCl, leads to a blue shift of the emission maximum (from 568 nm in 8 to
506 nm in [8(ZnCl,),]) and enhances the quantum yield for fluorescence (22% for
8 and 36% for [8(ZnCl,),]). Further coordination of ZnCl, at the nitrogen atoms of
the phenazine ring quenches fluorescence and leads to a significant red-shift in the
electronic absorption spectra [60].
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The redox properties and the optical properties of GFA compounds could be
tuned by aromatic substitution, complexation or protonation. As an example, Fig. 1
displays the CV curves as measured for 4, dichloro-substituted 4 (1,2,4,5-tetrakis
(tetramethylguanidino)-3,6-dichloro-benzene, 4-Cl,) and the dinuclear cu" com-
plex [4{Cu(OAc),},] [46]. The E,, value for two-electron oxidation shifts from
—0.70 V for 4 to —0.52 for 4-Cl, (vs. Fc/Fc*, added as external standard). A further
one-electron oxidation wave is observed in both cases at higher potentials. In the
case of [4{Cu(OAc),},], two separated one-electron oxidation waves are visible at
—0.39 and —0.20 V vs. Fc/Fc*.

In some cases, the reduction power of GFAs is too strong for a desired outcome
of the redox reaction, and in this case, one could use complexation as a means to
reduce the reduction power [61, 62]. Complex salts [(GFA)(BFZ)Z]Z‘L(BF{)Z were
synthesised by reaction of the GFA (e.g. 4 or 5) with 4 equiv. of BF;. Exchange
spectroscopy (EXSY) '"F NMR experiments show exchange between the BF,"
groups in the dication and the BF,~ anions, with an exchange rate of (4 + 1)s™"
[61]. Due to the relatively high charge, the N-B bonds in the dication are fairly
weak. Solutions of this salt behave as a source of uncomplexed GFA, which is
delivered in small amounts to provide especially mild reducing conditions:

[(GFA)(BF,),]*" + 2BF,~ + nX, — (GFA)*" + 4BF; + 2X,,~

Generally, the X,,” anion crystallises together with the [(GFA)(BF2)2]2+ dication
from the reaction mixture. This could be used, e.g. to synthesise polyhalides
[61]. Reaction between uncomplexed GFAs and I, or Br, leads typically to the
salts (GFA)(I3), and (GFA)Br; (in some cases oxidation is accompanied by aro-
matic substitution). On the other hand, reaction with complexed GFAs leads to
polyhalides. For X =1, one obtains a network of I;~ anions. In the case of X =Br
and GFA §, Brs~ anions are formed which interact with each other in the solid state.
This strategy could also be employed to synthesise organic semiconducting mate-
rials. Uncomplexed GFAs react with TCNQ to give salts (GFA)(TCNQ), with
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isolated [(TCNQ)z]z_ units. When [4(BF,),](BF,), or [5(GaCl,),](GaCly), are
used for TCNQ reduction, n-stacks of TCNQ-units with a formal charge of
—0.5 e per unit are formed, and the resulting materials are electrical semiconductors
with a band gap of ca. 0.5 eV [62].

Photochemical reductive C—-C coupling reactions of alkyl halides could be
accomplished with the GFA 2,3,5,6-tetrakis(tetramethylguanidino)-pyridine (9)
[63]. So far this reaction resorts to benzyl and allyl halides.

Me,N NMe,
MezNgk\ %NMez
N~ N
o |
N N N
MeZNAr/ \\I»NMe2
Me,N NMe,

9

hv

9+2RX —» 92" +2X +RR

A possible reaction pathway is sketched in Fig. 2. The first step is without doubt
the formation of a pyridinium-alkyl salt. If GFA 9 is replaced by GFA 4, no
photoreaction occurs, since 4 could not bind to the alkyl halide. Irradiation of this
salt leads to cleavage of the GFA-R bond and formation of a radical R’ together with
the radical monocation GFA™, which promptly disproportionates into GFA and
GFA?*. Quantum chemical calculations were carried out to compare the
pyridinium-alkyl cation dissociation into an alkyl radical and a pyridinium cation
with that into an alkyl cation and pyridine (see Scheme 4). In the case of pyridine,
the formation of an alkyl cation and pyridine is energetically favoured. On the other
hand, in the presence of the guanidino groups, the formation of an alkyl radical and
a pyridinium cation is favoured. It is not yet clear if two radicals R, released in the
photoreaction, react with each other to give the coupling product or if the radical R’
attacks a further pyridinium-alkyl salt. The dication GEA®* could be reduced again
to neutral GFA with hydrazine or cobaltocene (CoCp,, Cp = cyclopentadienyl) to
close the cycle in Fig. 2. Up to date, GFA reduction has to be done in a separated
step. Research is ongoing with the aim to develop the process further to a
photocatalytic reaction.

GFAs are strong Brgnsted bases and were even shown to deprotonate CH;CN in
the presence of PhAuCl, resulting in the formation of a gold-cyanomethyl complex
[64]. On the other hand, GFAs with partially alkylated guanidino groups could be
turned into strong hydrogen-bond donors by two-electron oxidation. By design of
the guanidino groups, one could also synthesise redox switches, in which hydrogen
bonding is reversibly switched on by oxidation (see Scheme 5) [65]. As an example,
Fig. 3 displays the structure of the aggregate [(10)3]**. The dication 10** also forms
aggregates with other hydrogen-bond acceptors, including GFA 4.

