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Introduction
The idea of writing this book came when the authors were finalizing 
their long-term studies of the mechanisms of asymmetric Rh-catalyzed 
hydrogenation of activated olefins (IDG) and Ru-catalyzed hydrogena-
tion and transfer hydrogenation of aromatic ketones (PAD). Both fields 
have attracted a considerable interest from researchers due to the utmost 
effectiveness and extremely high levels of enantioselectivity that were 
achieved in certain reactions of this type. This supports the attempts to 
uncover the real mechanism of the generation of chirality, because the 
observation of optical yields of over 99% ee suggests it would be easier to 
locate a real catalytic pathway among the numerous possibilities.

Nevertheless, during their experimental and computational studies, 
the authors became convinced that, even in the case of extremely high 
optical yields, it is not easy to establish reliably the actual pathways taken 
in the multistep catalytic cycles and elucidate the factors important for the 
effective generation of chirality.

There are several reasons for these complications, but all of them 
come from the same origin: the multistep character of the catalytic cycles. 
It means, for example, that several stages of a chiral catalytic cycle can be 
enantioselective. Therefore, we can compute or even observe experimen-
tally a high enantioselectivity for a certain step of the catalytic cycle but 
still cannot be completely confident if it is actually this step that is respon-
sible for the overall chirality of the product.

Practically it means that the whole network of possible catalytic path-
ways that may be converging and/or may contain bifurcation points must 
be computed before a reliable decision on the nature of the enantioselec-
tive step can be made. This, in turn, requires accurate knowledge of all 
possible experimental data on the relative stabilities of the intermediates, 
structure of the resting state, kinetics, etc., to calibrate and control the 
computational results.

In other words, the elucidation of the mechanism of enantioselection 
in an asymmetric catalytic reaction is not an easy and straightforward 
task; it requires extensive experimental and computational studies. The  
first two reactions discussed in this book are evidently exceptional with 
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respect to the amount of research that has been used to elucidate the 
mechanism of these reactions. One can confidently claim no other cata-
lytic asymmetric reaction can be compared in this respect to Rh-catalyzed 
asymmetric hydrogenation of activated olefins and Ru-catalyzed hydro-
genation and transfer hydrogenation of ketones. However, despite the 
research carried out in this field over several decades, some problems still 
remain unresolved.

Unfortunately this means the research of the mechanism of enantioÂ�
selection of many other reactions presented in this book can hardly be 
considered complete, and this problem has recently been discussed using 
the Morita–Baylis–Hillman reaction as an example.1

Taking into account all these complications, this book does not 
attempt to give a comprehensive compilation of the current research in 
this field. Rather, representative asymmetric catalytic reactions catalyzed 
by chiral complexes of transition metals or organocatalytic reactions not 
highlighted in the recent reviews2,3 are discussed.

Although the authors tried to make the illustrations of the important 
transition states as clear as possible, this is not always possible for com-
plex 3D structures. Hence, for the convenience of the readers, this book is 
accompanied by a CD containing the key structures in the “.mol” format 
that is readily readable by most commercial and freeware visualization 
software.

References
	 1.	 Plata, E. R.; Singleton, D. A. A Case Study of the Mechanism of Alcohol-

Mediated Morita Baylis–Hillman Reactions. The Importance of Experimental 
Observations. J. Am. Chem. Soc. 2015, 137, 3811–3826.

	 2.	 Sperger, T.; Sanhuesa, I. A.; Kalvet, I.; Schoenebeck, F. Computational 
Studies of Synthetically Relevant Homogeneous Organometallic Catalysis 
Involving Ni, Pd, Ir, and Rh: An Overview of Commonly Employed DFT 
Methods and Mechanistic Insights. Chem. Rev. 2015, 115, 0532–9586.

	 3.	 Cheong, P. H.-Y.; Lagault, C. Y.; Um, J. M.; Çelebi-Ölçüm, N.; Houk, K. N.
		  Quantum Mechanical Investigations of Organocatalysis: Mechanisms, 

Reactivities, and Selectivities. Chem. Rev. 2011, 111, 5042–5137.
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1

chapter one

Transition metal-catalyzed 
hydrogenation

1.1â•…� Rh-catalyzed asymmetric hydrogenation 
of activated olefins

1.1.1â•… Overview

The discoveries of Osborn et al.1,2 demonstrated in 1965 high effective-
ness of soluble Rh complexes in catalytic hydrogenation of simple olefins. 
Only after 3 years, the first asymmetric variants of this reaction using 
chiral monophosphines as ligands were reported.3,4 Then the value of 
chiral diphosphines that form chelating complexes with Rh has been rec-
ognized, and for next 20 years most of synthetic and mechanistic stud-
ies were carried out using C2-symmetric Rh diphosphine complexes. 
Although a renaissance of the chiral monophosphine ligands has taken 
place in early 2000,5–8 the diphosphine Rh complexes keep their impor-
tance until now. As a result, a tremendous number of chiral mono- and 
diphosphines have been tried as ligands in Rh-catalyzed asymmetric 
hydrogenation. Hence, mostly the mechanism of the asymmetric hydro-
genation catalyzed by Rh–diphosphine complexes will be discussed 
here, and the catalysis by Rh–monophosphine complexes will be shortly 
reviewed afterward.

1.1.2â•…� Asymmetric hydrogenation catalyzed 
by Rh–diphosphine ligands

1.1.2.1â•…� Resting state of the catalytic cycle: Formation 
of the catalyst–substrate complexes

Unlike the Wilkinson catalyst that irreversibly yields a dihydride com-
plex when treated with dihydrogen, the Rh–diphosphine complexes after 
hydrogenating off diene ligand from the catalytic precursor 1 give solvate 
complexes 2 (Scheme 1.1).9

The solvate complexes 2 are real catalysts that are recovered after each 
catalytic cycle. Reaction of solvate complexes with a substrate in most cases 
leads to the formation of catalyst–substrate complexes.10 Although the bind-
ing is very fast and essentially barrierless,11 it has been shown that initially 
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the amidocarbonyl group of the substrate forms a nonchelating complex 
(Scheme 1.2).12

When substrate 4 is added to catalyst 3 at −100°C, relatively unstable iso-
mers 5a, b are formed. Upon raising the temperature, 5a, b rearrange into more 
thermodynamically stable 5c, d. Initial formation of 5a, b shows that the bind-
ing proceeds through the formation of the nonchelating complex 6a via the 
coordination of the oxygen atom from the less hindered side of the catalyst.12

S S
1 2

S = solvent, e.g., MeOH

RhRh

PPPP
H2

++

∗∗

Scheme 1.1â•‡ Formation of a catalyst 2 from a catalytic precursor 1.
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+
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+
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Scheme 1.2â•‡ Low-temperature reaction of catalyst 3 and substrate 4. (Gridnev, I. D. 
and Imamoto, T., Chem. Commun., 7447–7464, 2009. Reproduced by permission of 
The Royal Society of Chemistry.)
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3Chapter one:â•… Transition metal-catalyzed hydrogenation

Although the nonchelating complexes similar to 6 are unstable and 
were never detected directly, their kinetic availability can be demon-
strated by NMR experiments testifying the possibility of intramolecular 
exchange between the chelating catalyst–substrate complexes.13–15

Another important intermediate was detected in a low-temperature reac-
tion of substrate 4 with BenzP* catalyst 8 (Scheme 1.3).16 Initially, a catalyst– 
substrate complex 9 with unusual si-gauche coordination of the double bond 
was formed. This was proved by reproducing computationally the specific 
13C chemical shifts of the coordinated double bond in 9 that are significantly 
different from those in si- and re-coordinated complexes 10 and 12 with nor-
mal orthogonal orientation of the double bond (Figure 1.1).16

Upon increasing the temperature, complex 9 disappeared from the 
equilibrium and a more thermodynamically stable re-coordinated com-
plex 12 was observed instead. Figure 1.2 illustrates the difference in the 
coordination mode of the double bond in 9 and in 10, 12. In 10 and 12 the 
double bond is orthogonal to the chelate cycle, and the α-carbon atom 
lies in the P–Rh–P plane. In 9 the double bond slides into the less hin-
dered quadrant and becomes almost coplanar to the chelate cycle with 
the β-carbon atom lying in the P–Rh–P plane. This type of coordination is 
impossible for the re-coordinated double bond.16

It is also worth noting that both substituents at the double bond (phenyl 
and methoxycarbonyl) formally occupy the hindered quadrants in the most 
thermodynamically stable isomer 12. This fact demonstrates the limited 
value of qualitative speculations on the relative stabilities of intermediates.

5.2 kcal/mol 5.3 kcal/mol
6.7 kcal/mol Ph

Ph Ph10 9 11

Me Me
Me NH

H

Me

Me

0 kcal/mol

NHCOMePh

4
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CO2Me 2 eq, rt

12
Me

Me

Me

Me
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Scheme 1.3â•‡ Formation of catalyst–substrate complexes with catalyst 8 and sub-
strate 4. (Reprinted with permission from Imamoto, T. et al., J. Am. Chem. Soc., 134, 
1754–1769. Copyright 2012 American Chemical Society.)
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110.0 100.0 90.0 80.0

(a)

(b)

(c)

12

10

9

Figure 1.1â•‡ Section plots of 13C NMR spectra (100 MHz, CD3OD) showing signals 
from carbon atoms of the coordinated double bond. (a) Solution obtained by the 
addition of two equations of MAC to a deuteriomethanol solution of 7 at 25°C. 
Spectrum measured at 25°C. (b) The same reagents were mixed at −100°C and the 
sample was put into the pre-cooled probe of the NMR spectrometer. Spectrum 
measured at −90°C. (c) Computed chemical shifts (BLYP/SDD(Rh)6-31 + G(2d,2p)/
CPCM(methanol)). (Reprinted with permission from Imamoto, T. et  al., J. Am. 
Chem. Soc., 134, 1754–1769. Copyright 2012 American Chemical Society.)
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Figure 1.2â•‡ Schematic representation of the modes of coordination of the double 
bond in the catalyst–substrate complexes 9,10,12. (From Gridnev, I. D., J. Synth. 
Org. Chem. Jpn., 74, 1250–1264, 2014. With permission.)
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5Chapter one:â•… Transition metal-catalyzed hydrogenation

The reason for the greater thermodynamic stability of 12 can be bet-
ter understood when analyzing the structures of the complexes of 8 with 
enamide 13. In this case complex 14 with the phenyl ring adjacent to the 
t-Bu group of the catalyst was the most thermodynamically stable one 
(Scheme 1.4) that was confirmed both experimentally and computationally.18

The most illustrative evidence is the dramatic high-field shift of one of 
the t-Bu groups of the catalyst that is evidently due to its close proximity 
to the plane of the phenyl ring (Figure 1.3).

Apparently, instead of intuitively imaginable steric hindrance 
between the phenyl ring and t-Bu group, there is a kind of attraction that 
is most probably explained by C−Hâ•›…â•›p interaction. Similarly, the relative 
stability of complex 12 can also be explained.

Interestingly, the only catalyst–substrate complex that was observed 
at low temperature when 8 was reacted with the t-Bu-substituted enamide 
16 was re-coordinated complex 17 in which the t-Bu groups from the cata-
lyst and the substrate are positioned in the same quadrant (Scheme 1.5). 
Apparently, even extremely weak C−Hâ•›…â•›C−H interaction can facilitate the 
formation of the chelate cycle.18

Chelating catalyst–substrate complexes interconvert in solution at suf-
ficiently high temperatures. This exchange can be either intermolecular 
(with complete dissociation of the substrate) or intramolecular (when only 
double bond dissociates). Most conveniently, these two mechanisms of 
exchange can be distinguished via 2D EXSY NMR experiments.19

Stability of the catalyst–substrate complexes relative to the mixture of 
a catalyst and a substrate varies in a broad range. The same is true for the 
relative stabilities of si- and re-coordinated species. For example, the posi-
tion of the equilibrium between catalyst 8 and various β-dehydroamino 
acids changes from the complete absence of any binding in the case of 
(E)-3-acetylamino-2-butenoate 26 to only weak specific binding at low 
temperature with the corresponding (Z)-isomer 18 and almost complete 
binding at ambient temperature in the case of substrate 21. The ratio of the 
re- and si-bound isomers also varies (Scheme 1.6).20

S
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14 15
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Scheme 1.4â•‡ Formation of the catalyst–substrate complexes 14 and 15.
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Figure 1.3â•‡ 1H–31P HMBC NMR spectrum (600  MHz, CD3OD, −60°C) of the 
equilibrium mixture of catalyst–substrate complexes 14 and 15 (section plot). 
Shielding of one of the t-butyl groups in 14 and one of the methyl groups in 15 
defines the mode of the double bond coordination in both complexes, whereas 
the relative stabilities of these complexes suggest that a C−Hâ•›…â•›p interaction is the 
main Â�stereoregulating factor. (Reprinted with permission from Gridnev, I. D. and 
Imamoto, T. ACS Catal., 5, 2911–2915. Copyright 2015 American Chemical Society.)
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From the data shown in Scheme 1.6, it is clear that the absence of the 
substrate binding does not prevent high enantioselectivity; moreover 
the higher optical yields are observed in the cases with weak or absent 
binding.

1.1.2.2â•… Activation of H2

It was shown in the previous section that the reaction pool of the 
Rh-catalyzed asymmetric hydrogenation before the admission of dihydro-
gen contains numerous equilibrating species, that is, solvate complexes, 
nonchelating catalyst–substrate complexes, and chelating catalyst–Â�substrate 
complexes with different coordination modes of the prochiral double bond. 
Hence, there is a possibility of three different modes of dihydrogen activa-
tion: via solvate complexes 2, via nonchelating catalyst–substrate complexes 4, 
and via chelating catalyst–substrate complexes 5 (Scheme 1.7).

Which pathway for the H2 activation will be prevailing in a catalytic 
system depends mostly on the structures of the catalyst and the substrate, 
but this can be also influenced by the solvent, temperature, pressure, and 
so on.

Table 1.1 shows thermodynamic parameters characterizing relative affin-
ities of different solvate complexes to H2. Although these affinities can vary 

Dihydride

P

H2 H2 H2

P
Rh
+

P P
H

H
Rh

+ P P

H
Rh

+

*

*
H*

P P

X

X

P P

H

Rh
+

H
*

X

X
Rh
+
*

P P
Rh
+
*

Semi-unsaturated Unsaturated

Scheme 1.7â•‡ Three possible modes of hydrogen activation in Rh-catalyzed asym-
metric hydrogenation of activated olefins. For the clarity reasons here and further 
the coordinated molecules of solvent completing square planar for Rh(I) or octa-
hedral for Rh(III) configuration are not shown.
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Table 1.1â•‡ Gibbs free energies (298 K, kcal/mol) characterizing equilibria between 
solvate complexes, molecular hydrogen complexes, and solvate dihydride 
complexes for various Rh-diphosphine catyalysts computed at WB97XD/

SDD(Rh)/6-31G(d, p)(all others)/SMD(methanol) level of theory

P P P P
* *H2

H

H

H
ΔG1

ΔG+1+

ΔG+2+
ΔG2

ΔG3

P
H

P

P P

H

H

*

*
Rh

+
Rh

+

Rh
+

Rh
+

Entry Catalyst ΔG1 ΔG2 ΔG3 ΔG≠1 ΔG≠2 ΔG≠1
eff

a ΔG≠2
eff

b

1

OMeP

P

 MeO

Rh
+

(S, S)-DIPAMP

15.9 −4.9 −5.7 2.0 2.0 17.9 17.9

2 Me

Me

P

P
But

But

Rh
+

 
(R, R)-BenzP*

10.0 −2.8 −3.1 3.4 3.0 13.4 13.0

3

P
P

Rh
+

(S)-BINAP

4.4 −1.2 0.5 4.4 3.8 8.8 8.2

4

P

P

But

But

Rh
+

(S, S’,R, R’)-TangPhos

1.6 −2.4 −2.8 7.0 4.3 8.6 5.9

(Continued)
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Table 1.1 (Continued)â•‡ Gibbs free energies (298 K, kcal/mol) characterizing 
equilibria between solvate complexes, molecular hydrogen complexes, and solvate 

dihydride complexes for various Rh-diphosphine catyalysts computed at WB97XD/
SDD(Rh)/6-31G(d, p)(all others)/SMD(methanol) level of theory

P P P P
* *H2

H

H

H
ΔG1

ΔG+1+

ΔG+2+
ΔG2

ΔG3

P
H

P

P P

H

H

*

*
Rh

+
Rh

+

Rh
+

Rh
+

Entry Catalyst ΔG1 ΔG2 ΔG3 ΔG≠1 ΔG≠2 ΔG≠1
eff

a ΔG≠2
eff

b

5
But

But

Me

Me

Rh+
P

PN

N

 
(R, R)-QuinoxP*

1.4 −2.6 −1.1 7.4 6.9 8.8 8.3

6

Rh
+P

P
But

But Me

Me

O

O

 
(R, R)-DioxyBenzP*

1.1 −1.5 −3.2 4.6 2.4 5.6 3.5

7

Rh
+P

P

Me

Me

 
(S, S)-CHIRAPHOS

0.8 −2.0 −3.1 0.6 4.2 1.4 5.0

8

Rh
+

But

But

Me

Me

P

P

 
(S, S)-BisP*

−0.1 −3.0 −3.8 3.8 3.8 3.7 3.7

(Continued)
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Table 1.1 (Continued)â•‡ Gibbs free energies (298 K, kcal/mol) characterizing 
equilibria between solvate complexes, molecular hydrogen complexes, and solvate 

dihydride complexes for various Rh-diphosphine catyalysts computed at WB97XD/
SDD(Rh)/6-31G(d, p)(all others)/SMD(methanol) level of theory

P P P P
* *H2

H

H

H
ΔG1

ΔG+1+

ΔG+2+
ΔG2

ΔG3

P
H

P

P P

H

H

*

*
Rh

+
Rh

+

Rh
+

Rh
+

Entry Catalyst ΔG1 ΔG2 ΔG3 ΔG≠1 ΔG≠2 ΔG≠1
eff

a ΔG≠2
eff

b

9

Rh
PP

MeMe

Me Me

+

 
(R, R)-Me-BPE

−0.7 −2.0 −2.6 3.2 3.8 1.5 2.1

10

Rh
+ PP

Me Me

MeMe  
(R, R)-Me-DuPHOS

−1.2 −4.3 −3.8 3.7 4.8 2.5 3.6

11 But

But

But

Me

P

P
Rh

+

 
(R)-Trichickenfootphos

−1.5c

−1.9d
−1.3
−1.7

−2.3
−2.2

4.7
5.1

4.7
4.8

3.2
3.2

3.2
2.9

Source:	 Gridnev, I. D. and Imamoto, T. Izv. Akad. Nauk, Ser. Khim., 1514–1534, 2016.
a	 DG≠1

eff = DG1 + DG≠1.
b	 DG≠2

eff = DG1 + DG≠2.
c	 H2 nearby the nonchiral phosphorus atom.
d	 H2 nearby the chiral phosphorus atom.21
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in some range, one can see that for the most of the catalysts the solvate dihy-
drides are kinetically available. Only for DIPAMP-Rh (entry 1) the hydrogen 
activation via solvate complexes lacking additional complexation seems to be 
hardly probable due to high activation barrier. But already in the case of the 
BenzP*-Rh catalyst (entry 2), it depends on the nature of the substrate.

This is illustrated in Scheme 1.8. Hydrogenation of BenzP*-Rh catalyst 8 
is characterized by relatively high activation barrier (Table 1.1, entry 2), and 
in the case of the substrate with unsubstituted β-carbon atom, the activation 
of dihydrogen proceeds via unsaturated mechanism with lower activation 
barrier.18 Nevertheless, with the substrate having β-substituent, the activa-
tion barrier for oxidative addition to a chelating catalyst–substrate complex 
becomes very high, and H2 activation proceeds via dihydride mechanism.22

1.1.2.3â•… Formation of solvate dihydrides
Experimentally formation of solvate dihydrides has been observed for 
several Rh–diphosphine catalysts. Thus, two diastereomeric dihydrides 
28a, b were obtained via the reversible oxidative addition of H2 to the sol-
vate complex [Rh(t-Bu-BisP*)(CD3OD)2]+ (27) and have been characterized 
by NMR (Scheme 1.9).23

By comparing the results of 1H−1H and 31P−31P 2D EXSY spectra, it 
was possible to conclude that 28a and 28b can interconvert without the 

Unsaturated pathway is 5.2 kcal/mol lower in energy than dihydride

Dihydride pathway is 20.0 kcal/mol lower in energy than unsaturated

Free energy of the TS is 8.1 kcal/mol
respective to the mixture of the catalyst
and the substrate

Free energy of the TS is 37.3 kcal/mol
respective to the mixture of the catalyst
and the substrate

Me

O Me

Me

MeO2C

+
RhP

P

H
H

NH

Ph
But

But

Me

Me

Me

+
Rh

P
H NH

H Ph

P O

But

But

Scheme 1.8â•‡ Influence of the substrate structure on the mechanism of H2 
activation.
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dissociation of dihydrogen. This proved the intermediacy of the molecu-
lar hydrogen complex 29 (Scheme 1.10).23

When HD was used for the generation of the solvate dihydrides 28, 
the complexes with axial position of the deuterium atom were formed 
preferentially with the factor 1.3:1 (Scheme 1.11).23 These data were later 
used for tracking the position of the deuterium label in the hydrogenation 
product (vide infra).

Similar observations of reversible formation of solvate dihydrides 
were made for other BisP*–Rh complexes,24 for the TangPhos–Rh com-
plex,22 and for the PHANEPhos–Rh complex.25,26

On the other hand, the irreversible formation of the two diastereo-
meric dihydrides 31a, b was observed when the catalytic precursor having 
an o-xylyl backbone (30) was hydrogenated.27 Similarly, the stereoselec-
tive irreversible formation of a tetrahydride species 33 was observed in 
the hydrogenation of the binuclear tetraphosphine–Rh complex 3228 
(Scheme 1.12). No intermediate solvate complexes were detected in these 
two hydrogenation experiments.

The examples of direct observation of solvate dihydrides together 
with the computational data collected in the Table 1.1 illustrate the fact 
that these species are kinetically competent intermediates in the catalytic 
cycle of Rh-catalyzed asymmetric hydrogenation.

Me
28a 28b29

Me

S
S

+
Rh

P

P
H1

H2

But

But

Me

Me

S
S

+
Rh

P

P
H1

H2But
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Scheme 1.10â•‡ Interconversion of 3a, b via molecular hydrogen complex 7. 
(Reprinted with permission from Gridnev, I. D. et  al., J. Am. Chem. Soc., 122, 
7183–7194. Copyright 2000 American Chemical Society.)

S
S

S

H
H H

H2, −20°C

CD3OD

27

28a,b (two diastereomers in a 10 : 1 ratio)

S+

Me

Me
But

ButP
Rh

P + +

Me

Me

But

But
P

Rh
P

S
H

S+

Me

Me

But

But
P

Rh
P

Scheme 1.9â•‡ Experimental detection of solvate dihydrides 28. (Reprinted with 
permission from Gridnev, I. D. et al., J. Am. Chem. Soc., 122, 7183–7194. Copyright 
2000 American Chemical Society.)
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30 31a,b
Ratio of isomers 1:0.07
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Scheme 1.12â•‡ Irreversible formation of solvate dihydrides. (Gridnev, I. D. and 
Imamoto, T., Chem. Commun., 7447–7464, 2009. Reproduced by permission of The 
Royal Society of Chemistry.)
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Scheme 1.11â•‡ Hydrogenation of 27 with HD. (Reprinted with permission from 
Gridnev, I. D. et al., J. Am. Chem. Soc., 122, 7183–7194. Copyright 2000 American 
Chemical Society.)
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1.1.2.4â•…� Oxidative addition to chelate Â�catalyst–substrate complexes
Since the chelating catalyst–substrate complexes with different mode of 
double bond coordination are diastereomers, they have different chemical 
properties, in particular, the rates of oxidative addition must be differ-
ent. Moreover, it is clear that hydrogen atoms must come from the side of 
rhodium. Hence, if the oxidative addition is irreversible and the double 
bond does not dissociate before, during, or after the oxidative addition, 
the original mode of the double bond coordination could determine the 
stereochemical outcome of the reaction via the difference in reactivities of 
the corresponding catalyst–substrate complexes. This is the main idea of 
the so-called unsaturated mechanism of stereoselection (Scheme 1.13).29,30

Although totally eight possible pathways for oxidative addition could 
be conceivable for any combination of a chiral Rh complex and a prochiral 
substrate, computations show that only three of them have reasonable acti-
vation barriers due to electronic factors or hindrance from the substituents 
on phosphorus atoms and coordinated substrate.31–34 Either re-coordinated 
catalyst–substrate complex 34 or si-coordinated complex 35 can undergo 
oxidative addition via coordination of dihydrogen over Rh−P bond in 
trans-position respective to the coordinated double bond (Scheme 1.12). 
Besides, si-coordinated complex 35 can rearrange to si-gauche-coordinated 
complex 36 by shifting the chelate cycle to almost axial position in the less 
hindered quadrant. That opens a possibility for an alternative pathway 
of dihydrogen approach. If the double bond would keep its coordination 
during the oxidative addition (leading to the corresponding dihydride 
complexes 40–42), and migratory insertion step leading to monohydrides 
43–45 would be irreversible, then the optical yield would be determined 
via the relative rates of the H2 oxidative addition to 34–36 (Scheme 1.13).

At the early stage of the mechanistic studies of Rh-catalyzed asym-
metric hydrogenation, this mechanism has been accepted on the basis 
of low-temperature hydrogenation experiments clearly demonstrating 
higher reactivity of the catalyst–substrate complexes with “proper” mode 
of coordination of the double bond toward H2.35,36

However, more recent experiments showed that the whole catalytic 
cycle until the migratory insertion stage can be reversible, and the double 
bond can dissociate before, during, or after the oxidative addition, thus 
deleting any chiral information acquired so far.

Thus, Brown et  al. studied the low-temperature reaction of the sol-
vate dihydride 47 with MAC (4) and the hydrogenation of an equilib-
rium mixture of the solvate 48 and the catalyst–substrate complex 49 
(Scheme  1.14).25,26 Both experimental approaches afforded the same 
Â�intermediate, agostic complex 50 (apparently through intermediates 
51 and 52). The spectroscopic evidence clearly showed that one of the 
hydrides in 50 is caught on its way from Rh to carbon in this intermediate, 
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whereas the remaining hydride is trans to the oxygen atom. According to 
the computational results, an intermediate of such structure (double bond 
trans to phosphorus) is not accessible through the direct oxidative addi-
tion of H2 to 49, hence the hydrogenation of 49 has to proceed via the 
initial dissociation of the double bond (yielding 53) or the entire substrate 
molecule (returning to 48 that is further hydrogenated to 47).

Importantly, the formation of 50 was stereoselective. On the other 
hand, 50 was shown to exist in an equilibrium with the catalyst–substrate 
complex 49, the solvate dihydride 47 along with the mixture of catalyst 48 
and MAC.26 Stereochemistry of the hydrogenation product is completely 
defined in 50, but the reverse reaction can bring it back to numerous inter-
converting intermediates with flexible stereochemistry. Nevertheless, 
when 50 is formed again, it results in exactly the same structure that 
clearly defines the absolute configuration of the hydrogenation product.

Low-temperature hydrogenation experiments of catalyst–substrate 
complexes 5a–c demonstrated that hydrogenation is accompanied by dis-
sociation of the double bond (Scheme 1.15).12 The ee of the product obtained 

Me

MeZ
P P

Y

Y
re-Coordinated si-Coordinated si-gauche-Coordinated

Z
X

45

34

40

H
H

Rh

Rh

+

+

Z

Z
P P

P P

Y

Z

Z
X

Rh
+

Z
P PH

H ZXY

43 (S)-46 (R)-46 44

Rh
+

Z
P PH

Me

ZX

Y

H H

Me Me

Y

H

H

X

Z

Z
PP

X X
Y Y

37

Rh
+

Z
P PH

H

Z
X

Y 38

Rh
+

Z
P PH

H

Z
X

Y

41

Rh
+

Rh
+

Z
P P

H

H Z

X
Y

Y

35

Rh
+

Z
P P

Z
X

Y

36

Rh
+

Z
P P

Z

X

Z
X X

42 39H

H

H
H

H

H
H

H
H

H
Rh

Z
PP

Y

Rh
+ +

Y

X

(R)-46

H

Scheme 1.13â•‡ Stereoselection via unsaturated pathway.
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after the complete hydrogenation of the mixture of 5c, d under conditions 
precluding their interconversion was 97% (R)—exactly the same ee was 
obtained when the sample was quenched after only the 5d has been con-
sumed. When the kinetic product 5a was hydrogenated before it could 
rearrange to 5c, d, again the ee of the hydrogenation product was 97% 
(R).12 These results require that hydrogenation of either of 5a–d should 
occur through common intermediates, namely, nonchelating complexes 
6a, b that are capable of fast interconversion even at −100°C.

Low-temperature hydrogenation experiments for the equilibrium 
mixture of 14 and 15 at −78°C when the exchange between these catalyst–
substrate complexes is slow and cannot affect the results of the reaction dem-
onstrated more rapid reaction of the re-coordinated complex 14.20 Similar 
experiments were carried out for the catalyst–substrate complexes 55 and 
56 (Scheme 1.16).21 In all cases, a rapid consumption of the re-coordinated 
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Scheme 1.15â•‡ Three low-temperature hydrogenation experiments yielding the 
same result. (Gridnev, I. D. and Imamoto, T., Chem. Commun., 7447–7464, 2009. 
Reproduced by permission of The Royal Society of Chemistry.)
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complexes was observed to afford directly the R-hydrogenation products. 
Hence, these experiments demonstrated explicitly that the observation of a 
rapid reaction with a catalyst–substrate complex does not necessarily mean 
that the handedness of the product would be determined by the mode of 
the double bond coordination in this catalyst–substrate complex.

Computations showed that indeed in that case the oxidative addi-
tion of H2 to the re-coordinated complex, for example, 14, is the fastest 
mechanism of dihydrogen activation among all conceivable processes 
(hydrogenations of solvate complex, of nonchelating catalyst–substrate 
complexes and of si-coordinated catalyst–substrate complexes are 
slower). Nevertheless, after formation of the dihydride intermediate 58, 
the double bond dissociation via the TS3 is much faster than migratory 
insertion via the TS2 (Scheme 1.17). As a result, the nonchelating dihy-
dride intermediate 60 is formed, and (R)-57a is formed after stereose-
lective double bond coordination in a Rh(III) octahedral nonchelating 
complex (vide infra).20,21

These results prompted a reconsideration of the interpretation of 
early experiments demonstrating selective hydrogenation of one chelat-
ing catalyst–substrate complex.35,36 Since the double bond can dissociate 
before or after the oxidative addition step, the observation of the selec-
tivity on this stage of the reaction does not automatically mean that the 
handedness of the product is already determined and fixed.

Thus, the computations involving real molecules of the Rh-DIPAMP 
catalyst and MAC used in the famous experiment showed that direct 
Â�oxidative addition is hardly possible to either of the experimentally 
observed complexes 61 and 62. On the other hand, the si-coordinated 
catalyst–Â�substrate complex 62 is capable of facile rearrangement to a 
si-Â�gauche-coordinated complex 63 that has not been observed experimen-
tally due to its relative instability (Scheme 1.18).21
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Scheme 1.16â•‡ Low-temperature hydrogenation experiments proving dissociation 
of the double bond after oxidative addition of H2.
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Thus, the experimentally observed rapid consumption of 62 upon 
low-temperature hydrogenation of the mixture of 61 and 62 took place 
not directly, but via isomerization of 62 to another, much less stable, but 
significantly more reactive species 63.

Further computations showed that the dihydride intermediate 
64 formed after oxidative addition of hydrogen to 63 is capable of fac-
ile migratory insertion resulting in the monohydride intermediate 65 
(Scheme 1.19). However, the trans-configuration of the hydride and alkyl 
ligands in 65 prevents the direct reductive elimination, whereas the rear-
rangement into more reactive monohydride requires significant activa-
tion energy, and the dissociation of the double bond via reverse migratory 
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insertion yielding nonchelating Rh(III) complex 66 is a much more facile 
process (Scheme 1.19).21 Coordination of the double bond followed by fac-
ile migratory insertion yields monohydride 68 which is 9.8 kcal/mol more 
stable than 65 and was most probably observed experimentally.

Thus, although in that case the coordination of the double bond can be 
kept until the very late stage of the catalytic cycle, the reductive elimination is 
not possible within this pathway, and again the trail involving dissociation of 
the double bond must be taken. This leads to the loss of any chiral informa-
tion acquired so far, and enantioselection must take place during the double 
bond coordination in the nonchelating Rh(III) dihydride intermediate 66.

Thus, the analysis of the available experimental and computational 
data for broad range of the combinations catalyst–substrate allows us to 
conclude that the pathways keeping the double bond coordinated during 
the oxidative addition inevitably result in the migratory insertions and/or 
reductive eliminations with relatively high activation barriers. Therefore, 
the double bond dissociates sooner or later, depending on the particular 
system, providing access to dihydride intermediates with double bond 
coordinated in the equatorial position susceptible to extremely facile 
migratory insertion and reductive elimination stages. The double bond 
coordination stage provides a portal to these species, and the relative easi-
ness in achieving the proper configuration for a facile migratory insertion 
determines the sense and order of enantioselection.

1.1.2.5â•…� Reactions of solvate dihydrides with prochiral substrates
The accessibility of the solvate dihydrides for some catalysts (Schemes 1.10 
and 1.12) makes possible the study of their direct reactions with prochiral 
substrates. These experiments can provide information on the late inter-
mediates in the catalytic cycle. Besides, since the substrate is introduced in 
the system at very low temperature after the hydrogen activation already 
took place, the input from unsaturated mechanism is effectively excluded, 
and checking the ee of the recovered product gives direct information 
about the effectiveness of the enantioselection by coordination of a sub-
strate to the octahedral solvate dihydride.

Addition of a twofold excess of MAC (4) to a solution of dihydrides 
28a, b in equilibrium with 2 and H2 at −100°C resulted in an immediate 
formation of the monohydride intermediate 69a (Figure 1.4, Scheme 1.20) 
that rearranged to the terdentate isomer 69b (both carbonyls were low-
field shifted in the 13C NMR spectrum of the monohydride).23 Quenching 
of the sample afforded hydrogenation product with 99% ee (R), identical 
with the ee obtained in the catalytic asymmetric hydrogenation of 4 with 
BisP*-Rh catalyst 27.23 These results demonstrated that the substrate asso-
ciation yielding nonchelating complex 70, double bond coordination pro-
viding dihydride intermediate 71, and the subsequent migratory insertion 
step proceed extremely fast and highly enantioselectively.
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23Chapter one:â•… Transition metal-catalyzed hydrogenation

The association of substrate 4 begins by coordinating the oxygen 
atom to 27, affording the nonchelating dihydride 70. Coordination of the 
double bond occurs to form 71 in which the chelate cycle is in the less 
hindered quadrant and the double bond is parallel to the Rh−Htrans bond. 
Immediately after the formation of 71, migratory insertion takes place 
yielding 6, and the hydrogenation product (R)-72 after quenching.23
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Figure 1.4â•‡ Hydride region of 1H NMR spectra (600 MHz, CD3OD, −95°C) of the 
sample initially containing solvate dihydrides 28a, b in equilibrium with the solvate 
complex 27 at −100°C obtained by placing the sample to the probe precooled to 
−100°C. Immediate stereoselective reaction takes place yielding the correspond-
ing monohydride intermediate. The fact that the equatorial hydride trans to phos-
phorus (d = −7.7, 2JH−P = 186 Hz) was transferred in this reaction is well illustrated. 
(Gridnev, I. D. and Imamoto, T., Chem. Commun., 7447–7464, 2009. Reproduced by 
permission of The Royal Society of Chemistry.)



24 Enantioselection in asymmetric catalysis

The hydrogenation of the catalyst–substrate complex was substan-
tially slower: it could not be hydrogenated at all at −100°C, and it required 
2 h at −80°C to achieve approximately 90% conversion to the same mono-
hydride intermediate.23

Essentially the same results were later obtained with various prochi-
ral substrates: a-dehydro amino acids,24 enamides,37,38 b-dehydroamino 
acid,39 unsaturated phosphonate,40,41 and itaconic ester.24 All studied sub-
strates reacted instantaneously with 28a, b at −100°C yielding high ee’s 
of the hydrogenation products—either equal or comparable to the ee’s 
observed in the corresponding catalytic reactions.42,43

The rapidness of the low-temperature reaction between 28 and 4 was fur-
ther illustrated by the experiments using monodeuterated solvate dihydrides 
(Scheme 1.21).23 These experiments showed that the initial imbalance in the 
deuterium distribution in favor of the axial position is roughly conserved 
within low-temperature reactions of the HD solvate dihydrides with the 
substrate and is equal to that observed under the catalytic conditions. This is 
reflected in the preferential formation of a-deuterated product. Therefore, the 
formation of the monohydride 69 via 71 must have taken place much faster 
than the scrambling of the positions of the hydride and the deuteride ligands 
(the latter has been measured as 1.4 s−1 at −80°C for the H2 case).23

The reaction of the solvate dihydride 28 with dimethyl 1-benzoyloxy-
ethenephosphonate (73) at −100°C gave the hydrogenation product 74 
with up to 97% ee (S) via the monohydride complex 75 (Scheme 1.22).40,41 
Compound 73 exhibits stronger chelate binding than 4, and accordingly 
the hydrogenation of the catalyst–substrate complex (single isomer 76 
with si-coordinated double bond has been observed) could only be per-
formed at −30°C affording 75% ee (S). Similarly to the previous case, the 
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Soc., 122, 7183–7194. Copyright 2000 American Chemical Society.)
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coordination mode of the prochiral double bond in 76 did not correspond 
to the configuration of the hydrogenation product, hence the double bond 
must have dissociated before the enantiodetermining step. The catalytic 
reaction gave an intermediate value (88% ee) suggesting that under the 
catalytic conditions a certain amount of the strongly bound phosphonate 
is hydrogenated via the direct oxidative addition of H2 to 76 decreasing 
the ee of the product.41
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It was possible to detect another intermediate, the molecular dihydro-
gen complex 77, when the phosphonate 73 13C-labeled a to the P atom was 
used in the low-temperature reaction with 28 (Scheme 1.23).41 The position 
and the coupling pattern of the a-carbon atom, the high-field shift of one 
of the phosphorus atoms, as well as fast conversion of this species to the 
monohydride 75 at −95°C gave good reasons to assume structure 77.41

Apparently, the substrate can react not only with the dihydrides 28a, b, 
but also with the molecular hydrogen complex 29 which is equilibrating 
with 28a, b and 27 (vide supra). That would yield nonchelating dihydride 78 
and nonchelating molecular hydrogen complex 79, respectively. The follow-
ing association of the double bond would produce the dihydride intermedi-
ate 80 (which immediately yields 75) and 77 which can be detected before it 
transforms into 80 either directly or via 78 and 79 (Scheme 1.23).41

Important results were obtained when the reaction of tetrahydride 33 
with MAC (4) was studied.28 Despite the fact that there were two solvate 
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2009. Reproduced by permission of The Royal Society of Chemistry.)
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dihydride units, one of them remained intact even in the presence of the 
excess of 4. The intermediate 81, which formed quantitatively immediately 
after the preparation of the sample at −100°C, contained one molecule of 
MAC coordinated in a nonchelating manner (Scheme 1.24). This was con-
firmed by conducting the same experiment with b-13C-labeled MAC.28

Although 81 contained in the coordination sphere both an activated 
hydrogen and the coordinated substrate, it did not undergo the migratory 
insertion itself. Instead, a degenerate rearrangement due to the exchange 
of the coordinated MAC between two equivalent coordination sites was 
observed at temperatures between −100°C and −50°C. At −20°C the rear-
rangement of 81 to its isomer 82 was accompanied by migratory inser-
tion resulting in the trihydride 84 (Scheme 1.24). Quenching of the sample 
afforded the hydrogenation product 72 with 95% ee (R).28

Thus, in this experiment the quantitative formation of the nonche-
lating dihydride–substrate complexes 81 and 82 has been observed. 
Obviously, the coordination of the double bond with the formation of che-
lating tetrahydride–substrate complex 83 must occur before the migratory 
insertion. However, due to an essentially negligible barrier of the migra-
tory insertion (less than 1 kcal/mol), chelating dihydride intermediate 83 
was not observed directly.