On the other hand, if 10** is reacted with the proton sponge 5, it is deprotonated
(see Scheme 6). The product of deprotonation is an intensely red-coloured dye.
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Fig. 2 Possible reaction pathway for the photochemical reductive C—C coupling of alkyl halides
with GFA 9 (G = tetramethylguanidino, e.g. R =benzyl or allyl derivatives)

alkyl radical formation alkyl cation formation

X +327 kJ mol ! X +156 kJ mol ! AN
+ R* <agffecccecccccee _> ‘ + RY
7 F =
N T“’+ N
- L .
G G G G G G
X +73 kI mol™! X +306 kJ mol ! A
‘ t R f— ‘ R, . + R
Z Z
G SR G NG G G N G
o+ | ..
R
9 NMe,
G= N—
Me,

Scheme 4 N-C bond cleavage reactions showing the preference of N-alkyl pyridinium ions for
alkyl cation formation. By contrast, 9-alkyl cations prefer to form alkyl radicals. The energies are
AG values (1 bar, 198 K) for R = benzyl from B3LYP/6-311G** calculations
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10
-2e -4e”
10+10+10 ——= 10-102-10 = 102" +10*" +10*"
, +2e +4e \ )
no hydrogen bonding hydrogen-bonded no hydrogen bonding
pale-yellow aggregate green
orange

Scheme S Lewis structure of GFA 10 and oxidation-induced aggregate formation and
deaggregation

Fig. 3 Structure of the hydrogen-bonded aggregate [(10);]**. Vibrational ellipsoids drawn at the
50% probability level. Hydrogens attached to carbon omitted

NMe,  NMe, NMe,  NMe, | 2* ° Y _<
H N. NH
Me,N” SN N%\NMez MezN/gN' \NZ\NMeZ \]/ NH
N
10%* + e + —N N
\>—N/ N
Me;N N N__NMe, Me,N N\H/N\\rNMeZ HN /k

Y Y
NMe,  NMe, NMe,  NMe, /K

5

Scheme 6 Deprotonation of 10°* by reaction with the proton sponge GFA 5
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Table 1 Fully characterised (including crystal structure) examples in the formal “charge-trans-
fer” series of dinuclear copper complexes with GFA 4 (only examples with Cu”™ and GFA”*/>*

are considered)

“Red. form” | —e” — —2e — -3¢ — —4de” —
[CuGFA- | [Cu"-GFA-Cu'| [Cu"-GFA-Cu"] | [Cu"-GFA*-Cu"] |[Cu"-GFA™*-
Cu'] Cu"]
[4(CuX),] charge localiza- [4{Cu(OAc),},] [4{Cu(OAc),},]" |[4{Cu
[66] tion or delocaliza- | [67] [4{Cu [67] (CH;CN),},]%*
tion, no example (NO3), -] [68] [69]
so far
X=Br1) Weak LLCT band,” [4{Cu
antiferromagn. strong ferromagn. (OAC)2}2]2+
coupl. coupl. [67]
Trig. planar [4{Cu(NO5),},]* [4{Cu
coord. geom. [68] (NO3) }o1**
[68]
Strong ferromagn. | Weak

coupl.

antiferromagn.
coupl.

[Cu-GFA*-Cu']

[Cu-GFA*-Cu']

[Cu-GFA?*-Cu"]

No example so far

charge localiza-
tion or delocaliza-
tion, no example
so far

charge localiza-
tion or delocaliza-
tion, no example
so far

[Cu'-GFAZ*-Cu']
{[4(CuD)2](3)2}
[66]
Semiconduct.
chain, band gap
1.1eV

!LLCT ligand-ligand charge transfer

GFAs form dinuclear transition metal complexes not only in their neutral state
but also upon oxidation. Especially, copper complexes are in the focus of actual
research. Table 1 provides an overview of the different types of complexes which
are possible and which were already synthesised with GFA 4. Starting with the
electron-rich complex type [Cu'-GFA-Cu'], the other types are formally obtained
by removal of up to four electrons. The synthesised complexes of the type [Cu'-
GFA-Cu'] (with GFA 4 and other GFAs) all feature trigonal-planar-coordinated Cu'
atoms. Such a coordination geometry is especially interesting for possible catalytic
applications, since the open structure at the copper atoms should facilitate oxidative
addition reactions. Examples of the type [Cu"-GFA**-Cu""] are also readily avail-
able. They could either be synthesised in one step by reaction with a Cu" compound
(e.g. synthesis of [4{ Cu(CH;3CN)4},](BF4)¢ from 4 and Cu(BF,), in CH3CN) or by
coordination followed by oxidation (e.g. synthesis of [4{Cu(OAc),},](I3), by
reaction between 4 and Cu(OAc),, followed by oxidation with I,; see Scheme 7).
Especially interesting is the “—2e™ case” (see Table 1), for which three electronic
descriptions are possible. For the complexes [4{Cu(OAc),},] and [4{ Cu(NO3),},],
the analytical data unambiguously showed the presence of neutral GFA ligand units
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Scheme 7 One-electron and two-electron oxidation of the complex [4{Cu(OAc),},]
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NMe, Me,N NMe, Me,N NMe, Me,N
2+
NMe, MeN | NMe,  Me;N NMe, MeN 1T
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Scheme 8 While the free radical monocation 4% cannot be formed by adding neutral 4 to a
solution of a salt of the dication 4**, the corresponding reaction for dinuclear Cu(OAc), complexes
proceeds quantitatively

and Cu'" atoms (type [Cu"-GFA-Cu"]). On the other hand, in the coordination
polymer {[4(Cul),](I3),},, the GFA ligand is oxidised and the copper atoms are in
the +1 oxidation state. The polymer therefore belongs to the type [Cu'-GFA**-Cu'].

GFAs are generally two-electron donors in organic solvents, and in CV experi-
ments, two electrons are eliminated at similar potential. A comproportionation reac-
tion to generate the radical monocation (see Scheme 8 for the example of GFA 4) does
not work. However, upon complexation, comproportionation becomes feasible, lead-
ing quantitatively to the complexed radical monocation (see Scheme 8) [46, 67].