Remarkable is the striking difference in the sense of enantioselec-
tion observed in the Rh-catalyzed asymmetric hydrogenation of a-phenyl 
(13) and a-t-butyl (16)-substituted enamides with Rh-DuPhos catalyst 
(Scheme 1.25).30 Later, similar results were obtained with the use of Rh-t-
BuBisP*, Rh-BenzP*, Rh-QuinoxP*, and Rh-DioxyBenzP* complexes. Thus, 
with Rh-t-BuBisP* the corresponding hydrogenation products (85 and 86) 
were obtained with 99% ee each, but with different configuration: R in 
case of 85 and S in case of 86.37,38
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It has been shown by low-temperature NMR experiments, including 
those using the b-13C labeled substrate, that the opposite sense of enanti-
oselection is explained by the alternative reaction pathways in these two 
hydrogenations.37,38 In the case of the bulky enamide 16 it was possible to 
detect and characterize b-monohydride 92 (Figure 1.5, Scheme 1.26).

In the case of the hydrogenation of 13, no meaningful intermedi-
ates were detected, nevertheless the “normal” reaction pathway was 
confirmed by analyzing the isotopic distribution in the hydrogenation 
product, obtained with HD as the reactant. The hydrogenation of 13 
(and a series of other aryl-substituted enamides) with HD gave predomi-
nantly the product with the deuterium atom in the a-position (with the 
factor 1.30:1). On the other hand, the HD hydrogenation product of 16 
contained more deuterium in the b-position, which correlates well with 
the original preference of the axial position for deuterium in the solvate 
dihydride 28 and clearly defines the difference of the reaction pathways 
(Scheme 1.26).37,38

It is clear that, if the complete reversal of the sense of enantioselec-
tion was observed, such cases must exist that the competition between the 
alternative pathways would lead to the low optical yields. Indeed, with 
o-methoxyphenylenamide 94 both types of monohydride intermediates 
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were detected (Scheme 1.27, Figure 1.6).38 Comparing the optical yield of 
the hydrogenation product recovered from the quenched NMR sample 
with the relative integral intensities of 97–99 in the 1H NMR spectra, it 
was concluded that 97 and 99 are precursors to the R-product, whereas 
98 yields 100(S). This result illustrates the competition of three reaction 
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Figure 1.5â•‡ 31P NMR spectra (162 MHz, −90°C, CD3OD) of the reaction mixtures 
containing monohydride intermediate 92: (b) unlabeled: (a) labeled with 13C at 
the methylene carbon atom. Additional large coupling observed in the case of the 
labeled compound proves that 92 has a structure of b-monohydride. The minor 
isomer is evidently also b-monohydride; the ee obtained after quenching of the 
sample is higher than that calculated based on the relative amounts of major and 
minor diastereomers. Hence, the major and minor isomers differ in the configura-
tion of the Rh atom. Catalyst–substrate complex 93 was also formed in this experi-
ment. Low-temperature hydrogenation of 93 yields identical spectra. (Reprinted 
with permission from Gridnev, I. D. et  al., J. Am. Chem. Soc., 123, 5268–5276. 
Copyright 2001 American Chemical Society.)
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pathways during the double bond coordination in Rh(III) octahedral 
nonchelating complexes (totally four pathways are available, see the next 
sections).

Interestingly, due to the competition between the two reaction path-
ways, a deuterium isotope effect on the enantioselectivity in the hydro-
genation of 94 and some other enamides was observed.44 For example, 
hydrogenation of a-(o-methoxyphenyl)enamide 94 with H2 gave 50%−57% 
ee (R) depending on the reaction conditions. The same hydrogenation 
with HD and D2 afforded the product with 24% ee (R) and 5% ee (S), 
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respectively. This result was explained by considering the hydrogen bond-
ing between Rh−H and the ortho-methoxy oxygen atom that makes the 
pathway through the b-monohydride more favorable.44

The b-monohydride intermediates 101a, b were detected when a low-
temperature reaction of 27 with a b-dehydroamino acid, namely, methyl 
(E)-3-acetamido-2-butenoate 18 was conducted and in low-temperature 
hydrogenation of the equilibrium mixture of 3, 18, and 103 (Scheme 1.28).40 
Similarly to the enamide case, the intermediacy of the b-monohydride 
correlated with the sense of enantioselection, which was opposite to that 
observed for a-dehydroamino acids.

1.1.2.6â•… Catalytic cycle and enantioselective step
Catalytic cycle involving all presently known types of intermediates is 
shown in Scheme 1.29. The solvate complexes A, the catalyst–substrate 
complexes C, and the monohydrides L were originally detected at the 
early stages of the mechanistic studies of Rh-catalyzed asymmetric 
hydrogenation. Numerous examples of these intermediates were char-
acterized in the following studies. Other intermediates, such as non-
chelating catalyst–substrate complexes B or solvate molecular hydrogen 
complexes D were detected indirectly through certain effects observed in 
the NMR spectra. Further characterization of the solvated dihydrides G, 
and occasional detection of such intermediates as the chelating molecular 

98
99

97

−21.2
(b)

(a)

−22.0 −22.8 −23.6 −24.4

Figure 1.6â•‡ Hydride region of the 1H NMR spectrum (400 MHz, CD3OD) of the 
reaction mixture obtained by the low-temperature hydrogenation of the equilib-
rium mixture of 27, 94, 95a and 95b: (b) at −90°C; (a) at −50°C. Assignment of 
97 as a-monohydride, and of 98, 99 as b-monohydrides was confirmed by the 
experiments using 13C labeled enamide 51 similar to that described in Figure 1.5. 
(Reprinted with permission from Gridnev, I. D. et al., J. Am. Chem. Soc., 123, 5268–
5276. Copyright 2001 American Chemical Society.)
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hydrogen complex 77, the nonchelating octahedral dihydride 81, and 
the agostic intermediate 50 makes possible clear understanding that the 
reaction pool of the Rh-catalyzed asymmetric hydrogenation consists of 
numerous equilibrating species.

Depending on the nature of the catalyst and the substrate, equi-
libria can be shifted differently allowing detection of one or another 
intermediate. Thus, although it is hardly possible to observe all of these 
intermediates in one catalytic system, there is little doubt that either 
of them can exist as a low concentrated species under the catalytic 
conditions.

Furthermore, reversibility of the early steps of the catalytic cycle 
implies that different pathways are converging in this system. Indeed, the 
solvate complex A can first react either with the substrate yielding B or 
with dihydrogen affording F. However, this is not a bifurcation point sep-
arating two different mechanisms. An addition of dihydrogen to B or of a 
substrate to molecule F would produce the common intermediate D that 
connects numerous interconverting intermediates of the two pathways 
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into an overall equilibrium. Even the very late intermediate K was shown 
to exist in an equilibrium with the substrate and the solvate complex A 
(vide supra).

In view of the above considerations, the handedness of the product 
must be decided by the mode of coordination of the prochiral double bond 
taking place in nonchelating Rh(III) octahedral complex I. This coordina-
tion should be followed by facile migratory insertion and reductive elimi-
nation steps, since otherwise the reversibility of all steps before reductive 
elimination would bring the intermediate I back.

The convergence of different pathways is further illustrated in 
Figure 1.7. Thus, if the catalyst can be hydrogenated itself yielding the 
solvate dihydride G (violet line), then a simple nonchelating coordina-
tion of the substrate will produce the key intermediate I’. This situa-
tion was reproduced in numerous experiments in which the separately 
prepared solvate dihydrides were reacted with various prochiral 
substrates.

On the other hand, the oxidative addition to a catalyst substrate 
complex could be more facile than hydrogenation of the solvate, and 
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the activation of the dihydrogen could proceed via a catalyst–substrate 
Â�complex. Taking real examples, a reaction pathway for the hydrogenation 
of the enamide 13 catalyzed by the Rh–BenzP* complex 8 can be consid-
ered (vide supra, Scheme 1.4). The oxidative addition to the re-coordinated 
catalyst–substrate complex C yields dihydride intermediate J via molec-
ular hydrogen complex E (light blue line). The migratory insertion in J 
yielding L is less facile than the dissociation of the double in J that would 
afford I, and for certain pathways isomerization to another diastereomer I’ 
might be necessary (vide infra).

Similarly, the most facile oxidative addition might involve reaction 
with dihydrogen with si-gauche-coordinated catalyst–substrate com-
plex C1 (orange line, vide supra, Scheme 1.18). Further transformations 
leading to the monohydride intermediate L1 are relatively facile, but 
the reductive elimination from the complex L1 can require high activa-
tion barrier (Scheme 1.19), and instead the reverse reaction yielding J1 
followed by the double bond dissociation leading to the I’ would take 
place.

Hence, in all described cases, the handedness of the product will be 
determined by the mode of the double bond coordination in the nonche-
lating octahedral Rh(III) complex I’ (or its diastereomer, e.g., I, vide infra) 
and relative easiness of the following migratory insertion and reductive 
elimination steps.

1.1.2.7â•… Process of enantioselection
1.1.2.7.1â•… Introductionâ•… Totally, there are 12 possible ways of the 

double bond cis-chelating coordination in 2 diastereomers of octahedral 
nonchelating dihydride intermediates I and I’ in the case of a Rh complex 
with C2-symmetric diphosphine ligand. However, already early empiri-
cal considerations suggested that the hydride trans to phosphorus atom 
must be transferred in the migratory insertion step.45 This hypothesis 
was amply supported by the results of low-temperature experiments (e.g., 
Figure 1.4), and the structures of all known monohydride intermediates. 
Hence, the analysis can be restricted to the eight structures originating 
from two nonchelating complexes I and I’ (Scheme 1.30).

Furthermore, the recent computational data show that the stabilities 
of the dihydride intermediates V–VIII are uniformly lower than these of 
complexes I–IV. Similarly, the energies of the transition states for the fol-
lowing migratory insertion and reductive elimination steps are uniformly 
higher for the pathways starting from V to VIII.18,20–22,31–34

Hence, it is possible to restrict the analysis to the four pathways 
starting from the dihydride intermediates I to IV. The complexes I and 
III are α-dihydrides yielding opposite enantiomers of the product. 
Similarly, II and IV are β-dihydrides yielding the products with oppo-
site handedness.
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1.1.2.7.2â•… Enantioselection in asymmetric hydrogenation of MACâ•… The 
first computational analysis of the double bond association in a Rh(III) 
nonchelating dihydride intermediate was made for the asymmetric hydro-
genation of MAC (4) with Rh-(R)-trichickenfootPhos 3.12 Only α-dihydride 
pathways proceeding via the formation of the chelate cycle nearby the 
chiral phosphorus atom have been computed. Actual displacement of a 
methanol molecule from the Rh coordination site was modeled via coor-
dinating it with the carboxymethyl group of the substrate (Scheme 1.31, 
Figure 1.8).12

The transformation of 105a–106a implies changing the lobe of the 
oxygen atom used for making the coordination bond with rhodium 
with simultaneous pushing the molecule of methanol out of the coordi-
nation sphere through the TS9a. This process requires a lot of activity 
in the less hindered quadrant, and the MeOH molecule can easily get 
out of the way via making a hydrogen bond with amide NH moiety 
(Figure 1.8).

A same process is impossible for the transformation of 105b–106b 
due to the hindrance provided by the t-butyl group, and the coordina-
tion of the double bond must take very different pathway accompanied 
by pushing the methanol molecule toward the less hindered quadrant 
(Figure 1.9).

Similar analysis was made for the catalytic cycle of asymmetric 
hydrogenation of 4 with the Rh-TangPhos catalyst (Figure 1.10).22 In the 
case of formation of the chelate cycle in the less hindered quadrant, the 
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scan proceeds via a single maximum at approximately 3 Å and results 
in the corresponding dihydride intermediate. On the other hand, in the 
case when the chelate cycle is formed in the hindered quadrant, the maxi-
mum reached only at 2.5 Å has unreasonably high energy. The minimum 
reached upon further approach of the double bond has the double bond 
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oriented coplanar to the Rh–H axial bond (trans to the oxygen atom), and 
is therefore unlikely to undergo migratory insertion.

In the unfavorable case the replaced methanol molecule must move 
from one hindered quadrant to another one, that results in the by effec-
tive blockade of one of the enantioselective pathways on the stage of the 
double bond coordination in octahedral Rh(III) complex. Due to the steric 
hindrance created by the tert-Bu group in the hindered quadrant, the sub-
stitution of the solvent molecule by the double bond becomes practically 
impossible.

Accurate conclusions on the sense and level of enantioselection can 
be made also by analyzing the double bond coordination step without 
explicit computation of the solvent molecules (e.g., Figure 1.11). In this 
case, application of the latest available functionals accurately describing 
dispersion allows us to make some interesting conclusions on the inter-
play between attractive and repulsive interactions between substituents 
during the enantioselective step.

103a 103b

TS9a TS9b

Figure 1.9â•‡ Optimized structures of the nonchelating dihydrides 105a, b and 
transition states TS9a, TS9b.12 The red arrows indicate relatively close contacts 
between the methyl groups that would make impossible the same association 
pathway in the case of 105b (with the P−But group instead of the P−Me); the blue 
arrows show the direction of the methanol displacement.
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When the distance between the Rh atom and the quaternary carbon 
atom of the double bond is 4.5 Å, both diastereomeric nonchelating com-
plexes have the same stability. Analysis of the structures with this Rh−C 
distance shows that there are evident nonclassical attractive interactions 
between the substituents on the phosphorus atom and carboxymethyl 
group in one case (C−Hâ•›…â•›O interactions) or phenyl group in another case 
(C−Hâ•›…â•›p interactions).

In the first case, the approach of the double bond to the Rh atom is 
accompanied by the simultaneous approach of the carboxymethyl group 
to the alkyl substituents on the phosphorus atom, and strengthening 
of the C−Hâ•›…â•›O interactions. This results in achieving the minimum at 
4.0 Å, and then two maxima at 3.5 Å and 2.7 Å that occur because of 
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switching of the strongest C−Hâ•›…â•›O interactions from the methyl group 
to the tert-Bu group, and from one oxygen atom of the carboxymethyl 
group to another one.

On the other hand, when the chelate cycle is formed in the “hindered” 
quadrant, the strong C−Hâ•›…â•›p interactions keep the double bond in a con-
formation preventing effective stabilization of the molecule via its inter-
action with the Rh atom even though the distance between Rh and the 
quaternary carbon atom is reducing from 4.5 to 3.5 Å. Only after these 
C−Hâ•›…â•›p interactions become impossible due to the increasing distance 
between the phenyl group and the substituents on phosphorus (maxi-
mum at 3.5 Å), the further approach of the quaternary carbon atom to the 
Rh atom results in increasing stability of the species.

One way to make a quantitative estimation of the optical yield in 
this case is comparing the energy of the maxima at 2.7  Å in the first 
case and 3.5 Å in the second case that gives a reasonable value of DE 
around 3 kcal/mol. On the other hand, one can also conclude that the 
extremely effective stereoselection can take place earlier, because the 
relative concentration of the diastereomeric species with the Rh−C dis-
tance of 4.0 Å would be determined by a significantly larger DE (about 
4 kcal/mol).

In other words, the “attractive” C−Hâ•›…â•›p interactions between the tert-
Bu group of the catalyst and the phenyl group of the substrate effectively 
“hinders” approach of the double bond to the Rh atom.

Noteworthy, this mechanism of enantioselection explains well the 
absence of the temperature effect on the optical yield in the asymmetric 
hydrogenation of 4 catalyzed by the Rh-TangPhos catalyst. Indeed, in the 
case when the ee is determined by the difference in the free energies of 
the diastereomeric transition states, significant dependence of the optical 
yields on the temperature is usually observed due to the natural tempera-
ture variation of the rate constants. On the other hand, the structure of the 
catalyst implying facile formation of the chelate cycle in a less hindered 
quadrant and impossibility of similar transformation with the chelate 
cycle forming in hindered quadrant, remains the same at any tempera-
ture. Hence, the almost perfect enantioselectivity can be observed either 
in catalytic or low-temperature stoichiometric reaction (>99% ee in both 
cases).

1.1.2.7.3â•… Enantioselection in asymmetric hydrogenation of esters of 
β-dehydroamino acidsâ•… Computations of the enantioselective step in the 
asymmetric hydrogenation of five representative esters of β-dehydroamino 
acids were carried out recently. Competition of two β-dihydride pathways 
and two unsaturated pathways was considered (Scheme 1.32, Figure 1.12). 
In Figure 1.12 one can see that there are three characteristic values that 
determine the enantioselectivity of the catalytic reaction: DG1, difference in 
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the stabilities of the transition states for the double bond coordination TS11 
and TS13; DG2, difference in the stabilities of the transition states for the 
oxidative addition of H2 TS15 and TS17; DG3, difference in the stabilities 
of the stereodetermining transition states for dihydride and unsaturated 
mechanisms.

The computed values of DG1, DG2, and DG3 for the hydrogenation of 
five different substrates catalyzed by BenzP*–Rh complex 8 are collected 
in Table 1.2. The expected values DGexp were derived from the optical 
yields obtained experimentally in catalytic hydrogenation at ambient 
temperature and in low-temperature hydrogenations (Table 1.2).