Dinuclear Cu' complexes of neutral GFAs could readily be oxidised. In the case
of GFA 4, oxidation leads selectively to oxidation of the ligand, but not of the
copper atoms. The resulting dinuclear Cu' complex of the dicationic ligand poly-
merises to give a semiconducting chain polymer (see Fig. 4a) with a band gap of
ca. 1.1 eV (estimated from an Arrhenius fit of the temperature-dependent conduc-
tivity o; see Fig. 4b) [66]. The increase in the coordination number (from three to
four), owing to the lower Lewis basicity of the GFA ligand upon oxidation, effects
polymerisation.
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Fig.4 (a) Example for the oxidation of a dinuclear Cu' complex with a GFA (4) ligand. Oxidation
leads to ligand oxidation, but not copper oxidation. The product is a chain polymer with GFA*
ligand units. (b) The temperature-dependence of the electrical conductivity o that was used to
estimate the band gap of a compressed pellet of the chain polymer
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Scheme 9 Oxidation of trinuclear Cu' complexes of the GFA 2,3,6,7,10,11-hexakis(tetramethyl-
guanidino)triphenylene lead to metal oxidation to give trinuclear Cu" complexes. The ligand
remains neutral, in contrast to the reaction given in Fig. 4a

The trinuclear Cu' complex of the GFA 2,3,6,7,10,11-hexakis(tetramethyl-
guanidino)-triphenylene could be oxidised with I, to the trinuclear Cu" complex
(see Scheme 9) [70]. In this case, the copper atoms rather than the GFA ligand are
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oxidised. The E;,, value in CH,Cl, for two-electron oxidation of the free GFA is
—0.39 V vs. Fc/Fc", a value which is significantly higher than the —0.76 V
measured for 4. In the case of the Cul, complex, a considerable percentage of the
spin-density is located at the I atoms.

2.2 Urea Azines (Bisguanidines)

As already mentioned (see Sect. 1), an alternative strategy for generating organic
electron donors is to link two guanidinyl units directly together. The resulting
bisguanidines are usually denoted urea azines. Surprisingly little is known up to
date about this interesting class of compounds. Scheme 10 shows the four com-
pounds 11-14 which were synthesised up to date [71-73], together with the elusive
compound 15." Our group was the first to inspect their redox properties ([73];
2,2'-azines were studied previously by Hiinig et al. [74, 75]). In CV experiments,
urea azines could be oxidised in two separated one-electron steps. For the first
(one-electron) oxidation, potentials of E |, = —0.50, —0.29 and —0.40 V vs. Fc/Fc*
were obtained for compounds 12, 13 and 14, respectively. Chemical oxidation of
compound 14 by TCNQ (tetracyanoquinodimethane) gives the radical salt 14(TCNQ).
The structural elucidation showed that mixed stacks are formed in the solid state

Scheme 10 (a) Lewis a) y
. . . H-NCy 1=N(iPr)
structures (.)f four examples L )—NCy : /fN\(:Pr)
for urea azines H N-N H H NN
(bisguanidines). Of these, CyN4 ! (:Pr)N% lii
compound 15 was not yet CyNH (PrN
synthesised. (b) 1 12
Hypothetical
iti /
de.comp.osmon of a urea — \N/w -
azme.wnh two organll? /%N\ />~N\ />/N\
substituents R and R’ into \ N-N < N-N « NN
N~ N~ N
N, and carbene /T e
) (L N— S N—
13 14 15
b)
/RI
R-N R R
N R—N
R NN R ——= 2 + N,
N R—N
R” N-R R

! Attempts to synthesise this compound were so far unsuccessful. The standard route (“activation”
of the urea by reaction with oxalyl chloride and subsequent reaction with hydrazine) fails due to
the reduced electrophilicity of the imidazolium salt (“activated urea”). See the Supporting
Information in Herrmann et al. [73].
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Fig. 5 Illustration of the packing within the chains of solid 14(TCNQ), as determined by X-ray
diffraction
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Scheme 11 Lewis structures upon one-electron and two-electron oxidation of urea azines. After
two-electron oxidation, the central N-N single bond is converted into a double bond
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(see Fig. 5). The length of the central N-N bond in 14 decreases upon one-electron
oxidation from 1.416(1) to 1.335(4) A. This is in agreement with the Lewis formula
(see Scheme 11), suggesting a bond order between 1 and 2 in the radical monocation
and of 2 in the dication.

The electronic properties of urea azines are worth a comment in the light of the
actual discussion about dative bonding in main-group element chemistry. Recently
the compound Ph;PNNPPh;, which was already reported 50 years ago [76], was
described as two PPh; donors bound to N, leading to the Lewis structure shown in
Scheme 12b [77].

In this description, the complex is built of N, in its highly excited (l)ll“g
electronic state (valence configuration (log)z(lau)z(lnu)2(20g)2(1ng)2) with an
energy 1,427 kJ mol~' higher than the X12g+ ground state (a value which exceeds
significantly the dissociation energy of N,!), stabilised by two PPh; donors. The
authors argue that a high activation barrier prohibits decomposition into N, and
PPh;, which was calculated to be exergonic (AG = —312 kJ mol ' by RI-PB86/
TZVPP [77] and —367 kJ mol~' by MP2/TZVP//B3LYP/TZVP [78] (single-point
MP2 calculations for the electronic energies with the optimised structure from
B3LYP)). In this context, N-heterocyclic carbene (NHC)-stabilised N, was also
mentioned. Moreover, a theoretical work studied “NHC-stabilised diatomics”
including N, [78], and within this work, compound 15 was explicitly mentioned
as an example. The enthalpy and Gibbs-free energy for decomposition of the urea
azine into N, and singlet carbene (reaction in Scheme 10b) is plotted in Fig. 6 for
compounds 12—15. The values show a clear trend towards decreasing energies in
the series 12-15. Compound 14 already exhibits a negative AH° value for decom-
position, and for 15 both AH® and AG® become negative. However, a thorough
analysis under consideration of the vibrational modes [73] clearly shows that in all
cases the dative bond description is inadequate, the classical Lewis structure being a
much better description. The clear trend in the decomposition enthalpies and Gibbs-
free energies simply reflects the stability of the carbene products, but not the
electronic structure in the bisguanidines, which is similar in all compounds (see
the discussion in [73]).

Partially alkylated urea azines could be used for the synthesis of new
heteronuclear ring compounds. As an example, Fig. 7 shows the reaction between
9-BBN (9-borabicyclo[3.3.1]nonane) and 12.

2.3 Electron Donor Strength: Intrinsic and Extrinsic Factors

As already mentioned, GFAs such as 4 and 5 (see Scheme 2) are quite large
molecules in comparison with, e.g. the electron donors 1 and 3 and also with urea
azines. The relatively large size is responsible for their higher redox potential in
solution. Under certain assumptions (zero or small static dipole moment, relatively
uniform charge distribution in the oxidised species), the first ionisation energy in
solution could be linked with the first ionisation energy in the gas-phase through a
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Fig. 6 Calculated gas-phase enthalpy and Gibbs energy changes (at 273 K and 0.1 MPa) for the
decomposition of compounds 12-15 to give N, and two diamino-carbene units (calculations with
B3LYP/TZVP)
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Fig. 7 (a) Reaction of 12 with 9-BBN to give a new bora-heterobicycle (two mesomeric
structures are shown, of which the structure on the left dominates). (b) Illustration of the product
structure. Vibrational ellipsoids drawn at the 50% probability level. Hydrogens attached to carbon
omitted
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simple relationship [46]. To establish a formula, we considered conjugated carbon
chains of the general formula C,H,,,, (2 < n < 10) in all-trans conformation and the
methyl radical, CH3’, as well as compounds 1, 3-5 (Scheme 2), 13 (Scheme 10) and
16-18 (Scheme 13). Figure 8 plots Al;, which is the difference between the
calculated first ionisation energy in the gas-phase and in solution, as a function of
V'3 where V is the molecular volume (see [46] for details).

From the plot in Fig. 8, the following relationship could be established between
the first ionisation energy in the gas-phase and in solution for a molecular electron
donor [46]:

C
I, (solution) = I, (gas-phase) — 14 C,

VvV
The dielectric constant of the solvent is not included in the formula. If the ionisation

energy (calculated with the conductor-like screening model (COSMO)) is plotted
versus the dielectric solvent &, one obtains a steep decrease at low e, values.
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However, from ¢, values of ca. 10 onwards, the changes in the ionisation energy
become very small, and therefore, in practically all solvents which could be applied
for this redox chemistry, the ionisation energy is almost independent of the e,
value [46].

A linear regression (see Fig. 7) yields C;=12.29 eV-A and C,= —0.36 eV. The
correlation coefficient R is 0.989, and the mean absolute deviation of datapoints from
the linear regression is 0.053 eV. Hence, the general level of agreement is extremely
pleasing. Compounds 1 and 16 (triangles in Fig. 8) deviate most from the linear
correlation. The reason for the deviation of 1 is discussed below. The 0.19 eV
derivation of compound 16 from the expected value might be a reasonable estimate
for the (maximal) deviation one has to expect for different classes of redox-active
compounds.

Table 2 compares the predicted difference in the redox potentials for two organic
electron donors, AE;,=e-Alj(solution), with the experimentally determined
AE,; values in solution from CV measurements. It can be seen that the calculated
AE,; values fit to the experimentally obtained ones. The only exception, for which
the volume term does not operate in the right direction, is compound 1. This is an
important exception, and the reason for the failure of the simple relationship can
easily be understood. The eight methyl groups of 1 affect the ionisation potential
through their inductive effect, but are not involved in the delocalised system (that
comprises only six atoms). A comparison between the volumes of 1 (tetraami-
noethylene with methyl groups, 296 A%) and 16 (without methyl groups, 113 A%
shows that the “redox-active part” in 1 constitutes only ca. 40% of the volume. This
means that the effective volume, which should be used in the equation, is consid-
erably smaller than the total volume. For all other compounds, the increase in the
volume by the methyl groups has no significant consequences since the redox-
active part is considerably larger. In general, this result means that the above
relationship could not be applied if the molecule exhibits large “redox-inactive”
groups. In such cases, one should instead use an “effective volume”.

Often, data for the (adiabatic) ionisation energy in the gas-phase are not avail-
able. Then, the correlation could be used to estimate this value from the redox
potential measured in solution. For two organic electron donors A and B with
molecular volumes V, and Vg (zero or small static dipole moment, relatively
uniform charge distribution in the oxidised species), one obtains [46]

1 1
e )
where Al; =11(A)—I;(B) is the difference in the adiabatic gas-phase first
ionisation energies, AE;,, is the difference in the redox potential in solution
(e.g. measured by CV measurements) and C; =12.29 eV - A.

Since the solvent effects (as modelled by the COSMO model) are equal for
positive and negative charge (if chemical bonding (significant orbital overlap)
between the compound and solvent molecules could be neglected), a similar
formula could be derived for electron acceptors. For two organic electron acceptors
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Table 2 Comparison between AE,,, values calculated with the formula, AE(calcd.), and the
observed AE|,, values from CV measurements

A B Al (gas-phase)/eV AE, (caled.)/V AE,5(0bs.)/V
3 —0.60 —0.70 —0.53
3 4 —-0.23 —0.79 —0.90
3 5 —0.20 —0.82 —0.95
3 7 —1.18 —1.31 —1.31
3 8 —1.40 —1.31 —1.32
3 9 —1.39 —1.53 —1.51

A and B with molecular volumes V4 and Vg (zero or small static dipole moment,
relatively uniform charge distribution in the reduced species), one then obtains [46]

1 1
AEAZEAEl/z—FC](ﬁ—W)
B

where AEA =EA(A) — EA(B) is the difference in the adiabatic gas-phase electron
affinities, AFE;, is the difference in the reduction potential in solution
(e.g. measured by CV measurements) and C; =12.29 eV - A.