In the case of the hydrogenation of 26 the transition state for the oxi-
dative addition of H2 in the unsaturated pathway was computed to be 
7.2 kcal/mol less stable than the transition state of the double bond coor-
dination. This value only slightly decreases at 173 K, hence the unsatu-
rated pathway is not interfering with the dihydride route in this case at 
any temperature. Therefore, the optical yield of the catalytic hydrogena-
tion of 2a catalyzed by 5 is determined solely by the value of DG1, which 
was computed to be virtually the same at 298 K and at 173 K. Although 
the DGexp in this case is notably higher than computed DG1, the compu-
tations reliably reproduce R-enantioselective reaction with the optical 
yield of about 96% ee which is not affected by the temperature changes 
(see also below).

0
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Dihydride
Dihydride
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R
S

ΔG (298.15), kcal mol−1

ΔG2

ΔG3

ΔG1

Figure 1.12â•‡ Sections of profiles of free energy for the enantioselective stages 
of the four different catalytic pathways in hydrogenation of 26 catalyzed by  8. 
(Reprinted with permission from Gridnev, I. D. et  al., ACS Catal., 4, 203–219. 
Copyright 2014 American Chemical Society.)
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On the other hand, the computed DG3, free energy gap between dihy-
dride and unsaturated mechanisms, is notably smaller for the hydrogena-
tion of 18 (Table 1.2). At 173 K it is less than 3 kcal/mol, and the interference 
of the nonstereoselective unsaturated pathway cannot be neglected. 
Since, the unsaturated pathway is slightly S-stereoselective in this case, 

Table 1.2â•‡ Computed values of the free energy differences between 
corresponding transition states in the catalytic pathways of hydrogenation of 
various substrates catalyzed by BenzP*–Rh complex 8 and expected values 

derived from the experimental ee values (see text for details)

Substrate
Temperature, 

K
ΔG1, 

kcal/mol
ΔG2, 

kcal/mol
ΔG3, 

kcal/mol
ΔGexp, 

kcal/mol

CO2Me

26

R

Me

C

O

NH

298.15 2.7 5.0 7.2 3.8
173.15 2.6 4.8 5.6 3.8

CO2Me

18

Me

Me

C NH

O

298.15 1.9 −0.6 3.7 2.6
173.15 2.2 −0.6 2.9 1.1

CO2MeNH

Ph

Me

C

O
19

298.15 2.8 0.9 4.9 2.5
173.15 2.5 0.8 3.9 2.3

CO2Me

20

C
O

NH

Me

MeO

MeO 298.15 1.5 −1.6 6.5 2.3
173.15 1.8 −1.6 5.4 2.5

CO2Me

21

NHC

O

Me

Cl

Cl 298.15 1.5 0.7 4.0 1.1
173.15 1.9 0.3 3.1 1.7

Source:	 Gridnev, I. D. et al., ACS Catal., 4, 203–219, 2014.
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these computational results may explain the dramatic decrease of the ee 
observed in the low-temperature hydrogenation of 18 compared to the 
catalytic reaction at ambient temperature.

The experimental data are nicely reproduced computationally for 
substrate 19. Although the unsaturated mechanism in this case is just 
moderately R-stereoselective, it probably only marginally interferes with 
the dihydride mechanism either at 298 or 173 K and the order of enanti-
oselection is mostly determined by the DG1 values, which are quite close 
to the corresponding DGexp.

The structures of the rate- and stereodetermining transition states 
TS19 and TS20 are compared in Figure 1.13 (transition states for the 
double bond coordination in asymmetric hydrogenation of 19 catalyzed 
by 8). Both transition states are characterized by relatively low absolute 

149.9°

(a)

(b)

155.4°

v = 75.1i

v = 85.2i

Figure 1.13â•‡ Optimized structures of TS19 (a, leads to the formation of R-product) 
and TS20 (b, leads to formation of S-product). The larger dihedral angle is 
observed in TS20, because the forming chelating cycle avoids close approach to 
the But group. (Reprinted with permission from Gridnev, I. D. et al., ACS Catal., 4, 
203–219. Copyright 2014 American Chemical Society.)
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values of the imaginary frequencies normal for the intramolecular 
movement. In both cases the largest displacement vectors correspond 
to the approach of the CH=C unit to the H–Rh–H plane. In the case of 
the TS19 the formation of the chelate cycle occurs in the less hindered 
quadrant. In the case of TS20 the But substituent hinders the forma-
tion of the chelate cycle that results in a transition state destabilized for 
2.8 kcal/mol.

The computed values of DG1 for the hydrogenation of 20 (1.5 and 
1.8 kcal/mol at 298 K and 173 K, respectively) are somewhat lower than 
the corresponding DGexp which are 2.3 and 2.5  kcal/mol. Nevertheless, 
the enantioselectivity is correctly predicted. The unsaturated pathway is 
notably S-stereoselective in this case, but is not competing with the dihy-
dride pathway, since DG3 values are quite high (6.5 kcal/mol at 298 K and 
5.4 kcal/mol at 173 K).

Relatively low optical yield was observed in the catalytic hydrogena-
tion of 21 with BenzP*-Rh catalyst 8. The DGexp at 298 K is only 1.1 kcal/mol 
in a reasonable agreement with the computed value of DG1 1.5 kcal/mol. 
Unsaturated pathway is unlikely to interfere in view of the reasonably 
high value of DG3 (4.0 kcal/mol at 298 K).

Thus, the delicate process of enantioselection in the asymmetric 
hydrogenation of β-dehydroamino acids can be roughly described as 
being determined by the mode of coordination of the double bond of the 
substrate in octahedral Rh(III) intermediates. The enantioselectivity could 
be correctly predicted for all studied cases if only the dihyride pathway 
is considered. The order of enantioselection in each particular case can 
be affected either by the entropic effect on the activation barrier for the 
double bond coordination specific for each substrate or by the interference 
of other catalytic pathways, for example, the unsaturated route, which has 
been computed to be more energetically demanding and significantly less 
stereoselective in the case of (Z)-β-dehydroamino acids.

Similarly to the case of α-dehydroamino acids, it was shown that 
incorporation of real solvent molecules in computations makes possible 
rationalization of very high optical yields which are otherwise difficult 
to reproduce computationally. For example, if it is supposed that a linear 
cluster of three methanol molecules is substituted by the double bond in 
the process of its coordination (Scheme 1.33), then the S-pathway is hardly 
expected to compete at all with the R-pathway.

By scanning the relative energies on the pathways approaching 
the double bond to the Rh atom, it was found that the movement of the 
methanol cluster occurs from the lower left less hindered quadrant to the 
upper right less hindered quadrant in the transformation of 121 to 122. 
On the contrary, the conversion of 123–124 requires continuous move-
ment of the methanol cluster within the hindered quadrants. Accordingly, 
the energy scans look out quite differently (Figure 1.13). The scan of the 
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former conversion can be roughly described as a potential energy profile 
of a single elementary step, whereas in the latter case the energy raises 
sharply when the C–Rh distance reaches about 5  Å and remains con-
stantly high until 3 Å.

Taking into account that all previous steps are reversible, most of the 
molecules with CH= atom being 4.5 Å far away from Rh or closer will 
have conformation ultimately leading to 122. More precisely, the rela-
tive concentrations of such molecules preceding 122 and preceding 124 
will be determined by Boltzmann distribution for the energy difference 
of approximately 5 kcal/mol (Figure 1.14). Hence, this value will specify 
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the predicted order of enantioselectivity for the dihydride pathway, rather 
than ~2 kcal/mol that would be derived by optimizing the transition states 
from the highest points of the corresponding scans.

Unfortunately, such approach can be hardly expected to be accu-
rately quantified, but it demonstrates the effectiveness of this mecha-
nism of stereoselection. In other words, the extremely high ee’s that can 
be achieved in the hydrogenation of 26 are not the result of a “fair com-
petition” between the rates of similar elementary stages, but the result 
of the effectively blocked approach to this elementary stage leading to 
one of the enantiomers. Remarkably, the effectiveness of this approach is 
not expected to depend significantly on the temperature. Hence, the uni-
formly high ee’s in catalytic hydrogenations and low-temperature experi-
ments (as in the case of 26 hydrogenated with 3 or 8) can be considered 
as the evidence of purely dihydride mechanism. Otherwise, if significant 
changes of the optical yields with the temperature are observed, this testi-
fies for the existence of competing mechanisms.

1.1.2.7.4â•… Enantioselection in asymmetric hydrogenation of enamidesâ•… The 
detailed computations of the catalytic cycles for hydrogenation of five dif-
ferent substrates catalyzed by Rh–BenzP* complex convincingly showed 
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Figure 1.14â•‡ Scans of the relative energies changes during the approach of the 
CH = carbon atom to Rh. Gray: from 121 to 122. Black: from 123 to 124. (Reprinted 
with permission from Gridnev, I. D. et al., ACS Catal., 4, 203–219. Copyright 2014 
American Chemical Society.)
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that enantioselection takes place via the combination of the double bond 
coordination and migratory insertion stages (Scheme 1.34).21

In the case of the aryl-substituted enamides 13, 125–127 (see 
Figure 1.15a, exemplified for substrate 13), the most facile mode of the 
double bond coordination proceeds via the TS21 and leads to the for-
mation of α-dihydride 131 with the chelating cycle positioned in a less 
hindered quadrant. It competes with the formation via the TS22 of a 
β-dihydride 132 which also has its chelating cycle positioned in the less 
hindered quadrant. Hence, the level of the enantioselection must be 
determined by the difference DG1 in stabilities of TS21 and TS22 (e.g., 
Figure 1.15a).

Table 1.3 shows that the computational analysis provided a very good 
qualitative prediction of the sense and level of enantioselection. The high 
R-selectivity is predicted for the substrates 13, 125, 126 in accord with the 
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experimental data. The dramatic decrease of the R-selectivity in the case 
of substrate 127 is reproduced only qualitatively. Nevertheless, it is dif-
ficult to expect accurate prediction of low optical yields, since the corre-
sponding free energy differences are too small to be precisely computed. 
On the other hand, the accurate prediction of the complete enantiorever-
sal in the case of the t-butyl-substituted enamide 16 is very gratifying. In 
that case two pathways proceeding through β-dihydrides 132 and 134 are 
competing, and the enantioselectivity is determined by the value of DG2 
(Figure 1.15b).

Figure 1.16 shows the optimized structures of the transition states of 
two competing pathways for the double bond coordination. Since both 
TS’s lead to the formation of the chelate cycle in the less hindered quad-
rant, the relative stability of TS21 is evidently stipulated by C−Hâ•›…â•›p inter-
action between the substituted phenyl ring of the substrate and the t-Bu 
substituent of the catalyst, similar to that experimentally detected in the 
corresponding square planar catalyst–substrate complex. This conclusion 
is in accord with the experimentally observed increase of the optical yield 
of the asymmetric hydrogenation in a series 13<123<124, although we 
were unable to reproduce this effect computationally.

In the case of the t-butyl-substituted enamide 16, the α-dihydride 
pathway is disfavored due to the impossibility of the C−Hâ•›…â•›p interaction 
and significant steric hindrance between the two adjacent t-Bu groups, 
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Figure 1.15â•‡ Sections of the potential energy profiles for the double bond coordi-
nation and migratory insertion steps for the aryl (a) and t-butyl (b) substituted 
enamides. (Reprinted with permission from Gridnev, I. D. and Imamoto, T. Izv. 
Akad. Nauk, Ser. Khim., 1514–1534, 2016. With permission.)
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Table 1.3â•‡ Comparison of the experimental and computed optical yields (ee, %) in the Rh-catalyzed 
asymmetric hydrogenation of enamides 13, 16, and 123–125

Substrate

MeOCHN

13

Ph

MeOCHN
125

O2N

MeOCHN

126

F3C

CF3

16

MeOCHN

But

NHCOMe

127

ΔG1, kcal/mol 1.7 1.9 1.7 – 0.2
ΔG2, kcal/mol – – – 2.3 –
Computed ee 89.4 (R) 91.6 (R) 89.4 (R) 94.6 (S) 16 (R)
Experimental ee, 298 K 89.6 (R) 99.2 (R) 99.9 (R) 96.6 (S) 53 (R)
Experimental ee, 193 K 98.9 (R) 99.2 (R) 98.6 (R) – –

Source:	 Gridnev, I. D. and Imamoto, T. Izv. Akad. Nauk, Ser. Khim., 1514–1534, 2016.
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and the level of the stereochemical induction is determined via compe-
tition of the two β-dihydride pathways (Figure 1.17). Either of the TS’s 
shown in Figure 1.17 does not exhibit any steric hindrance, and hence the 
computed Gibbs free energy difference of 2.3 kcal/mol can be considered 
as an evaluation of the relative stability of the β-chelate ring formation in 
the less hindered quadrant of the catalyst. Apparently, the TS28 is a much 
“earlier” TS than TS26, in which the stereoselection can occur at the initial 
period of the approaching of the double bond to the Rh atom.

1.1.2.8â•… Sense of enantioselection and the relative size of substituents
In the previous sections, it has been shown that the intuitive ideas on the 
relative size of the substituents of the substrate are rarely helpful for the 
estimation of the relative stabilities of intermediates or transition states 
even when these substituents are actually different in shape and size.

This is still more difficult to do in the case of the diphosphine ligands 
with backbone chirality, when all four substituents on the phosphorus 
atoms are phenyls. The conformation of the chelate cycle (fixed by the 
backbone substituents) makes these four phenyls pairwise nonequivalent 

2.46Å

2.79Å

2.77Å

2.72Å

v = i55.8

v = i36.5

TS21

TS22

Figure 1.16â•‡ Optimized structures of the TS21 and TS22 in the case of substrate 13. 
(From Gridnev, I. D. and Imamoto, T. Izv. Akad. Nauk, Ser. Khim., 1514–1534, 2016. 
With permission.)
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(“pseudo”-axial and “pseudo”-equatorial), thus securing the C2-symmetrical 
environment around the rhodium atom essential to accomplish the asym-
metric catalysis. However, the question of which of these two types of spa-
tially nonequivalent phenyls provides the necessary hindrance to realize 
stereoselection was a source of a considerable controversy.

Originally, the question emerged when Knowles introduced his 
famous quadrant diagrams as an illustration of the empirical correla-
tion between the spatial arrangement of the phenyls in the known X-ray 
structures of the various catalytic precursors.46 The correlation works well 
in predicting the chirality of the product based on the chirality of the 
catalytic precursor.40 The early mechanistic interpretation of the quadrant 
rule in terms of the effective size of the substituents was inspired by the 
spectacular leaning of the equatorial phenyls from the plane orthogo-
nal to the chelate cycle of the known catalytic precursors, and the fact 
that these phenyls are “edge”-oriented in their solid state, contrary to the 

2.97Å

3.48Å

3.44Å

3.08Å

v = i115.7

v = i63.4

TS22

TS24

Figure 1.17â•‡ Optimized structures of the TS22 and TS24 in the case of substrate 16. 
(From Gridnev, I. D. and Imamoto, T. Izv. Akad. Nauk, Ser. Khim., 1514–1534, 2016.
With permission.)
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“face”-oriented axial phenyls.47 However, an empirical explanation of the 
relative stability of the square planar catalyst–substrate complexes based 
on the proposal of the relative bulkiness of the equatorial phenyls did not 
work. As Knowles puts it in his Nobel lecture on the structure of the cata-
lyst–substrate complex, “…it was with considerable eagerness we awaited 
the X-ray crystallograpic analysis results. It turned out that the enamide 
was lying nicely in the hindered quadrant.”48

Initially the “quasi”-equatorial phenyls were assigned as effectively 
large substituents, since they block more strongly the area in front of the 
plane orthogonal to the Rh–diphosphine chelate cycle.46 This stereochemi-
cal feature is illustrated in Figure 1.18 (upper left) that shows the opti-
mized structure for the square planar solvate Rh(I)-(S)-BINAP complex.

However, in the case of the ligands with backbone chirality the asym-
metric environment reverses when changing from a Rh(I) square planar to a 
Rh(III) octahedral complex. This is demonstrated in Figure 1.18 (bottom left), 
showing that in the octahedral complex the area above the “quasi”-equatorial 
phenyl becomes more attractive for building a chelate cycle.43

Comparing the sense of enantioselection obtained with P-chiral 
ligands generating a clearly defined asymmetric environment with that 
observed with ligands bearing backbone chirality,42,49 one can conclude 
that the stereoselection in Rh-catalyzed asymmetric hydrogenation takes 
place in octahedral Rh(III) complexes.43

With tetraaryl-substituted P-chiral ligands the major effect on the 
asymmetric environment is created by the conformation of the chelate 
cycle, rather than by the relative size of the substituents on phosphorus. 
Thus, two catalytic precursors 139 and 140 of the same chiral diphosphine 
can have two opposite arrangements of the phenyl and o-tolyl rings in the 
solid state, and still (quite unsurprisingly) yield the hydrogenation prod-
uct with the same sense of enantioselection (Figure 1.19).50

This means that both 139 and 140 give the same active catalyst species 
141. That is, the backbone conformation is changed from that observed in the 
solid state. The ortho-tolyl substituents are larger than phenyls, and in solu-
tion they occupy “quasi”-equatorial positions to reduce the 1,3-interactions 
between the aryl group and the methylene hydrogen atom. This makes 
the phenyls that are actually smaller in size to create the hindrance for 
the chelation in the area above and below of the Rh-diphosphine cheÂ�
late cycle.

The latter conclusion helps to understand the sense of enantioselec-
tion obtained in asymmetric hydrogenations catalyzed by Rh complexes 
of DIPAMP and structurally similar ligands. The origin of the high ste-
reogenic potential of the DIPAMP ligand has long fascinated researchers 
in this field. Indeed, the difference in size between o-anisyl and phenyl 
groups seems too insignificant for the excellent stereoselection observed 
in the hydrogenations catalyzed by Rh–DIPAMP complex. Knowles 
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himself suggested that the ortho-methoxy group of the anisyl substituent 
might participate in the coordination of the DIPAMP ligand to rhodium, 
thus securing the higher stereoselection.51

However, analysis of the hydrogenation results for the Rh complexes 
of DIPAMP (142) and a series of DIPAMP-like diphosphine ligands 143–146 
(Table 1.4) shows that the very similar ee’s are achieved with the ligands 
that do not have any donor atoms capable for additional coordination in 

Square planar

Rh((S)-BINAP)(CH3OH)2,
give R-amino acids

Rh((S,S)-BisP*)(CH3OH)2,
give R-amino acids

Octahedral

Stereoselection takes place in octahedral complexes

Figure 1.18â•‡ Optimized structures (B3LYP/SDD) of the square planar solvate Rh(I) 
complexes [Rh((S)-BINAP)(CH3OH)2]+ and [Rh((S, S)-t-Bu-BisP*)(CH3OH)2]+ (top), 
and octahedral solvate dihydride Rh(III) complexes [RhH2((S)-BINAP) (CH3OH)2]+ 
and [RhH2((S, S)-t-Bu-BisP*)(CH3OH)2]+ (below). The orientation of the methanol 
molecules helps to determine the less hindered quadrant in each case (in octahedral 
complexes the equatorially coordinated methanol molecule is brought away from the 
substituents on the phosphorus atoms, hence only the position of the axially coordi-
nated methanol molecule is informative). In case of the P-chiral t-Bu-BisP* complexes 
(right), the quadrant diagram is the same for Rh(I) and Rh(III) because the relative 
size of the substituents always remains the same. Hence, it can be concluded that 
when a large substituent is in the upper left corner, R-amino acids are produced. 
In the case of tetraphenyl-substituted BINAP complexes, the quadrant diagram is 
opposite for square planar and octahedral complexes. The Rh-(S)-BINAP complex 
gives R-amino acids in asymmetric hydrogenation, hence the arrangement of the 
larger and smaller substituents in the stereodiscriminating step must be the same as 
in the t-Bu-BisP* case. Thus, one can conclude from these data that stereoselection 
takes place in octahedral complexes. (Gridnev, I. D. and Imamoto, T., Chem. Commun., 
7447–7464, 2009. Reproduced by permission of The Royal Society of Chemistry.)
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the rhodium complexes.50 Moreover, the results shown in the Table 1.4 dem-
onstrate the uniformity of the sense of enantioselection observed in asym-
metric hydrogenations utilizing these ligands; if the “larger” substituted 
phenyl ring is regarded as a bulky substituent, then predictions of the 
quadrant rule are opposite for the P-stereogenic ligands with clear differ-
ence in the size of the substituents on phosphorus.42

The conformation of the chelate cycle of the catalyst in solution must 
be determined in the Rh complexes of the ligands 142–146 by the sub-
stituents on phosphorus. The substituted phenyls would therefore pref-
erentially occupy the equatorial positions. This is confirmed by the X-ray 
structure for the rhodium complex of 146 (Figure 1.20).42 In solution, 
the tetrahydronaphthalene substituents can easily acquire a conforma-
tion where they would not create any hindrance above the chelate cycle, 
whereas the axial positions of the phenyls would be fixed by the confor-
mational locks (Figure 1.20b). Accepting this line of argument, it can be 
concluded that the unsubstituted phenyls in the Rh complex of 146 act 
as stereoregulating substituents. This, in turn, gives a quadrant diagram 
that coincides with the general quadrant rule (see above). In other words, 
being formally P-stereogenic ligands, DIPAMP (142) and its analogs 
(143–146) work as the catalysts with backbone chirality in asymmetric 
hydrogenation (Figure 1.20).

Give R-amino acids
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Figure 1.19â•‡ In the case of P-chiral ligands with flat aryl substituents, the rela-
tive size of the substituents is determined conformationally. (Gridnev, I. D. and 
Imamoto, T., Chem. Commun., 7447–7464, 2009. Reproduced by permission of The 
Royal Society of Chemistry.)
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Table 1.4â•‡ Results of asymmetric hydrogenations (ee [configuration of the product]) 
catalyzed by the Rh complexes of diphosphines 142–146

Ligand

Ph NHCOMe

CO2Me

Ph NHCOMe

CO2H

NHCOMe

AcO

MeO

CO2H

NHCOMe

CO2H Refs.

P P
Ph

Ph

OMe

MeO

142

97 (R) 96 (R) 94 (R) 90 (R) [51]

P P
Ph

Ph

Me

Me

143

92 (R) 89 (R) 90 (R) 90 (R) [50]

(Continued)
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Table 1.4 (Continued)â•‡ Results of asymmetric hydrogenations (ee [configuration of the product]) 
catalyzed by the Rh complexes of diphosphines 142–146

Ligand

Ph NHCOMe

CO2Me

Ph NHCOMe

CO2H

NHCOMe

AcO

MeO

CO2H

NHCOMe

CO2H Refs.

P P
Ph

Ph

Et

Et

144

97 (R) 90 (R) 91 (R) 93 (R) [50]

P P
Ph

Ph

Pri

Pri

145

>99 (R) 92 (R) 91 (R) 96 (R) [50]
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The sense of enantioselection in other reactions can be also analyzed 
using the conclusions made above. Thus, the structurally rigid Rh complex 
of (R, R)-QuinoxP* ligand52 (147) always has the bulky tert-butyl substitu-
ent in the upper left quadrant, and the sense of enantioselection of asym-
metric hydrogenation (stereoselection in octahedral Rh(III) complexes) is 
consistent with that of asymmetric addition of arylboronic acids to enones 
(stereoselection in square planar Rh(I) complexes) (Scheme 1.35).52

In contrast, as shown above, the asymmetric environment around the 
Rh atom changes when the geometry of the Rh−(S)-BINAP complex (148) 
transforms from octahedral to square planar. Accordingly, whereas the 
sense of enantioselection of asymmetric hydrogenation catalyzed by 147 
is the same as in the case of 148,53 an opposite sense of enantioselection 
is observed in the asymmetric addition of phenylboronic acid to cyclic 
enones catalyzed by 147 and 148.54

(a) (b)

(c)

Figure 1.20â•‡ Models built with using the X-ray structure of the cyclooctadienylÂ�
rhodium complex of the diphosphine 17: (a) X-ray structure without the cod ligand; 
(b) structure obtained by rotation around P–C bonds of the tetrahydronaphtaÂ�lenyl 
substituent; and (c) quadrant diagram corresponding to the upper structure—
hindered quadrants are made by axial phenyls. (Reprinted with permission 
from Gridnev, I. D. and Imamoto, T., Acc. Chem. Res., 37, 633–644. Copyright 2004 
American Chemical Society.)
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1.1.3â•…� Catalysis with rhodium complexes of monophosphines

Catalytic systems employing Rh complexes of chiral monophosphines are 
quite popular recently due to the higher accessibility of the monophospho-
rus ligands, which makes them amenable to high throughput screening 
techniques.55–57 There are two main problem of the mechanistic studies in 
this field. The first is the ambiguity in the actual composition of the active 
catalyst, since any of the species RhL, RhL2, RhL3, and RhL4 are available 
in the reaction mixture.55 Initially applied nondirect approaches to this 
problem provided contradictory information. Based on the observation of 
nonlinear effects55,58 it was suggested that RhL2 species must be respon-
sible for the enantioselective hydrogenation rather than RhL species, as 
has been suggested in another work.59 Another problem is the conforma-
tional flexibility of the complexes with monodentate ligands that makes 
ambiguous any straightforward stereochemical correlations.

Further research showed convincingly that the RhL2 species are likely 
to be responsible for the enantioselective catalysis that makes the mecha-
nisms of the asymmetric hydrogenation catalyzed by Rh complexes with 
mono- or diphosphine ligands similar.

Thus, clean formation of the solvate complex [Rh(L)2(S)2]+ (150) where 
L  =  t-BuP((S)-binaphthoxo) existing in equilibrium with its dimer 150a 
(Scheme 1.36) was reported.60 Only very weak binding with MAC (4) or 
benzoyl phosphonate (73) was detected at −100°C. Nevertheless, using 13C 

Ph

Ph

NHCOMe

NHCOMe

CO2Me

CO2Me

Ph NHCOPh

CO2Me

Ph

NHCOPh

CO2Me

+ H2

99.9% ee(R)

98% ee (R)

But

But

N N
Me

PP
RhMe

O

+ PhB(OH)2 O

+ PhB(OH)2

Rh-(R,R)-QuinoxP* Rh-(S)-BINAP

147 148

O

Ph
97% ee (S)

93% ee (R)

O

Ph

PPh2

PPh2

Rh

+ H2

Scheme 1.35â•‡ Switch of the sense of enantioselection in the case of Rh-(S)-BINAP com-
plex. (Gridnev, I. D. and Imamoto, T., Chem. Commun., 7447–7464, 2009. Reproduced 
by permission of The Royal Society of Chemistry.)
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labeled phosphonate 73* and hydrogenating it in the presence of catalyst it 
was possible to characterize the monohydride intermediate 152. Two mono-
phosphorus ligands are present in the structure of 152, hence the other 
intermediates in the catalytic cycle are likely to be RhL2 species either.60

Hydrogenation of the catalytic precursor [Rh(NBD)
((R)-PhenylBinepine)2]SbF6 (153) in donating solvents like CD3OD or 
THF-d8 at ambient temperature resulted in quantitative formation of the 
corresponding solvate dihydrides 156a or 156b, respectively with the 
cis(H)-trans(P) structure.61 Apparently, cis(H)-cis(P) dihydrides 155a, b 
initially formed via oxidative addition, further rearranged into the more 
stable compounds 156a, b (Scheme 1.37).

Computations confirmed that 155a is 6–8  kcal/mol less stable than 
156a (depending on the conformation), hence the former cannot be 
detected in the NMR spectra, but is nevertheless kinetically accessible.

In less polar CD2Cl2 hydrogenation stopped at the stage of the solvate 
complex 154 which reversibly formed dimer 157 and gave diastereomeric 
chelate catalyst–substrate complexes re-158 and si-158 in a 4:1 ratio upon 
addition of MAC.61
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O
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Scheme 1.36â•‡ Intermediates detected with the bis-monophosphorus−Rh complex 
71 as a catalyst. (Gridnev, I. D. and Imamoto, T., Chem. Commun., 7447–7464, 2009. 
Reproduced by permission of The Royal Society of Chemistry.)
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Three independent stoichiometric experiments were carried out: 
hydrogenation of 158 at −90°C and reaction of 156a and 156b with MAC at 
low temperatures. Despite the difference in the experimental set-ups and 
in the temperature regimes of hydrogenation, the product 72 obtained in 
these experiments was always of >99% ee (S) (Scheme 1.38).

If the reaction product could be obtained directly via oxidative addi-
tion of H2 to si-158 and re-158, then their hydrogenation at decreased 

CH2

H2
CH2

CH2

CH2

Ph

Ph

P

CH2

CH2
PhP

P

Rh
+ +L

L

S

S
Rh

+
L

L L

L
S

S
S

S
Rh

+
Rh

L =

S = CD3OD, 155a, 156b
S = THF-d8, 155b, 156b

153

156a,b 155a,b

154

H H
HH

Scheme 1.37â•‡ Hydrogenation of the catalytic precursor 153. (Gridnev, I. D. et al., 
Chem. Commun., 48, 2186–2188, 2012. Reproduced by permission of The Royal 
Society of Chemistry.)
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Scheme 1.38â•‡ Three different experiments carried out at decreased temperatures. 
(Gridnev, I. D. et al., Chem. Commun., 48, 2186–2188, 2012. Reproduced by permis-
sion of The Royal Society of Chemistry.)
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temperature, under the conditions of the slow exchange between si-158 
and re-158, would inevitably result in the decrease of the optical yield of 
72. Hence, either the double bond is dissociated during or after the oxi-
dative addition of H2 to si-158 and re-158, or the oxidative addition itself 
occurs indirectly via partial or complete dissociation of the substrate. In 
other words, immediately after the hydrogen activation the double bond 
of the substrate is not coordinated, and the reaction pool contains various 
nonchelating intermediates rapidly interconvert via intra- and intermo-
lecular coordination-decoordination processes, oxidative additions and 
reductive eliminations of H2 (Scheme 1.39).61

Therefore, the stereoselection occurs on a later stage of the catalytic 
cycle, after selective coordination of the double bond with one of its pro-
chiral planes to the octahedral Rh(III) complex that already contains acti-
vated hydrogen. The migratory insertion step is characterized by very low 
activation barriers, hence it takes place immediately after the double bond 
acquires the appropriate conformation coplanar with the Ptrans–Rh–H bond.

Remarkably, the reversibility of the reaction is conserved until the 
stage of the monohydride intermediate 159 (Scheme 1.39).61 Reversibility 
of all stages (and even of the stage in which the optical center is being cre-
ated) of the catalytic cycle preceding the irreversible release of the product 
and regeneration of the catalyst effectively levels the effect of the multiple 
reaction pathways and excludes the possibility of a racemization of the 
already created asymmetric center.

The outlined mechanism is in a complete accord with the stereose-
lection mechanism suggested previously for the Rh-diphospine catalyzed 
hydrogenations (vide supra).

Due to the conformational flexibility of the Rh complexes with mono-
dentate ligands, computational studies of the enantioselective step are 
complicated, and such studies were not reported so far. Nevertheless it 
was shown experimentally and computationally that distinct conforma-
tional minima can be observed for RhL2

+ species that opens further pos-
sibilities for the computational analysis of these systems.62

1.1.4â•… Conclusions

A relatively large amount of experimental and computational data acquired 
so far for the Rh-catalyzed asymmetric hydrogenation makes possible some 
definite conclusions on the nature of the catalytic cycle and the mechanism 
of enantioselection that often result in the ultimate catalytic performance.

The first important feature of the catalytic cycle is its reversibility 
expanded until the very late steps. Practically each step in a chiral catalytic 
cycle can demonstrate certain selectivity, and it is difficult to imagine a 
situation when each stereoselective step would contribute to the accumu-
lation of the same handedness of the product. For example, it is clear from 
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the data summarized in this chapter that the stereochemical preferences 
of the square planar Rh(I) complexes and octahedral Rh(III) complexes are 
opposite.

Due to the reversibility of all steps, even if initially a “wrong” pathway 
is taken, after encountering with a high activation barrier, reverse reaction 
can take place opening the door to a more facile reaction trail. This feature 
was called “trial-and-error” mechanism of enantioselection.43

This idea is illustrated in Scheme 1.40. Equatorial coordination of the 
double bond in the octahedral Rh(III) dihydride intermediate uniformly 
leads to the extremely facile migratory insertion and reductive elimina-
tion steps. The same reactions for the intermediates with apically coor-
dinated double bonds are significantly less facile. Thus, the difference in 
free energies for the migratory insertion for the dihydride intermediates 
with apical and equatorial coordination of the double bond was com-
puted to be 10–15  kcal/mol in the case of the asymmetric hydrogena-
tion of various enamides21 or α-dehydroamino acids.16,22 In the case of the 
esters of β-dehydroamino acids this difference is smaller (3–7 kcal/mol, 
vide supra the Table 1.2), nevertheless in neither of computed catalytic 
cycles the pathways proceeding through apical double bond coordina-
tion actually competed with those proceeding through equatorial double 
bond coordination. Example of a catalytic cycle where the high barrier 
of reductive elimination makes impossible the realization of a pathway 
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Dihydride intermediates
with equatorial double bound

Dihydride intermediates
with apical double bound

Migratory insertion and/or
reductive elimination with
relatively low activation barriers
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P Rh
H
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Scheme 1.40â•‡ The flux of catalysis can proceed only via the dihydride intermedi-
ates with equatorially coordinated double bond.
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proceeding through a dihydride intermediate with apically coordinated 
double bond is described in Scheme 1.19.

Hence, although dihydride intermediates with apical coordination of 
the double bond can occasionally form in the reaction pool, they do not 
contribute to the accumulation of the product and recovery of the catalyst.

Furthermore, numerous experimental data confirm that facile migratory 
insertion is possible only when a coplanar orientation of the double bond 
and P−Rh−Htrans is achieved in a dihydride intermediate (e.g., Figure 1.4). 
Apparently, the migratory insertions with alternative coordination of the 
double bond are higher in energy, but computations of such steps were not 
tried so far. Nevertheless, only four possible pathways must be considered 
as competitive (e.g., Scheme 1.34).

The above considerations are valid for all known substrates of 
Rh-catalyzed asymmetric hydrogenation. The further competition of four 
pathways involving double bond coordination, migratory insertion, and 
reductive elimination depends on the nature of the substrate.

The most important contribution to the enantioselection is the require-
ment to form the chelate cycle in a less hindered quadrant. In all known 
cases, the sense of enantioselection can be explained by this rule. However, 
there are two ways to satisfy this requirement, and which one would be actu-
ally chosen depends on the properties of the substrate (e.g., Figure 1.15).

The same properties determine how many and which pathways 
would compete with the most facile one. There are cases when the most 
facile pathway meets almost no competition. Apart from the perfect ee’s 
they can be recognized by the absence of the temperature effect on the 
optical yield, several such cases were described above. From the kinetic 
point of view they are characterized by undisturbed formation of the che-
late cycle in the less hindered quadrant followed by barrierless and practi-
cally irreversible migratory insertion (e.g., red line in Figure 1.15a).

On the other hand, the competition of three pathways is clear from 
Figure 1.6 (Scheme 1.27). In general case, the accurate analysis of the 
experimental ee values must involve kinetic simulations of three steps: 
double bond coordination, migratory insertion and reductive elimination 
of two α-dihydride and two β-dihydride pathways.

1.2â•…� Ru-catalyzed asymmetric hydrogenation 
and transfer hydrogenation of ketones

1.2.1â•… Overview

Ketones are among the most common unsaturated substrates contain-
ing a C=O group.63 Homogeneous transition metal-catalyzed asym-
metric hydrogenation (AH) and transfer hydrogenation (ATH) of 
prochiral ketones is one of the most powerful and efficient methods for 
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the preparation of optically active alcohols.63–86 The hydrogenation pro-
cess uses cheap molecular hydrogen (H2), the most abundant molecule 
in the universe and the most atom-efficient reducing chemical agent, 
and produces enantioenriched alcohols without forming any waste 
and with minimal workup involved.87 If a hydrogen donor is different 
from H2 (e.g., propan-2-ol, a HCO2H/NEt3 mixture, HCO2Na/water etc.), 
the process is known as transfer hydrogenation.64,82,88–90 The selectiv-
ity in terms of stereo-, chemo-, and regioselectivity could be different 
from AH systems; therefore, ATH may complement the latter. When 
hydrogenation is carried out in alcohols, these two processes may be 
concurrent, although hydrogenation is usually the dominant process. 
Beginning with a moderate enantiomeric excess (ee) of 82% reported by 
Markó et al. in 1985 (BDPP–RhI complex),91 the optical yields in the asym-
metric hydrogenation of aromatic ketones in particular, have rapidly 
grown and achieved >99% ee. The most significant progress was made in 
the mid-1990s, when Noyori, Ikariya, and coworkers discovered the novel 
and very practical (pre)catalysts, trans-[RuCl2{(S)-binap}{(S, S)-dpen}]86,92–99 
1 and (S)-RuCl[(R, R)-XCH(Ph)CH(Ph)NH2](η6-arene) [X = NTs,100–102 O103] 2 
as shown in Chart 1.1, for the enantioselective hydrogenation and transfer 
hydrogenation of aromatic ketones, respectively.

The discovery of catalysts 1104–109 and 2110–130 contributed to the devel-
opment of the asymmetric hydrogenation and transfer hydrogenation 
of ketones (and imines) into a key technology for small- to industrial-
scale production of optically active compounds, including medicines, 
agrochemicals, and perfumes.70,71,77,81,105,106,131–141 Although other practical 
catalysts were developed for ketone hydrogenations,142–146 it is with cata-
lysts bearing at least one N–H functionality,147 that is, those for which 1 
and 2 are prototypes, that enantioselective ketone hydrogenations have 
achieved the highest performance, closely approaching that of natu-
ral enzymatic systems and delivering, not infrequently, chiral alcohols 
with up to 99.9% ee with extremely small catalyst loadings (~10−5 mol %) 
at ambient temperatures making this reaction one of the most efficient 
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artificial catalytic reactions developed to date. The most efficient and 
stable catalysts are typically based on Ru and Ir. An example of such a 
system is the latest modification of 1, the chiral ruthenabicyclic complex 
(R)-RUCY-XylBINAPTM developed by Takasago Int. Corp. that quantita-
tively hydrogenates acetophenone into (S)-1-phenylethanol with >99% 
ee under 50 atm H2 pressure within 6 min (11°C–35°C) with S/C =  105, 
Chart 1.2. The turnover frequency (TOF) reaches about 35,000 min−1 in the 
best case.106,148 Another example of such a system is Zhou’s chiral iridium 
catalyst Ir-SpiroPAP bearing a tridentate ligand with an N–H function-
ality that hydrogenates acetophenone with an S/C ratio up to 5 × 106 at 
25°C−30°C producing the product in 91% yield and 98% ee, Chart 1.2.149 
Very recently, Zhang reported the novel air-stable chiral Ir catalyst Ir(III)-
f-Amphox which hydrogenates aromatic ketones with up to 99.9% ee’s, 
Chart 1.2.150

A deep understanding of the architecture of molecular catalysts 1 and 
2 stimulated the development of the field known as “metal–ligand bifunc-
tional catalysis” or simply “bifunctional catalysis”74,76,83,151 that has been 
rapidly expanded upon in both academia and industry. Originally devel-
oped for the hydrogenation and transfer hydrogenation of ketones and 
imines,152–159 the same bifunctional molecular catalysts, the key structural 
parameter of which is an N–H functionality,147 are now applicable toward 
a wide range of practical chemical transformations including hydrogena-
tions of less electrophilic carbonyl compounds such as anhydrides,160,161 
imides, esters,160,162–164 and carboxamides,160,164–166 various dehydrogena-
tions,167,168 and other important chemical transformations.74,167,169,170

In this chapter, historical views of the mechanisms involving proto-
types of so-called bifunctional catalysts, pioneering complexes 1 and 2, 
will be briefly presented and the current understanding will be critically 
assessed.