3 Guanidinate-Substituted Diboranes: Synthesis
and Reactivity

Bicyclic guanidines such as hppH (1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]
pyrimidine; see Scheme 14) were shown to be strong organic Brgnsted bases [31]
and therefore are used as (auxiliary) bases in a number of organic synthesis pro-
tocols. As already mentioned in the Introduction, bicyclic guanidinates such as hpp,
tbo and tbn (the deprotonated versions of the three guanidines shown in Scheme 14)
were intensively used as bridging ligands [25-29]. Especially, Cotton et al. used
these ligands for the synthesis of dinuclear complexes with multiple bonding
between two highly oxidised transition metals [25-28]. Recently our group showed
that bicyclic guanidinates could also be used for the synthesis of new diborane
compounds. Since hppH is a stronger Lewis base than NMej, it could replace NMe;
from the borane adduct H;B:-NMes;. The borane adducts of the three bicyclic
guanidines shown in Scheme 14 were then used as starting reagents for the
development of this chemistry (see Fig. 9).

3.1 Dehydrogenation Reactions of Borane-Guanidine
and Gallane-Guanidine Adducts

In the solid state, all characterised guanidine-borane and guanidine-gallane adducts
show intramolecular and/or intermolecular H(6+)- - -H(6—) interactions between
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sofsalee

hppH Htbo Htbn

Scheme 14 The bicyclic guanidines which are of relevance for the discussion.
hppH = 1,3,4,6,7,8-hexahydro-2H-pyrimido[ 1,2-a]pyrimidine, Htbo = 1,4,6-triazabicyclo[3.3.0]
oct-4-ene and Htbn = 1,5,7-triazabicyclo[4.3.0]non-6-ene

H4B-Htbo

H4B-Htbn H4B-Htbn

Fig. 9 Sections of the solid state structures of the guanidine-borane adducts H;B-hppH,
H;B-Htbo and H;B-Htbn (two isomers) showing the intramolecular and/or intermolecular
H(5+)- - -H(5—) interactions between the negatively polarised hydrogen atoms attached to the
group 13 element and the positively polarised hydrogen atom attached to nitrogen. Vibrational
ellipsoids drawn at the 50% probability level

the negatively polarised hydrogen atoms attached to the group 13 element and the
positively polarised hydrogen atom attached to nitrogen (see Fig. 9). The intramo-
lecular interactions are likely to be preserved in solution. For all adducts,
dihydrogen elimination is observed upon heating in solution, and in all cases, the
products are diboranes with two bridging guanidinate substituents ([H,B(hpp)ls,
[H,B(tbn)], (two isomers) and [H,B(tbo)],). In the case of [H,B(hpp)]», the product
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Fig. 10 Result of the calculations on the mechanism of the B-B dehydrocoupling reaction of
[H,B(hpp)], to give [HB(hpp)], (D). Only the N-C—N unit of the bicyclic guanidinate substituents
are shown for sake of clarity

exhibits a “chair-type” conformation with the BH, groups on opposite sides of the
two hpp substituents. For [H,B(tbn)], and [H,B(tbo)],, “boat-type” conformations
were observed. The observed conformations are in agreement with the results of
quantum chemical calculations. The energy difference between chair and boat form
is 3 kJ mol ! for [H,B(hpp)],, but —9 and —22 kJ mol ! for [H,B(tbn)], and [H,B
(tbo)],, respectively. Despite of the advantageous conformation, B-B
dehydrocoupling is not possible for [H,B(tbn)], and [H,B(tbo)],. The smaller
ring sizes of the guanidinate bridges favour a larger separation of the B atoms,
leading both to a reduced B-B bond energy and a higher activation barrier for
dehydrocoupling.

Further dihydrogen elimination with the formation of a boron—boron bond is
only possible for [H,B(hpp)],. This reaction, which leads to the diborane [HB
(hpp)]», requires the use of a catalyst (see Sect. 3.2). Figure 10 illustrates the results
of quantum chemical calculations (B3LYP) on the mechanism for an uncatalysed
B-B dehydrocoupling reaction starting with [H,B(hpp)],. For clarity only the N-C—
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Scheme 15 Synthesis of [HB(hpp)], by B-N and B-B dehydrocoupling reactions

J

N unit of each guanidinate is reproduced. The first step is the change from a chair-
type (A) to a boat-type (B) conformation. From this conformation, the thermal
dehydrogenation takes place, leading to the dehydrocoupling product D. However,
it is subjected to a quite high thermal barrier of ca. 164 kJ mol ', indicating that a
catalyst (e.g. [RhCl(cod)],) is needed (see the discussion in the next section). At the
transition state (TS), one of the B—H bonds is cleaved, while the H-H bond starts to
form (Scheme 15) [79].

Catalysis also showed to be useful to initiate dehydrocoupling reactions in the
case of gallium chemistry [80]. However, the catalysts which were successfully
tested for the analogue boron compounds failed. A suitable catalyst for Ga-N
dehydrocoupling reactions turned out to be the Ir'"" complex [(p-HPCP)IrH,] (see
Scheme 16, p-HPCP = n3—1,3—(OPtBu2)2C6H3), which was used by Goldberg
et al. for fast ammine-borane dehydrogenation [81]. This complex does not catalyse
dehydrogenation of the boron analogue. A Ga—Ga dehydrocoupling reaction was
not observed, and therefore compound [HGa(hpp)], or related compounds remain
unknown. Figure 11 compares the possible reaction pathways for the uncatalysed
reaction between H;Ga-NMes and Htbu (B3LYP/TZVP calculations). In the
experiments using Htbu, exclusively H,Ga(tbn)(Htbn) was formed, in line with
the relative stabilities predicted by the quantum chemical calculations.

z

3.2 (Catalytic) B-B Dehydrocoupling Reaction

A series of pre-catalysts was tested to optimise the yield and the kinetics for the B—
B dehydrocoupling reaction leading to [HB(hpp)], [79]. The kinetics was deter-
mined from the intensity of the signals in the '"H NMR spectra (see Fig. 12). The
reaction times for 80% conversion were generally estimated by curve fitting (see
Fig. 13). Table 3 gives an overview of the results obtained with various
pre-catalysts. It could be seen that especially late transition metal complexes are
good pre-catalysts.

As an alternative to catalytic dehydrocoupling, a two-step process was tested
which comprises hydride abstraction followed by deprotonation. It was indeed
possible to synthesise the cation [H3;B,(hpp),]* by hydride abstraction of [H,B
(hpp)]»> with B(C¢Fs);. This cation was previously obtained by protonation of [HB
(hpp)],» [82] and features two terminal B—H bonds and a B-H-B bridge. It could
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tures below —18°C

=
o ~: NMeS '\
7 )

H3Ga:NMe3 A

+ Htbn

2 Htbn + 4"_____\\“

(1 atm, 298.15K)
[kJ mol-1]
+Htbn + H, +Htbn+H,

Fig. 11 Results of quantum chemical calculations (B3LYP/TZVP) on the pathway of the

uncatalysed reaction between Htbn and H;Ga - NMe;

subsequently be deprotonated quantitatively with KO7Bu to [HB(hpp)], (see

Scheme 17).

The catalytic dehydrocoupling reaction is clearly favourable for the synthesis of
[HB(hpp)],. However, the two-step way is interesting for two reasons. First it shows
the possibility of a reversible deprotonation of cationic boron hydrides. Then, the
two-step process might be interesting for the synthesis of diboranes for which a
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Fig. 12 'H NMR spectra in [Dg]-toluene of the reaction solution using [RhCl(cod){HB(hpp)},] as
dehydrocoupling pre-catalyst. The intensity ratio between the signal pair of [H,B(hpp)l,/[HB
(hpp)]> (6 =3.05-3.25/6 =3.25-3.55) reflects the progress of the conversion

1.04 - -
Conversion
0.8 rofprnannieneinia T
0,6
0,4
-
= = = blank experiment

+ [Il{cod){HB(hpp)},) (RY = 0.985)

0.2 o [RhiCO),cod), (R" = 0.991)
! o [RhClicod{HB{hpR)L] (R = 0.996)
* [RhieClicod], (R* = 0.999)
| + [RhNCS(cod{HB(hpplL] (R = 0.988)

LY I 2 el h e e L b

Fig. 13 Progress of the dehydrocoupling reaction as function of the reflux time using five
different pre-catalysts. The blank experiment is shown by a dashed line. All NMR integrals
were corrected by the integral ratio (6 = 3.05-3.25/6 = 3.25-3.55) of pure [H,B(hpp)],. Due to
broadening, partial signal overlap and integration accuracy of the "H NMR spectra conversions
above 0.95 were not obtained for any pre-catalyst. However, ''"B{'"H} NMR spectra only show the
resonance of [HB(hpp)], for these solutions. The solid lines represent the data obtained from a
least-square fit (values of R* given in parentheses) of the measured data to the general rate
equation (see Wagner et al. [79] for more details)

catalytic dehydrocoupling reaction fails. This was tested for the two compounds
[H,B(tbo)], and [H,B(tbn)],, for which catalytic dehydrocoupling is not feasible
[83]. However, the hydride abstraction with B(CgFs)3 did not give [H3B,(tbo),]* or
[H3B(tbn),]*, but instead the new compounds [H,B,(tbo)s]* and [H,B,(tbn);]*
respectively, incorporating three bridging guanidinate substituents. Obviously, the
larger separation of the two boron atoms, which results from the small ring sizes of
the guanidinates, disfavours the formation of a B-H-B bond [84].
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Table 3 Results of the
catalysed B-B
dehydrocoupling reaction of
[H,B(hpp)1, to give [HB
(hpp)]2

a)
LD
| |

BH, *

o9
(Lo

| JH

H.-J. Himmel
Entry Precatalyst (2 mol%)* 1‘c0m,/minb
1 [Rh(u-Cl)(cod)], 44
2 [Rh(u-CI)(CO),],» 83
3 [Rh(u-Cl)(coe)z]n ¢
4 [RhCI(PPhs);] ¢
5 [RhH(CO)(PPh3)3] ¢
6 [RhCl(cod){HB(hpp) }-] 112
7 [RhNCS(cod){HB(hpp)}»] 3,558
8 [Tr(u-Cl)(cod)], (40)
9 [IrCl(cod){HB(hpp)}.] (30)
10 [Irl(cod) {HB(hpp) } -] 37
11 [( p-HPCP)IrH,] ¢
12 [CoCl,] >8,000
13 [FeCl,] ¢
14 [CuCl] ~5,300
15 [Cr(CO)s] ¢

cod 1,5-cyclooctadiene, coe cyclooctene, p-HPCP >-2,6-
C6H3(OPrBU2)2

*With respect to the transition metal. All reactions were carried
out in refluxing toluene. For [Cr(CO)¢], the mixture was irradi-
ated for 10 min with a medium-pressure UV lamp before heating
PReaction times required for 80% conversion (Z..,y) determined
by kinetic fits as shown in Fig. 12, values in parentheses are
estimated purely from the experimental data; for [CuCl] and
[CoCl,], the conversion times were calculated based on a fit of
the '"B NMR spectra and are only given for orientation

“No product formation observed

By ——> CNE“‘) /<“:/<N:> (HB(CeFe)l™
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b)

[HsB(hpp),I® % [HB(hpp)],

Scheme 17 (a) Hydride abstraction reaction with different outcome for guanidinate-substituted
diboranes. (b) Reversible deprotonation of [H3B,(hpp)]*
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Scheme 18 B-B dehydrocoupling reaction of catecholborane according to Braunschweig
et al. [85-87]

It should be emphasised that B-B dehydrocoupling reactions are extremely rare.
A further example, studied by the group of Braunschweig, is provided in Scheme 18
[85-87]. Completely different catalysts (especially Rh, Pd or Pt supported on
alumina as heterogeneous catalysts) were used for this reaction. In difference to
[H,B(hpp)], and its dehydrogenation product [HB(hpp)],, catecholborane and bis
(catecholato)diborane exhibit sp>-hybridised boron atoms.