For acetophenone:
S/C = 100 000
solvent = EtOH/iPrOH (1:1); 50 atm H2
11°C–35°C, 6 min
> 99% yield
> 99% ee (S)

For acetophenone:
S/C = 5 000 000
solvent = EtOH; 100–60 atm H2
25°C–30°C, 15 days
91% yield
98% ee (S)

For acetophenone:
S/C = 1 000 000
solvent = iPrOH; 80 atm H2
48 hour
> 99% conversion
up to 99.9% ee
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1.2.2â•…� A brief critical overview of experimental and 
computational techniques used in the early 
mechanistic studies of 1 and 2

Mechanistic studies of Ru-catalyzed asymmetric hydrogenations and 
transfer hydrogenations began shortly after the discovery of catalysts 1 
and 2 and were based on three main approaches: stoichiometric NMR 
studies, kinetic analyses including measurements of kinetic isotope 
effects (KIE’s), and gas-phase computations. All of these methods are 
indeed ubiquitously used by chemists to study reaction mechanisms and 
analyze catalytic cycles.

1.2.2.1â•…� The characteristic time and sensitivity 
of NMR spectroscopy

The characteristic time of a physical method derives from the uncertainty 
relation between energy and time.171 Each act of interaction of an electro-
magnetic wave or particle flux with a substance occurs within a certain 
amount of time. If during this time the system rearranges, then the param-
eters of the system are averaging in time. In other words, if the lifetime of 
an intermediate is short compared to the characteristic time of the applied 
detection method used, it will not be observed by this method. The lack 
of detection of an intermediate by a specifically used detection method, 
however, often serves as “evidence” about the concertedness of a reac-
tion involving the cleavage/formation of multiple bonds. Indeed, chemists 
usually intuitively define a concerted multibond reaction172 (synchronous or 
asynchronous)173,174 as one that takes place in a single kinetic step.172,175–178 
The widely used technique of NMR spectroscopy represents one of the 
slowest physical methods (time-scale of 10−7−10−8 s) and therefore cannot be 
universally used to study concerted multibond reactions.172 Possibly the best 
method to study these reactions, although less available than NMR spec-
troscopy, is femtosecond transition state spectroscopy, introduced in the 
1990s by Zewail and coworkers, which has a time-scale of 10−15 s.179 Time-
resolved experiments have indeed unraveled the issue of concertedness for 
a variety of organic chemical reactions that were thought to be concerted 
multibond: α-cleavage of acetone, decarbonylation of cyclopentanone and 
the cracking of cyclobutane. These reactions were shown to be stepwise, 
proceeding through detectable high-energy radical intermediates.180,181

 Finally, one should not forget about the sensitivity of the NMR 
method: if one observes, for example, two species by NMR, there are liter-
ally fifty two that he or she does observe by NMR.

1.2.2.2â•… Kinetics
Catalysis is a kinetic phenomenon.182 Traditional kinetic analyses rely on 
the time-dependence of concentrations.183 However, even for relatively 
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simple (noncatalytic) reactions, commonly employed models for reaction 
kinetics such as transition state theory184,185 (TST) and Rice-Ramsperger-
Kassel-Marcus186–189 (RKKM) theory, already being very rough approxima-
tions, cannot in many cases adequately describe chemical reactions.190–192 
The same is true for kinetic isotope effect measurements, which in addi-
tion can be obscured by H/D scrambling,193 quantum tunneling effects194 
or posttransition-state bifurcations195 on the potential energy surface 
(PES).195–199 For a catalytic reaction that is composed of numerous steps, 
the interpretation of these data seems to be much more complicated: even 
the simplest catalytic cycles invoke kinetics that are more complex than 
can be easily handled by the usual tools for the extraction of rates.

Catalytic kinetics in the twentieth century were dominated by rate 
equations.200 Rate constants, were and are, extracted from rate equations 
obtained by fitting kinetic data,200 usually obtained by adjusting the pro-
cess parameters to enable linearity.201 A catalytic cycle, however, is a non-
linear dynamic system. Even with a fixed set of parameters, turn-over 
limiting states may change with time and extent of turnover.201 Thus, 
depending on the portion of the catalytic reaction under study, the rate 
law may be different. Therefore, can statements as to the kinetic order of 
the overall catalytic reaction with respect to either substrate(s) consump-
tion or product production obtained by traditional concentration kinetics 
always be universally assumed to be correct? Even if they are, different reac-
tion mechanisms may predict the same overall reaction rate.

Boudart suggested that from an experimental standpoint, a better 
analysis of catalytic reactions is an iterative microkinetic analysis origi-
nally introduced in heterogeneous systems202 based on rate constants of 
the assumed elementary steps, that would be calculated by computational 
chemistry in the future.200 Chen used differential kinetics (time-dependence 
of rates rather than concentrations) and numerical integration of the rate 
equations to determine the elementary rate constants for the analysis of the 
catalytic cycle for acetophenone hydrogenation with Noyori’s catalyst in the 
presence of a base.201 It was concluded that what was termed as the “turn-
over-limiting step” (i.e., dihydrogen cleavage or hydride transfer) changes 
during the course of reaction and this changeover depends on the degree of 
turnover and other parameters. This further confirms that statements such 
as the reaction is first-order with respect to a component A or the reaction is zero-
order with respect to a component B, and so on, cannot be always universally 
applied.

The key concept of a rate-determining step in catalysis further 
deserves a separate comment. Very recently, the deeply rooted paradigm 
of this concept was suggested to be flawed.203–208 With respect to a cata-
lytic reaction, even under the assumption that a TST is valid, neither one 
reaction step, commonly abbreviated as “the slowest step of the reaction” 
nor its associated transition state, determines the efficiency of a catalytic 
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cycle, that is, its TOF.209–212 In other words, it is incorrect to segregate the 
step with the highest barrier from a computed catalytic cycle and com-
pare the corresponding barrier with the experimentally determined one 
of a catalytic reaction. For example, Morris and coworkers follow the tradi-
tional approach and compare the computed activation barrier of H–H bond 
cleavage via metal–ligand cooperation with the experimentally determined 
activation barrier from kinetics studies in which the kinetic law is zero with 
respect to ketone, but first order in catalyst and H2, that is, rate = k[catalyst]
[H2].213,214 Within the current level of understanding, the experimentally 
determined activation barrier should instead be compared to a computed 
energetic span,203–208 within which an experimentally determined rate law, 
that is, the reactant orders, can be also realized.215,216 The relationship between 
experimentally determined rate constants (the k-representation) and a com-
putational study of a catalytic cycle (the E-representation) is discussed in the 
reviews203–208 of Kozuch and Shaik. Because of the limitations and other fac-
tors discussed above, it is evident that this model will not always succeed in 
describing experimental kinetics, but at least may approximate it in certain 
cases.215–217

1.2.2.3â•… Computations in the gas-phase
Theoretical modeling is typically performed by organometallic chemists 
using the framework of pervasive density functional theory (DFT).218,219 
The vast majority of these quantum chemical calculations are tradition-
ally performed in the gas-phase (vacuum) and quite frequently by using 
simplified molecular models. The most typical motivation for this is “to 
reduce computational time.”

The behavior of chemical reactions occurring in solution, however, 
is largely dictated by solvent effects.220 Solute-solvent interactions have 
dramatic effects on molecular structures, energies and properties221–223 as 
well as on the outcome of the reaction, including the sense of enantiose-
lection.224,225 Within the gas-phase, reactions without charge separation or 
charge distribution are common (e.g., radical and pericyclic reactions), but 
in solution, most reactions do involve charge separation and charge distri-
bution.220 Solvent effects can be grouped into two distinct components.220,226 
Nonspecific solvation or macrosolvation describes interactions between solute 
molecules and the solvent polarization electric field (reaction field) around 
the solute in solution. Specific solvation or microsolvation is defined as the 
formation of kinetically stable complexes between the solute and solvent, 
originating from hydrogen-bonding, charge transfer or electron-pair donor-
acceptor complexes and other weak chemical interactions. A computational 
description of nonspecific solvation can be achieved by treating the solvent 
as a continuous medium characterized by its macroscopic dielectric con-
stant.227–233 This gives rise to the continuum or implicit solvation model.222,234 
When the solvent and solute interact only slightly, the continuum model is 
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an efficient tool for a proper description of chemical systems, accounting for 
the effects of solvation on a molecular structure, its energetics, and dynam-
ics.228,230 A computational description of specific solvation can be achieved 
via explicit inclusion of one or more solvent molecules into gas-phase cal-
culations. This gives rise to the discrete or explicit solvation model.51,55 
The best approach to take into account both nonspecific and specific interac-
tions is to compute the solute properties by including a few explicit solvent 
molecules in the continuum solvent, thus giving rise to a continuum/dis-
crete solvation model.230,235–239 Usually the inclusion of only a small number 
of solvent molecules is sufficient to fill most of the discrepancy between 
energy diagrams calculated in the gas-phase and in solution.240–242

On the other hand, it is well-known experimentally that even slight 
simplifications of catalyst structure can result in significant losses in activity, 
enantioface selectivity and other parameters. Therefore the use of gas-phase 
computations or simplified models in order to reduce computational time should 
be avoided by all means, since very different mechanisms may be in operation 
in the presence and absence of solvent and for different catalysts.243,244

1.2.3â•… Progress of the reaction mechanism with 1 and 2

Both 1 and 2 were found to be remarkable and unique in several aspects: 
they provide quantitative chemical yields within minutes to hours, enan-
tioselectivities of up to 99%, high C=O/C=C chemoselectivities, and 
extremely high turnover efficiencies, notably for the hydrogenation pro-
cess with S/C ratios of up to few millions at room temperature.63 The last 
two aspects were particularly unusual: opposite C=C/C=O chemoselec-
tivities and much lower turnover efficiencies were typically observed 
for hydrogenation catalysts that were accepted to operate via a classi-
cal inner-sphere mechanism,245–248 that is, when preliminary substrate 
coordination to the metal is involved. The startling effect of diamines 
as ancillary ligands for ketone hydrogenations and transfer hydrogena-
tions using such RuII systems was observed when primary or secondary 
amines were present within the ancillary ligand backbone. Complexes 
containing chelating amines lacking N–H groups, for example, N, N,N’,N’-
tetramethylethylenediamine (TMEDA) or (R, R)-N(Ts)CH(Ph)CH(Ph)
NMe2 were observed to be totally or almost inactive,63,92,101 suggesting the 
importance of an N–H functionality for the efficacy and intimate nature of 
the catalytic reaction. All of these early observations promoted Noyori, 
Ikariya and coworkers to suggest a mechanistically novel, nonclassical 
“metal–ligand bifunctional mechanism” as the pathway responsible for 
the complete reduction of a carbonyl group.74,76,82,83,86,93,95,96

Nonclassical, because the reduction of a ketonic substrate takes place 
within the outer-sphere of the coordinatively saturated catalyst-complex, 
that is, without preliminary substrate coordination. This feature nicely 
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rationalized the uncommon functional group selectivity in favor of the 
C=O moiety, as well as the unprecedented catalytic efficiencies. Metal–
ligand bifunctional, since this outer-sphere reduction proceeds via a sim-
ple, aesthetically pleasing, concerted transfer of both the hydridic Ru–H 
from the metal and protic N–H from the ligand to a C=O linkage via a 
thermally allowed six-membered [σ2s + σ2s + Ï•2s]249 pericyclic transition 
state63,83,93–95,97 (TS) as shown in Chart 1.3, transition structure of type TSa.

Within this framework, the nitrogen containing chelating ligand thus 
directly participates in the act of proton transfer (in concert with hydride 
transfer from the metal) via its N–H group, which is consistent with the 
observation that a chelating diamine with at least one N–H functionality 
is needed for activity.250 The active form of the catalyst was proposed to be 
regenerated by reaction of the 16e– Ru amido complex produced by this con-
certed transformation with molecular hydrogen or propan-2-ol, depending 
on whether the process is hydrogenation or transfer hydrogenation. For 
hydrogenation, this occurs either directly via multibond concerted172 TSb 
or with the help of one protic molecule via a so-called “proton shuttle” 
type, multibond concerted172 TSc, respectively.93 Here again, the H–H bond 
cleavage step proceeds via direct participation of the ligand in multibond 
breaking/making processes and within the currently accepted and popu-
lar point of view, is said to occur via “metal–ligand cooperation.”251,252 For 
transfer hydrogenation, the catalyst is regenerated via a transition struc-
ture of type TSa. The corresponding catalytic cycles proposed from early 
studies for the active forms of catalysts 1 and 2 are shown in Schemes 1.41 
and 1.42, respectively. They were discussed elsewhere.63,83,93–95,97,253,254

Here, are recalled several important features of these catalytic cycles 
gleaned from early studies. First, during the course of the reaction involv-
ing both catalysts, the oxidation state of the metal does not change, and 
the ligand undergoes a reversible chemical transformation that is N–H 
bond cleavage/formation. Second, all of the processes represented by 
transition states TS1–TS5 are multibond concerted,172 that is, both reduction 
of the substrate and catalyst regeneration via H–H bond cleavage involves 
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Chart 1.3â•‡ Transition states proposed by Noyori and co-workers.
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the breaking and formation of multiple bonds in one single act. Third, 
the N–H proton in the 18e– hydride complex plays a key role in hydrogen 
delivery to the ketone, while the amide nitrogen in the 16e– amido com-
plex cleaves H2 or propan-2-ol. In other words, in both requisite parts of 
the catalytic cycle, that is, complete substrate reduction and catalyst regen-
eration, the ligand is “chemically noninnocent.”255–259 Catalytic cycles 
implied from early studies did not contradict available experimental data 
for 1260–262 and 2263–264 and were also supported by numerous gas-phase 
computations for 1214,249,265–279 and 2,280–286 respectively where saddle-points 
corresponding to TS1–TS5 were indeed located. In this gas-phase profile, 
in comparing TS2 and TS3, a “proton shuttle” type multibond concerted TS3 
was found to be 12.7 kcal/mol more favorable.279

It has been recently found, however, that there are a lot of experimen-
tal and theoretical inconsistencies with some of these elementary steps, 
as well as for the whole catalytic cycle involving (pre)catalysts 1201,253,287–293 
and 2.193,254,294–300 The most important realization came from computational 
chemistry incorporating solvent effects: on the contrary to the gas-phase, 
transition states TSa and TSc corresponding to multibond concerted pro-
cesses do not physically exist in solution. The curvature of the PES from 
gas to solution changes as follows: corresponding first order saddle-point 
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(≠) dissects into one stationary (•) and two first order saddle-points (≠) as 
shown in Figure 1.21.253,254

This means that in solution, the 1:1 reaction between 18e metal 
hydride complex and ketonic substrate takes place via a consecutive 
outer-sphere hydride transfer through transition state structure TSd in the 
first step, and proton transfer from the ligand via transition state struc-
ture TSe in the second step, respectively. The reaction proceeds through 
a well-defined high-energy intermediate likely of a short lifetime, which 
according to the classification of Macchioni,301 is an inner-sphere ion pair. 
In addition to Coulomb interaction, this ion-pair is stabilized by two non-
covalent-interactions, nonclassical C–Hâ•›…â•›M hydrogen bonding302–304 and 
classical ionic N–Hâ•›…â•›O hydrogen bonding, respectively. For the active 
form of (pre)catalyst 1, the presence of this high-energy inner-sphere ion-
pair intermediate on the PES and its equilibrium with the outer-sphere 
ion-pair (Figure 1.21),253 allows for the formation of either an alkoxo com-
plex via O-coordination as was observed with 1H NMR low-temperature 
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experiment by Bergen’s group289,290 or the formation of the 16e– Ru amido 
complex and 1-phenylethanol via N–H proton transfer from the ligand, 
likely in the mixture with other products as was observed with a 1H NMR 
room temperature experiment by Morris’ group with a complex struc-
turally similar to Noyori’s catalyst, trans-[RuH2{(R)-binap}(tmen)]214,305 as 
shown in Scheme 1.43, respectively. The identity of the products depends 
on the nature of the catalyst, temperature, solvent, recorded time after 
mixing the reagents, and so on.253 Both these alkoxo and 16e– Ru amido 
complexes, however, were recognized as not being intermediates within 
the catalytic cycle, but rather as off-loop species.253

Similar experimental observations were made for the active form 
of (pre)catalyst 2,264,306 and they are all in agreement that the reaction 
between the 18e– Ru hydride complex and a ketone or the opposite reac-
tion between the 16e– Ru amido complex and alcohol takes place via a 
high-energy and/or short-lived intermediate,254 whose existence is in 
agreement with an 1H NMR kinetics study.264

In a similar fashion, so-called “solvent assisted H–H bond cleavage 
via metal–ligand cooperation” (TSc in Figure 1.21) that regenerates the 
catalyst represents a two-step process in solution: first N-protonation of 
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the ligand by a protic solvent via transition state structure TSf and then 
deprotonation of the η2-H2 ligand by the conjugated anion of the solvent 
via transition state structure TSg as shown in Figure 1.21. In other words, 
similarly to TSa, transition state structure TSc has no mechanistic rel-
evance in solution and the reaction proceeds through a well-defined 
intermediate, which is the ion-pair M–(η2-H2)+â•›…â•›OR– complex. On the con-
trary to similar ion-pairs of η2-H2 complexes stabilized by Coulombic and 
hydrogen bonding interactions between the oxygen atom of RO– anion 
and the η2-H2 ligand,303 such an ion-pair is also additionally stabilized 
by an ionic N–Hâ•›…â•›O hydrogen bonding interaction between the oxygen 
atom of the RO– anion and N–H group of the ligand, respectively.253,307 We 
remind the reader, that similar M–(η2-H2)+ ion-pair intermediates were 
experimentally detected at low temperatures for counter anions like BF4

– 
or similar for the active form of (pre)catalyst 1.291,292 Although these ion-
pairs were represented as “free” cations,291,292 in solutions of low-polarity 
solvents303 or in the solid state,308 the η2-H2 ligand of dihydrogen com-
plexes was shown to establish hydrogen bonds to anions like BF4

–. This 
likely explains the reported291 unexpected kinetic acidity of NH protons 
versus the η2-H2 ligand in the cationic η2-H2 complex derivative of 1 with 
a BF4

– counteranion: indeed the acidity of some cationic η2-H2 compounds 
is sometimes as strong as that of sulfuric or triflic acid.309–311

The existence of well-defined intermediates on a PES, which is actually 
multidimensional in reality, creates alternative catalytic pathways or results 
in their crossover. These alternative pathways proceed through steps in 
which the N–H ligand remains chemically intact, are not only energetically 
feasible, but could be dominant or almost exclusive pathways to reduce the 
substrate and/or regenerate the catalyst.253,254 This leads to a very important 
conclusion: the N–H group of the bifunctional (pre)catalysts 1 and 2 does not 
necessarily have to participate in the bond cleavage/formation events through 
the course of the catalytic reaction.