3.3 Coordination Chemistry with [HB(hpp)],

Coordination to metal complexes could activate the B-H or the B-B bond of [HB
(hpp)]» and therefore provides the key for further transformations. To find out
which metal is suitable for strong activation of the diborane, a series of transition
metal complexes was synthesised and characterised and the bond properties studied
in detail (see, e.g. Scheme 19) [88-90]. These studies showed that the complexes
could be grouped into two categories. In one category, the B—B electrons participate
significantly in the metal-diborane bonding (as in [Rh(cod){HB (hpp) },Cl], [Ir(cod)
{HB(hpp) },Cl] (see Fig. 14 left side) and [ZnX,{HB(hpp) }»] (X=Cl, Br or Me)).
Consequently the B-B bond is elongated upon coordination. In the other category,
the bonding mainly involves the B—H electrons, and the B—-B bond length decreases
upon coordination (as in [Cr{HB(hpp)},(CO),4] (see Fig. 14 right side), [Mo{HB
(hpp) }2(CO)4] and [W{HB(hpp)},(CO),4]). Table 4 includes some parameters
which highlight the difference in the bonding mode. The wavenumber of the B-H
stretching mode is higher than in free [HB(hpp)], for complexes in which the B-B
bond is elongated. By contrast, it is red-shifted in complexes in which the B-B bond
length decreases. The direct bonding of the hydrogens in this category also mani-
fests itself in a significant "H NMR chemical shift.

Figure 15 shows a simplified MO picture. In the case of the late transition metal
fragments, the orbital which interacts with the HOMO-2 of the diborane is occu-
pied. Bonding and antibonding contributions compensate each other, so that the
bond between the orbital of next-higher energy and the HOMO of the diborane,
which consist of the boron orbitals in the B—B bond, becomes decisive.

3.4 Hydride Substitution and Oxidative Insertion into
the B-B Bond of [HB(hpp)],

Reaction between sulphur and [HB(hpp)], leads to the oxidative insertion of a
sulphur atom into the B—B bond and formation of a B—S—B bridge [91]. Figure 16
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Fig. 14 Examples for two complexes with [HB(hpp)], as a ligand, [Ir(cod){HB(hpp)},Cl] (left)
and [Cr{HB(hpp)},(CO),4] (right). Vibrational ellipsoids drawn at the 50% probability level.
Hydrogens attached to carbon omitted

reproduces the structure of the product [HB(hpp)],S. Oxygen and selenium atoms
could also insert. The reaction between [HB(hpp)], and disulfides was shown to
lead to several products, which could be separated from each other (Scheme 20)
[91]. The first step is likely to be oxidative addition and formation of the unstable
intermediate [(RS)HB(hpp)],. This intermediate eliminates RSH, H, or RSH.
Consequently, a mixture of (RS)HB,(hpp),, [(RS)B(hpp)], and [HB(hpp)],S is
obtained. All these products were isolated and completely characterised. Quantum
chemical calculations were carried out which are in full agreement with the
experimental results (see Fig. 17) [91]. All elimination reactions from the interme-
diate species are exotherm. The energetically preferred product is [HB(hpp)],S.

Interestingly, the experimental results indicate that the thermal barrier for
reductive B-B coupling reactions starting from [H(PhS)B(hpp)], is much lower
than for the dehydrocoupling reaction starting with [H,B(hpp)],. Quantitative
conversion is achieved at room temperature in the absence of any catalyst. This
result shows that the metal-free reductive B-B coupling of diboranes with bridging
guanidinate substituents is not restricted to H, elimination.
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Table 4 Selected experimental parameters for some transition metal complexes with [HB(hpp)]»
ligand

vB-H)/  |8('H{''B})y |&(''By | 'J(B-HY
d(B—B)/A cm ™! ppm ppm Hz
[HB(hpp)]» 1.772(3) 2,272 2.17 —1.14 -
2,249
[Cr{HB 1.739(3) 2,010 —4.84 —8.76 55
(hpp) }2(CO)4]
[Mo{HB 1.742(4) 2,018 -291 —7.65 64
(hpp) }2(CO)4]
[W{HB 1.748(7) 2,041 —3.26 -7.73 63
(hpp) }(CO)4]
[Rh(cod){HB 1.811(6) 2,258 2.09 —-7.59 54
(hpp) }>Cl]
[Ir(cod){HB 1.835(8) 2,282 0.67 —4.69 90
(hpp) }2Cl1]
[ZnCl,{HB(hpp)},] | 1.834(4) 1.841 | 2,180 3.36 —8.61 70
4) 2,152
[ZnBr,{HB(hpp)},] |1.834(4) 1.851 |2,175 3.35 -7.93 72
(6)
[ZnMe,{HB(hpp)},] | 1.805(4) 2,219 3.32 —-1.75 -

Wk, - B L
/, i ‘+"\‘\ _— occupied

T™ orbitals

Fig. 15 Simplified MO scheme for the understanding of B-B bond activation by late transition
metal fragments

Fig. 16 Structure of the compound [HB(hpp)],S which arises from oxidative insertion of sulphur
into the B-B bond of [HB(hpp)],. Vibrational ellipsoids drawn at the 50% probability level.
Hydrogens attached to carbon omitted
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Scheme 20 Oxidative insertion of sulphur and a proton into the B-B bond and hydride substitu-
tion reactions of [HB(hpp)l,

3.5 Cationic Boron Hydrides

In the previous sections, we have shown that bicyclic guanidinates could be used to
form diboranes with a direct B-B bond via a dehydrocoupling reaction. The
guanidinate substituents bring together the two boron atoms and facilitate the
coupling reaction. The electronic properties of the guanidinate substituents are of
particular importance in this section, which deals with the synthesis of unprece-
dented new cationic boron hydrides. Without the guanidinate substituents, some of
the cationic structures presented below are probably not stable. The diborane [HB
(hpp)]» is the starting agent for the synthesis of cationic boron hydrides. The
simplest cation, namely, [HB(hpp),(p-H)BH]", is produced by oxidative insertion
of a proton into the B-B bond (see Scheme 17b) [82]. Reaction of [HB(hpp)], with
R,BX (X =NTf, or OTf, generated in situ from 9-BBN and HX [92]) yielded a
cationic three-membered boron-ring compound (see Scheme 21) with a closed
B-B-B 3-centre 2-electron bond [93].