For example, the microscopic reverse312–314 for the deprotonation of 
an η2-H2 ligand by an RO– anion via TSg represents protonation of neu-
tral transition-metal hydride complexes by proton donors, a well-known 
synthetic procedure used to generate cationic (η2–H2)-complexes through 
dihydrogen-bonding (DHB) adducts.303,309–311,315–320 For catalysts tradition-
ally denoted as bifunctional such as 1, such DHB adducts are additionally 
stabilized253,307 by hydrogen-bonding with the N–H functionality as shown 
in Scheme 1.44a.

This additional interaction increases the strength of the primary 
DHB-bonding interaction between an alcoholic substrate and a catalyst 
nonadditively via the so-called cooperative effect in hydrogen bonding,321 
and could explain the well-known catalytic efficiency of bifunctional 
catalysts in the dehydrogenation of alcoholic substrates167 as an alterna-
tive path to H–H bond formation via metal–ligand cooperation as shown 
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in Scheme 1.44b. Indeed, the computed activation barrier for the former is 
~11–17 kcal/mol depending on acidity of the alcohol and the nature of the 
catalyst,253,307 whereas for the latter case is ~30 kcal/mol!253 Therefore, the 
H–H bond is unlikely to be formed via metal–ligand cooperation.

The revised catalytic cycles for (pre)catalysts 1 and 2 identified based on a 
computed253,254 minimum energy path (MEP)195–199 are shown in Schemes 1.45 
and 1.46, respectively. The details were discussed elsewhere.253,254

Similarly to previous views, the oxidation state of the metal does not 
change during the catalytic reaction and the ketonic substrate is indeed 
reduced within the outer-sphere, that is, without preliminary substrate 
coordination. However, this reduction proceeds via a one-bond type 
hydride transfer (H–) to afford the ion-pair intermediate in the first step 
(complexes B and b in Schemes 1.45 and 1.46, for 1 and 2, respectively). The 
corresponding transition state of type TSd was found to be enantio- and 
typically rate-determining.253,254

For the mechanistically more simple transfer hydrogenation process 
with 2 in particular, the charge-separated nature of this transition state 
persuasively explains the experimentally observed increase in the initial 
reaction rate and the average activity as a function of reaction medium 
polarity by Xiao and Liu193 as well as Tanis.299 Indeed such an observation 
is characteristic for so-called dipolar transition state reactions,322,323 where 
activated complexes differ considerably in charge separation or charge 
distribution from the initial reactants, contrary to pericyclic reactions in 
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which the charge distribution within the activated complexes and the 
reactants is very similar (since no significant solvent polarity effects are 
expected). On the other hand, increasing the acidity of the N–H function-
ality will result in a stronger N–Hâ•›…â•›O hydrogen-bonding interaction, the 
key parameter that stabilizes the transition state of type TSd, enabling 
faster catalysis, as indeed was observed with 2.294

For the hydrogenation process with catalyst 1 in propan-2-ol, there 
are at least five possibilities for neutralization of the anion of the ion-pair 
product B obtained after this transformation and the regeneration of the 
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catalyst via three associated TS’s corresponding to H–H bond cleavage.253 
The MEP corresponds to catalyst regeneration via a one-bond type H–H 
cleavage by the same anion, that is, the conjugated anion of the not yet 
formed alcohol product. This is achieved via deprotonation of the η2-H2 
ligand by the (R)-1-phenylethoxide anion in intermediate C, obtained 
from B after H2 coordination as shown in Scheme 1.45. Therefore, the 
source of the proton for the reaction product is the η2-H2 ligand, and not 
the N–H functionality as was initially postulated within the framework 
of a metal–ligand bifunctional mechanism. We denote such a mechanism 
as an H–/H+ outer-sphere hydrogenation in order to state that the catalyst 
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first transfers a hydride fragment to the unbound substrate from the metal 
center and then a proton is further transferred from a η2-H2 ligand.324,325 
Note that during the course of the overall catalytic cycle, the N–H group 
remains intact, that is, the ligand is chemically innocent. Importantly, the 
N–H functionality does participate in the stabilization of several station-
ary and saddle points on the reaction coordinate via hydrogen-bonding 
interactions. In order to explain the experimentally observed acceleration 
of the reaction rate in the presence of a large excess of inorganic base, for 
example, KOH, KO-i-C3H7 or KO-t-C4H9, it was suggested that the N–H 
functionality could be replaced by an N–K fragment via the chemical 
reaction of the catalyst with the base.201,253,287,293 The resultant potassium 
amidato complexes reduce the substrates in a kinetically more efficient 
manner and a large excess of base is required in order to keep the equi-
libria shifted toward these complexes.253 Similarly to the N–H group, the 
N–K moiety also remains intact during the course of the reaction, that is, 
the ligand is chemically innocent as shown in Scheme 1.45.253 The pro-
posed role of the base to accelerate the reaction rate is not solely to form 
amidato complexes.253

For the transfer hydrogenation process with catalyst 2  in propan-2-ol, 
there are two pathways to neutralize the anion of the ion-pair product b 
(“starting” branching point) and regenerate the catalyst. The latter proceeds 
via a one-bond type C–H proton + two electron transfer from the isopropox-
ide anion to the cation within the ion-pair of type d (“closing” branching 
point), Scheme 1.46. During this process, the hydrogen atom is repolarized 
as follows H+ → H–. In one pathway, the source of the proton that neutral-
izes the anion in b is the ligand, thus the N–H ligand is chemically nonin-
nocent. This mechanism for ketone reduction can be denoted as a step-wise 
metal–ligand bifunctional in order to state the difference with the conven-
tional mechanism, which is concerted and realized only in the gas-phase. 
In the second path, the source of the proton used to neutralize the anion in 
b is propan-2-ol, therefore the N–H ligand is chemically innocent in this case. 
This is the same type of H–/H+ outer-sphere hydrogenation, except that the 
source of the proton used to neutralize the anion is now a protic solvent mol-
ecule. The crossover of these two reaction pathways is possible and likely 
takes place in all transfer hydrogenation processes catalyzed by bifunctional 
catalysts. Although, the relative contribution of each mechanism is compu-
tationally intractable,254 the neutralization of the anion within ion-pair b by a 
protic solvent seems to be more probable, especially with increasing reaction 
medium polarity, for example, if the reaction is carried out in more polar 
formic acid or water.254 In fact, Car–Parrinello molecular dynamics studies 
of Meijer296 suggest that the catalytic reaction in water80 proceeds exclusively 
or largely through, what we call here a H–/H+ outer-sphere hydrogenation 
mechanism.
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1.2.4â•… The origin of the enantioselectivity

Stereoselection in the AH and ATH of aromatic ketones by the Noyori 1 
and Noyori–Ikariya (pre)catalyst 2 takes place during the outer-sphere 
hydride transfer step, respectively.253,254 The N–H functionality therefore 
not only stabilizes the corresponding transition state via ionic N–Hâ•›…â•›O 
hydrogen-bonding interaction, but also orients the outer-sphere position of 
the substrate along the Ru–H–C axis making stereodifferentiation possible.

For 1, composed of two chiral ligands of the same absolute configura-
tion (S and S or R and R), the extent of enantioselection typically increases 
in the row BINAP ≤ TolBINAP < XylBINAP,326,327 that is, with increasing 
bulkiness of the PP ligand possessing axial chirality. Among NN ligands, 
DAIPEN is particularly effective.327 For (pre)catalyst 2, composed of one 
chiral ligand, better enantioselectivities are obtained for complexes based 
on N-sulfonylated 1,2-diamine, rather than amino alcohol ligands, leading 
to industrial use of the former.82

Typically ketonic substrates possessing electron-rich substituents 
(i.e., aromatic rings, alkynyl groups etc.), were identified to afford the 
reduced products with high enantiomeric excesses. Simple alkyl ketones, 
for example, are typically reduced with much lower ee’s. Using absolute 
rate theory,184,185 Figure 1.22 plots the energy difference (ÎflG°298 K

≠) between 
averaged catalytic reaction activation barriers leading to major and minor 
enantiomeric products as a function of the experimentally observed enan-
tioselectivity (ee, %) for the AH or ATH of acetophenone catalyzed by 1 
and 2 or their derivatives, respectively.

For (pre)catalyst 1, especially under high KO-t-C4H9 concentrations, 
the enantiodetermining step takes place most-likely on the (λ,λ)-conformer 
of the neutral Ru trans-dihydride complex and various isomers of mono- 
and di-amidato complexes through a set of isoenergetic transition states.253 
Although it was claimed that the enantioselectivity does not depend on the 
presence/absence of a large excess of inorganic base,328 the base itself can 
catalyze the hydrogenation reaction to afford a racemic product.329–331 All 
computational studies, no matter whether in continuum solvent253 or in the 
gas-phase,265,268,270,274,276 as well as experimental studies260 are in agreement 
that the formation of the major product proceeds a through diastereomeric 
transition state that is stabilized either by N–Hâ•›…â•›Ï• or N–Kâ•›…â•›Ï• ligand–
aromatic ring noncovalent attractive interactions in the catalyst–substrate 
complex and/or the absence of steric constraints as shown in Figure 1.23. 
In contrast, the transition state leading to the minor enantiomer is largely 
destabilized by the repulsive interaction between the aromatic ring of ace-
tophenone and a portion of the binap ligand (phenyl substituent and one 
aromatic ring of naphthalene) as shown in Figure 1.23.

Computations suggest that the energy difference between the dia-
stereomeric transition states increases proportionally to the number of 
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K-atoms present in 1. This was attributed to the more organized (rigid) 
structure of these complexes as a result of cation–Ï• interactions.253 
Therefore, it is possible that an excess of inorganic base increases the 
enantioface-selectivity of the reaction via better stereo-differentiation 
within K-amidato complexes on one hand, while on the other hand, a 
background base-catalyzed reaction produces a racemic mixture. Due to 
competition of these two reactions, the observed enantioselectivity may 
appear not to depend on the presence/absence of a large excess of inor-
ganic base.328

For the chiral ruthenabicyclic complex (S)-RUCY-XylBINAPTM devel-
oped by Takasago Int. Corp106,148 the optimized geometries of the diaste-
reomeric transition states leading to opposite enantiomers are shown in 
Figure 1.24. Their calculated energy difference is significantly higher than 
the one calculated253 for complex trans-[RuH2{(S)-BINAP}{(S, S)-DPEN}]. 
This is likely achieved due to much higher destabilization of the unfa-
vorable transition state because of the much bulkier environment in this 
complex. We note to a reader that (S)-RUCY-XylBINAPTM affords products 
with much better enantioselectivities (>99% ee’s).106,148
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Figure 1.22â•‡ Energy differences between averaged catalytic reaction activation 
barriers leading to major and minor enantiomeric products as a function of the 
experimentally observed enantioselectivity for AH or ATH of acetophenone cata-
lyzed by 1 and 2 or their derivatives, respectively. RT = 0.59 kcal/mol. (Reprinted 
with permission from Dub, P. A. et al., Dalton Trans., 45, 6756–6781. Copyright 2016 
Royal Society of Chemistry.)
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In the case of (pre)catalyst 2, the enantioselectivity originates from the 
stabilization of the favorable diastereomeric transition state via multiple 
C–Hâ•›…â•›Ï• attractive interactions254,334 between the η6-ligand with the Ï•-cloud 
of the approaching acetophenone, as well as from the destabilization of 
the unfavorable diastereomeric transition state via lone pair(s) – Ï• repul-
sion335 between oxygen (SO2–) atoms within the Ts-ligand and the Ï•-cloud 
of the approaching aromatic ketone as shown in Figure 1.25.254

Expanding on the results of Noyori’s original computational work on 
the (pre)catalyst 2 based on an amino alcohol ligand,282 in the case of the 
seminal catalysts based on N-sulfonylated 1,2-diamine ligands, a C–Hâ•›…â•›Ï• 
interaction is still thought to be the main origin of enantioselectivity for the 
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Figure 1.23â•‡ Transition states leading to R- and S-products: optimized253 under 
DFT218,219/ωB97X-D332/SDD(Ru)/6-31G*(C, H,N, O,P, K)/SMD(propan-2-ol)333 
level of theory on the full model of trans-[RuH2{(S)-BINAP}{(S, S)-DPEN}] and its 
K-amidato complexes with acetophenone. The enantioselectivity for each com-
plex is calculated based on difference in electronic energy using absolute rate 
theory.184,185 Some H-atoms are omitted for the ball and stick model. (Reprinted 
with permission from Dub, P. A. et al., Dalton Trans., 45, 6756–6781. Copyright 2016 
Royal Society of Chemistry.)
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latter.252,336 However, it is essentially the presence of an SO2 group and the 
corresponding destabilization of the minor diastereomeric transition state 
via lone pair(s) – Ï• repulsion that makes catalysts based on N-sulfonylated 
1,2-diamines highly enantioselective (90–99% ee) and significantly better 
than corresponding RuII(η6-arene) complexes bearing chiral 2-amino alcohol 
auxiliaries (2–92% ee).254 Therefore both stabilization of the major and destabi-
lization of the minor diastereomeric TS’s are important for achieving high ee. 
We note here that under certain conditions this lone pair(s) – Ï• repulsion 
may become lone pair(s) – Ï• attraction, Figure 1.25.335 This could be the case 
for substrates such as 1,2,3,4,5-pentafluoroacetophenone and its deriva-
tives that yield, as experimentally found, either racemates or even major 

ΔΔE = 6.33 kcal.mol−1

99.996% ee

OH OH

(S)(R)

major minor

Figure 1.24â•‡ [RuH{(S)-xylbinap}{(S)-daipena}]–acetophenone: two diastereomeric 
transition states leading to (R)-1-phenylethanol and (S)-1-phenylethanol. Optimized 
under DFT218,219/ωB97X-D332/SDD(Ru)/6-31G*(C, H,N, O,P,)/SMD(propan-2-ol)333 
level of theory. The enantioselectivity is calculated based on difference in electronic 
energies by using absolute rate theory.184,185
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Â�products with the opposite configuration.337,338 Indeed, Â�perfluorobenzene and 
Â�benzene have opposite quadrupole moments.339

1.2.5â•… Unresolved problems

1.2.5.1â•… Reaction mechanism
The revised mechanisms shown in Schemes 1.45 and 1.46 for (pre)cata-
lysts 1 and 2 were established through reliable computational chemistry, 
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Figure 1.25â•‡ (S)-RuH[(R, R)-N(Ts)CH(Ph)CH(Ph)NH2](η6-mes)–C6H5C(O)CH3 or 
C6F5C(O)CH3: optimized transition states leading to R- and S-products. The enan-
tioselectivity is calculated254 based on difference in free energies using absolute 
rate theory.184,185
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in which full computational model and continuum solvent reaction field 
coupled with explicit solvation and extended basis sets whenever pos-
sible, were used. These computations were calibrated against available 
experimental results, including stoichiometric NMR experiments, X-Ray 
crystallographically characterized complexes (including off-loop species) 
and kinetics data (through Kozuch and Shaik’s energetic span model 
approximation203–208 based on TST184,185 and some other approximations) 
in some cases.

It should be emphasized, however, that the accuracy of energetic 
aspects of many computational studies is ultimately both uncertain and 
unexamined. The potential error associated with free energy calcula-
tions likely increases with increasing size of the complex, the use of a less 
extended basis set and charge distribution, particularly in a continuum 
solvent. We note, however, that we do not believe this would alter our con-
clusions in any drastic way. Firstly, these energy-related aspects will not 
change the shape of the solution based PES, that is, the presence/absence of 
stationary and saddle points. In other words multibond concerted transfor-
mations represented by transition states TSa and TSc shown in Chart 1.4 
have no mechanistic relevance, because they do not physically exist in 
solution as suggested by computations where implicit and/or explicit 
solvation is introduced. Secondly, we expect that the inaccuracy in free 
energy calculations is unlikely to exceed 20 kcal/mol and thus the H–H 
bond does not get cleaved via metal–ligand cooperation.253

λ—puckered-ring
δ—puckered-ring
se—symmetric envelope

= arene

Ts

Ts

Ts

Ts Ts

Ts

Ts

TsTs

Ts

Ts
H

H

H

H

H

H

H H

H

H
H

H H H
H

H

H

HH

HH

H

H

H
H

H

H

H

H
H

H HH
H

H

H
H H H H

H

H

H

H

H

H

H

H
S, λ, SN

S, δ, SN

S, se, SN

S, δ, RN

S, se, RN

R, δ, RN

R, se, RN

R, δ, SN

R, se, SN

S, λ, RN R, λ, SNR, λ, RN

Ru

Ru

Ru Ru Ru Ru

RuRuRu

Ru RuRu
NN

N

N

N

N N N N N NN

NNNNN N

N NNTs N N N

= H, Cl; S or R—absolute con�guration on metal

Chart 1.4â•‡ Isomers possible for the Noyori−Ikariya catalyst. (Adapted from Dub, P. A. 
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In 2006, Bergens’ group reported that the 16e– Ru amido complex 
[RuH{(R)-binap}{(R, R)-HN(CHPh)2NH2}] reacts with molecular hydro-
gen (~2 atm) at –80°C to afford trans-[RuH2{(R)-binap}{(R, R)-dpen}] as 
kinetic product in less than 5 min in THF-d8 based on 1H NMR experi-
ment as shown in Scheme 1.47.291 Similarly, Morris’ group earlier reported 
in 2001 that yellow trans-[RuH2{(R)-binap}{tmen}] slowly loses H2 under 
Â�Ar, N2 or vacuum to afford a dark-red 16e– ruthenium hydridoamido com-
plex [RuH{(R)-binap}{NHCMe2CMe2NH2}] in the solid state, Scheme 1.7.305 
On the other hand, this complex reacted with molecular hydrogen (~1 atm) 
at room temperature to afford back the trans-dihydride in toluene-d8.305

Can these experimental observations (assuming that everything is 
correctly assigned) be universally assumed to state that the H–H bond is 
cleaved/formed via metal–ligand cooperation? First, one must recognize 
that a catalytic reaction is not a stoichiometric reaction, and the so-called 
reaction path198,340 of the former follows a MEP.195–198 According to compu-
tational analysis for 1, the MEP proceeds through the deprotonation of 
the η2-H2 ligand by the RO– anion (the anion of the not yet formed alcohol 
product or the conjugated anion of the solvent), an energetically feasible 
step in which the H–H bond is cleaved.253 The first order saddle-point cor-
responding to cleavage of the H–H bond via metal–ligand cooperation 
is located extremely high on the PES, therefore this path is not realized 
during catalytic reaction.253 Secondly, with respect to stoichiometric reac-
tion, the computed relative averaged activation barrier of “direct” H–H 
cleavage via metal–ligand cooperation is also very high, roughly esti-
mated to be ~19 kcal/mol (the calculated range is from 15 to 23 kcal/mol 
depending on the type of calculations, model used, and notably, the 
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molecularity involved),214,253,272,288 whereas the reverse reaction from the 
trans-dihydride to afford 16e– Ru amido complex has an even higher 
barrier ~30  ±  5  kcal·mol–1.253,288 Therefore the transformations shown in 
Scheme 1.47 are more-likely either catalyzed by water341 (or any other 
protic molecule via TSf and TSg type transition states shown in Figure 1.21) 
that can be present in extremely tiny amounts in solution as well as in an 
“inert” atmosphere or on reaction glassware, and/or a quantum tunneling 
effect342–345 is involved.346 Indeed, the computed imaginary frequencies for 
these transition states of type TSb are usually very high (>1000 cm−1), indi-
cating a potential tunneling contribution that is characteristic of hydrogen/
hydride transfer reactions. In principle, large experimental hydrogen/Â�
deuterium (H/D) KIE’s of the order of 10–100, if found, may serve as evi-
dence that tunneling is involved. But these kinetic studies are not always 
available, and if they are (e.g., Morris272), usually normal KIE’s are found. 
Noyori and coworkers reported a combined KIE and kinetic solvent isotope 
effect (KSIE) of 2 under high KO-t-C4H9 concentration, but the reaction with 
H2/(CH3)2CHOH proceeds 50 times faster than that with D2/(CD3)2CDOD 
in the absence of base.262 Under these conditions, tunneling maybe indeed 
involved in the catalytic reaction, but it essentially unclear in which step or 
steps. In fact, computations suggest that the neutral η2-H2 complex, an inter-
mediate that precedes H–H bond cleavage via metal–ligand cooperation, 
is located 8–10 kcal/mol higher than transition states leading to catalyst 
regeneration via η2-H2 ligand deprotonation by RO– anions.253 Therefore 
even if tunneling is involved in H–H bond cleavage via metal–ligand 
cooperation, the catalytic reaction will not proceed through this path 
according to the computational analysis. What happens if the accuracy of 
energy calculations is now considered? Even if the numerical accuracy of 
DFT, the functional and basis set used, the continuum solvent model used, 
errors in enthalpy and entropy calculations, the software package used, 
the molecularity involved and other parameters exceeds 10  kcal·mol–1, 
the H–H bond, assuming tunneling, won’t be cleaved exclusively via 
metal–ligand cooperation. Instead H–H bond cleavage would occur most 
likely via a crossover of up to three paths originating from at least five 
possibilities to produce the reaction product from the inner-sphere ion-
pair, obtained after the enantiodetermining hydride transfer step (EDS), 
Scheme 1.48.253 The overall reaction can therefore be very complicated 
and the relative contribution of each pathway may vary with the extent of 
turnover, thus potentially leading to a change in the reaction rate.