Reaction between B,Cl,(NMe,), and hppH or Htbn afforded the first
diboronium dications (see Scheme 22) [83, 94]. The B-B bond distances measure
174.6(2) pm in [By(hpp)o(NHMe,),]** [94] and 180.1(5) pm in
[B,(tbn),(NHMe,),]** [83]. Reaction of B,Cl,(NMe,), with Lithpp) led to the
instable diamino compound [B,(NMe,),(hpp),], which could be converted first to
[B,(hpp),(NMe,)(NHMe,)]* and then to [Bz(hpp)z(NHMez)z]2+ by protonation
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Fig. 17 Pathway for the reaction between [HB(hpp)], and Ph,S, (BP86/SV(P) calculations). The
intermediate product [H(PhS)B(hpp)], is not stable and eliminates PhSH, H, or Ph,S, leading
eventually to a product mixture from which all three products were experimentally isolated and
characterised

Scheme 21 Reaction 05 o H toluene, reflux ,
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with HCI [95]. It proved so far impossible to remove the NHMe, groups [96]. Quan-
tum chemical calculations suggest that elimination of both NHMe, moieties from
[Bz(hpp)z(NHMe2)2]2+ is associated with a relatively low AG® value of
127 kJ mol ! (at 298 K) and leads to [Bz(hpp)z]2+ with a planar B,N, core [94].
Hydride abstraction from [HB(hpp)], with B(CgFs); gave the dicationic
tetraborane [H2B4(hpp)4]2+ (see Scheme 23 and Fig. 18), featuring a 4-centre
4-electron bond [97]. The four boron atoms form a rhombus. Its short diagonal
measures 1.703(4) A, being significantly shorter than the other B-B bond distances
(1.896(3) and 1.949(3) A). To rationalise this bonding situation, one could divide
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Scheme 23 Dimerisation of two [HB(hpp),B]* units and the course of the reaction between [HB
(hpp)]> and B(C¢Fs)3

the 4-centre 4-electron bond into two closed B-B—-B 3-centre 2-electron bonds
sharing two centres, as signified by the Lewis structure in Scheme 23.

Scheme 23 highlights the isolobal analogy between [HB(hpp)], and ethane.
Hydride abstraction leads to a compound which is isolobal to the ethyl cation.
However, quantum chemical calculations predict a structure with a terminal B-H
bond, which is more stable than a structure with a B-H-B bridge, in difference to
the situation in C,Hs*. Moreover, the bridging guanidinate substituents force the
boronium cation into a non-planar geometry.

The new cationic boron hydrides synthesised starting with [HB(hpp)], differ in
the 'H{''B} NMR chemical shift of the B-H protons (see Fig. 19). It seems
possible to correlate the shift with the polarisation of the hydrogen atom.

In ongoing research, our group seeks to use the cationic boron hydrides as
starting reagents for the synthesis of boron chain oligomers and polymers.
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Fig. 18 Structure of [H2B4(hpp)4]2+ from X-ray diffraction and calculated charge density
distribution
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Fig. 19 Comparison of the "H{''B} NMR chemical shifts (hydrogen atoms bound to boron) for
several dinuclear boron compounds with guanidinate bridges. In the case of [H3B,(hpp),l*,
chemical shifts of 3.44 and 1.98 ppm were measured for the terminal and bridging H, respectively

If [B4(hpp)4] 2* units (with 4-centre 4-electron bonding of the rhomboid B, core) are
connected via 2-centre 2-electron B—B bonds, one should obtain a chain polymer
which is structurally comparable to (semiconducting) 3-SiB; [98] and expected to
exhibit interesting electronic properties. Scheme 24 gives an overview of the three
areas of research with the guanidinate-substituted diborane [HB(hpp)],.
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Scheme 24 Overview of the reactivity of the guanidinate-substituted diborane [HB(hpp)]»

4 Conclusions

The substitution of molecular compounds by guanidino groups could bring about
drastic changes in the electronic properties and reactivity. This is the case for
guanidino-functionalised aromatic compounds (GFAs), which comprise a rela-
tively new class of strong organic electron donors. These compounds could be
used as reducing reagents, e.g. for the synthesis of polyanionic networks, for
photochemical reductive C—C coupling reactions or as redox switch for the revers-
ible formation of hydrogen-bonded aggregates. Organic electron donors could also
be formed by connecting two guanidinyl groups. The resulting bisguanidines
(commonly referred to as urea azines) could be oxidised in two separated
one-electron steps. An analysis of the electron donor strength in GFAs,
bisguanidines and other organic electron donors led to a relationship between the
ionisation energy in the gas-phase and the redox potential in solution.

Bicyclic guanidinate ligands were employed for the synthesis of new sp’—sp’
hybridised diboranes, which show a rich chemistry. They could be used as ligands
in coordination compounds, in which either the B-H or the B-B electrons contrib-
ute most to the metal-diborane bond. Oxidative insertion and hydride substitution
reactions were also discussed. Finally, guanidinate-substituted cationic boron
hydrides could be synthesised, in which several boron atoms are connected by
multiple-centre bonding. Some of these compounds might be precursors for the
synthesis of oligomeric or polymeric boron chain compounds.
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