1.2.5.2â•… Enantioselectivity
The Noyori–Ikariya (pre)catalyst 2 or similar complexes exist as mixtures 
of two diastereomers originating from the relative configuration on the 
metal atom.347,348 For example, the real intermediate of the catalytic cycle, 
hydride complex RuH[(R, R)-N(Ts)CH(Ph)CH(Ph)NH2](η6-p-cymene) exists 
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as a 99:1 mixture of SRu and RRu-diastereomers in toluene-d8 at room temper-
ature.264 Taking into account the absolute configuration of the NTs nitrogen 
atom and three stable five-membered NN ring conformations,349,350 there are 
12 possible conformers available for the delivery of each S- and R-conFigured 
product, Chart 1.4.

The observed enantioselectivity with this catalyst thus likely origi-
nates from up to 12 enantiopathways combined from 24 transitions states. 
The statistical weight of each couple is unexplored and the main factors 
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Scheme 1.48â•‡ “Reaction path”198,340 (conceivable catalytic pathways and their 
crossover) of the catalytic hydrogenation of acetophenone with the active form of 
1 using the assumption that tunneling is involved in so-called H–H bond cleav-
age via metal–ligand cooperation and that computational accuracy is >10 kcal/
mol (X = Y = H and/or K). There are five possibilities to neutralize the anion of the 
product obtained after EDS hydride transfer and regenerate the catalyst via three 
associated TS’s corresponding to H–H bond cleavage. Some selected stationary and 
saddle points are omitted for clarity. (Reprinted with permission from Dub,  P.  A. 
et al., Dalton Trans., 45, 6756–6781. Copyright 2016 Royal Society of Chemistry.)
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are drawn for possibly the most stable (SRu,λ,RN)-conformational arrange-
ment, observed in the solid-state (X-Ray).264 It is therefore obvious, that 
the stabilizing and destabilizing factors leading to the major and minor 
product identified for this diastereomer, will become destabilizing and 
stabilizing leading to the major and minor product for the oppositely 
conFigured diastereomer. In other words, derivatives of 2 in which the 
relative amount of the opposite diastereomeric complex is high351 may 
produce products with lower enantioselectivity. For some systems, for 
example fully alkylated analogues of 2, the opposite diastereomer may 
become even more favorable.352

1.3â•…� Ir-catalyzed asymmetric hydrogenation 
of C=C and C=N bonds

1.3.1â•… Overview

The pioneering studies of Crabtree et al.353–355 demonstrated high effective-
ness of Ir complexes in catalytic hydrogenation of simple olefins. However, it 
took another 15 years to develop first asymmetric variant of this reaction.356 
Optimization of the catalyst structure led to the appearance of reliable and 
widely applicable synthetic procedure for enantioselective hydrogenation 
of simple olefins357–362 which is currently further extending its scope.363–366

Historically first Ir-catalyzed asymmetric hydrogenations used pro-
chiral imines as substrates.367,368 Evident extension of the substrates scope 
involved heterocycles containing C=N bond,369–372 and recent achieve-
ments involve asymmetric hydrogenation of aromatic heterocycles,373–376 
various functionalized olefins,377,378 as well as highly efficient asymmetric 
hydrogenation of ketones379 and keto-esters380,381

1.3.2â•… Catalytic cycle and intermediates

In the early studies of nonenantioselective hydrogenation it has been found 
that bis-monophosphine Ir complexes give stable trans-solvate dihydrides 
1 upon removal of the coordinated diene from a precatalyst. These solvate 
dihydrides were found to be capable of exchanging one or two of their 
solvent molecules for olefins yielding dihydride olefin complexes 2 or 3, 
respectively which were characterized at −80°C, Equation 1.1.354,355
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The catalytic cycle for simple olefins hydrogenation was also postulated 
in these early works of Osborn et al. It involves oxidative addition of H2 to 
a precatalyst 4, hydrogenation of the coordinated diene by the activated 
hydrogen in 5 that leads to a mixed cyclooctene–olefin complex 6, fast 
oxidative addition of another molecule of H2 yielding 3, slow migratory 
insertion affording alkylhydrido complex 7, and reductive elimination fol-
lowed by coordination of olefin that recovers the catalyst–substrate com-
plex 6 (Figure 1.26).

Binuclear iridium hydrides like 8 often form as off-loop species that 
can result in decreasing of the catalytic activity. Formation of trinuclear 
complexes completely deactivating the catalyst has been also observed.382 
Nevertheless, the dimeric hydrides formed reversibly before the elimina-
tion of the proton are catalytically active, since they can recover mono-
nuclear dihydrides via reversible dissociation.378,383

Essentially the same catalytic cycle can operate in the case of Ir com-
plexes of chiral chelating ligands. However, since in that case two donor 
atoms must be in cis-position, the intermediates in the catalytic cycle are 
less stable and must be characterized at low temperatures. Thus, Pfaltz 
and coworkers characterized dihydride 10 by low-temperature hydrogena-
tion of [Ir(PHOX)(cod)]+BArF

− 9 (Scheme 1.49).384 Raising the temperature 
resulted in the replacement of the diene with two molecules of donating 
solvent yielding two diastereomers of the solvate dihydride 11 and 12. 
Totally four isomers of 10 and four isomers of 11 are possible, hence this 
transformation is diastereoselective due to a strong electronic influence of 
the coordinating N and P atoms, favoring addition of a hydride trans to 
the Ir-N bond.

The same research group recently characterized key intermediates in 
the Ir-catalyzed asymmetric hydrogenation of simple olefins.385 When a 

[Ir(cod)L2]+

[Ir(ol)2L2]+

[IrH2(ol)2L2]+ [Ir2H5L4]+[IrHR(ol)L2]+

H2

H2

4

cis-[IrH2(cod)L2]+

5
ol −cyclooctene

6
RH

ol

7 3 −ol, −H+
8

Figure 1.26â•‡ Catalytic cycle for Ir-catalyzed hydrogenation of olefins. (Data from 
Crabtree, R. H. et al., J. Am. Chem. Soc., 104, 6994–7001, 1982.)
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CD2Cl2 solution of the iridium complex 13 and excess of partially deu-
terated olefin 14 was treated with three bar of hydrogen gas at 233 K for 
35 min and then degassed, 2D NMR two isomeric dihydride alkene irid-
ium complexes 15a, b in a ratio of about 11:1 (Scheme 1.50).385

At −20°C 15a and 15b demonstrated rapid exchange with each other 
and the free alkene 14-[D5], thus indicating fast equilibration between iso-
mers via alkene dissociation/association. This evidently means that other 
less stable isomers may be kinetically accessible.
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Scheme 1.49â•‡ Low-temperature hydrogenation of [Ir(PHOX)(cod)]+BArF
− 9. (From 

Mazet, C. et al., J. Am. Chem. Soc., 126, 14176–14181, 2004. With permission.)
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Scheme 1.50â•‡ Interception of dihydride intermediates 15a and 15b. (From Gruber, S. 
and Pfaltz, A., Angew. Chem. Int. Ed., 53, 1896–1900, 2014. With permission.)
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To convert an intermediate similar to 15a, b into the reaction product, 
the presence of additional hydrogen gas was necessary.385 This was inter-
preted as an experimental evidence for the so-called IrIII/IrV route via an 
[IrIII(H)2(alkene)(H2)(L)]+ intermediate, as originally proposed by groups 
of Andersson and Burgess.386–389 Since the results of experimental mass-
spectral investigation demonstrated also possibility of a IrI/IrIII route that 
does not involve participation of an additional H2 molecule, the complete 
mechanistic investigation must consider competition of several catalytic 
cycles (Figure 1.27). 

1.3.3â•… Mechanism of enantioselection

The most important feature of the Ir-catalyzed asymmetric hydrogenation 
is the impossibility of a chelate binding for the vast majority of the sub-
strates. Besides, the most effective catalysts in this field have C1-symmetry. 
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Considering these two facts together with several possible catalytic cycles, 
one must realize that a proper computational analysis must involve a sig-
nificant number of computed structures.

1.3.3.1â•… Simple olefins
Both recent computational studies agree that the most feasible pathway 
for the hydrogenation of simple olefins is IrIII/IrV migratory insertion 
mechanism with migratory insertion as the rate-determining and stereo-
regulating step.390,391

Noteworthy, despite the fact that different combinations of a catalyst 
and a substrate were used in these studies, they independently gave the 
same conclusion: the lowest in energy pathway in either of the computed 
reactions proceeds through adduct with double bond coordinated trans- 
with respect to the phosphorus atom, and the single hydrogen substituent 
is directed toward bulky substituent of the oxazoline ring (Figure 1.28). 
Moreover, the same orientation of the olefin is seen in the experimentally 
observed 15b (Scheme 1.50).
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Figure 1.28â•‡ Structures of the [Ir(H)2(olefin)(H2)]+ complexes and relative energies 
for them and corresponding transition states of migratory insertion computed in 
(a)390 and (b).391 The 3D structures of these transition states are available on the CD.
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The Andersson’s group also argued that since the Ir-catalyzed hydro-
genation is most selective for trisubstituted olefins, the placement of the 
hydrogen substituent may play a crucial role in stereo-discrimination. 
This suggestion resulted in a qualitative rule for the prediction of the 
sense of enantioselection in the asymmetric hydrogenation of a nonche-
lating trisubstituted olefin by a chiral [(N∩P)Ir(COD)]+ cation.390

The application of this rule is most straightforward in the case of the 
ligands like PHOX, with chirality on sp3-carbon atom. In that case the ori-
entation of the stereo-regulating substituent is evident, and to predict the 
sense of enantioselection of a trisubstituted olefin, one should just draw 
the olefin with the hydrogen atom pointed down-left as in 15b or up-left 
as in 18 (Figure 1.29).

If the ligand has a backbone chirality like in 16, computations are 
required to determine, whether the stereo-discriminating substituent on 
the oxazoline ring lies “below” or “above the ligand plane.390

This approach has been proved applicable for other types of ligands 
and trisubstituted olefins containing various functional groups as one of 
the substituents366,392 including cyclic sulfones.365
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R3R2

R1
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Figure 1.29â•‡ Empirical rule for elucidating handedness of the hydrogenation 
product in the Ir-catalyzed asymmetric hydrogenation of trisubstituted olefins. 
The most facile migratory insertion takes place if the olefin is coordinated trans- 
to phosphorus.
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1.3.3.2â•… Imines
In the initial mechanistic studies of the Ir-catalyzed hydrogenation of 
imines catalytic cycles involving imine coordination to the metallic center 
have been considered.393,394 However, in the recent computational study 
of Hopmann and Bayer it has been shown that in the case of asymmet-
ric hydrogenation with [Ir(PHOX)(cod)]+BArF

− 9 various catalytic cycles 
containing coordinated imine are characterized with unreasonably high 
activation barriers (35–50 kcal/mol). On the other hand, a catalytic cycle 
resembling that outlined in 2006 by Oro et al. (Figure 1.30)395,396 has been 
found kinetically feasible.

The rate-limiting and stereo-determining stage in this catalytic cycle 
is the hydride transfer to the iminium salt. Since the iminium salt in the 
intermediate C is not bound to the iridium atom, additional orientations 
of the C=N double bond are available. Computational study showed that 
the enantioselectivity is determined in the competition of transition states 
in either of which the NH-hydrogen is positioned nearby the largest sub-
stituent (Figure 1.31). The reasons for the different stabilities of iminium 
cations and corresponding transition states are far from evident in this 
case. Hence, computations of similar level are necessary for each particu-
lar combination of a catalyst and a substrate.
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Figure 1.30â•‡ Catalytic cycle for the Ir-catalyzed asymmetric hydrogenation of 
imines. Dihydrogen replaces coordinated imine in A yielding molecular hydro-
gen complex B with a molecule of imine in the outer sphere. Then imine is pro-
tonated by one of the hydrogen atoms from the H2 molecule to give neutral IrIII 
complex C. The following hydride transfer of the hydride trans- to phosphorus 
gives the catalyst–product complex D. Replacement of the product with a new 
substrate molecule finishes the catalytic cycle recovering A.
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1.3.3.3â•… Heterocycles
Although recently discovered Ir-catalyzed asymmetric hydrogenations of 
isoquinolinium374–376 and pyridinium375 salts are undoubtedly very interest-
ing form the mechanistic point of view, even the details of the catalytic cycle 
are yet unknown and there are controversies on this point in the literature.

On the other hand, the mechanism of the asymmetric hydrogenation of 
cyclic lactones and lactames containing exocyclic double bond (Scheme 1.51) 
has been recently studied.378

NMR Studies showed that removal of cod ligand leads to formation 
of a dimer existing in dynamic equilibrium with monomeric solvate dihy-
drides. Computational study has been carried out assuming monomeric 
catalyst (since the substrate could not be accommodated on the dimer) and 
IrI/IrIII mechanism (since stable molecular H2 complexes were not located).

Computational study considered only pathways in which the migra-
tory insertion takes place in a complex with the double bond in equa-
torial position oriented coplanar to the P−Ir−H unit. Hydride transfer to 
the protonated carbon atom of the double bond has been computed to be 
relatively facile. Therefore only competition of the migratory insertion in 
adducts 23–26 was considered to contribute into the observed ee values. 
(Scheme 1.52).

The energy difference between the lowest in energy migratory insertion 
TS formed through the adduct 23 and TS originating from the adduct 25 lead-
ing to the opposite enantiomer was computed to be 2.1 kcal/mol that nicely 
corresponds to the experimentally observed ee value. The substrate depen-
dence of the optical yields was also reasonably Â�reproduced (Scheme 1.51).
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Figure 1.31â•‡ Iminium cations 20, 21 preceding two competing transition states 
and their relative free energies.391 The 3D structures of these transition states are 
available on the CD.
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In both 23 and 25 (and corresponding transition states) hydrogen 
bonding between the axial hydride and the oxygen of the carbonyl group 
in the substrate is possible (Figure 1.32). Additionally in the 23-TS a stabi-
lizing nonclassical C-Hâ•›…â•›O bonding is observed. The same interaction is 
impossible in 25-TS. Instead a close contact of the same aromatic proton 
with CH2 group of the heterocycle makes 25-TS less stable (Figure 1.32).

On the other hand, 26-TS leading to R-product was computed to be 
very close in stability to the lowest in energy 23-TS or 24-TS (Scheme 1.52). 
Hence, the experimentally observed S-enantioselective reaction means 
that the migratory insertion via the 26-TS does not actually take place.

In search of a possible reason for this, the approach of the substrate to 
the catalyst resulting in the coordination of the substrate appropriate for 
the occurrence of the migratory insertion via 23-TS and 26-TS was simu-
lated. The corresponding energy scans are shown in Figure 1.33.

As one can see in Figure 1.33, when approaching to 23, the substrate 
rapidly finds a minimum via hydrogen bond formation with the axial 
hydride. On the other hand, in the approach to 26 such interaction is 

23-TS

2.78 Å

2.52 Å

25-TS

2.04 Å

2.70 Å

24-TS

2.42 Å

26-TS

2.04 Å

Figure 1.32â•‡ Optimized structures of the migratory insertion transition states in 
the asymmetric hydrogenation of exocyclic α,β-unsaturated carbonyl compounds 
with an Ir/BiphPhox catalyst. The 3D structures of these transition states are 
available on CD.
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reliably switched off by one of the phenyl substituents of the catalyst.364 
As a result, only 25-TS is competing with 23-TS and 24-TS.

1.3.4â•… Conclusion

The origins of enantioselection in the Ir-catalyzed asymmetric hydroge-
nation of simple olefins are now reasonably well understood as a result of 
intensive experimental and computational studies. This helps in develop-
ment of new effective catalysts and synthetic methods. Similar progress 
is wanted for the recently discovered highly effective Ir-catalyzed asym-
metric hydrogenations of aromatic heterocycles, ketones, and keto-esters.

1.4â•…� Pd-catalyzed asymmetric hydrogenation 
of indoles

1.4.1â•… Overview

Chiral indolines represent useful building blocks in pharmaceuticals, 
herbicides and insecticides.397 Asymmetric hydrogenation of unprotected 
indoles with molecular hydrogen represents the most straightforward 
and atom-economy method to produce these compounds.398,399 Although 
the asymmetric (up to 98% ee) hydrogenation of N-protected or N–Ts 
indoles with Rh,400–402 and Ru403 is known since 2000 (R. Kuwano, Kyushu 
University) or Ir404 since 2010 (A. Pfaltz, University of Basel), the very 
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Figure 1.33â•‡ Energy scans simulating the approach of the substrate to the corre-
sponding Ir hydrides. The final minima correspond to the completely optimized 
structures of adducts. (Liu, Y. et al.: Mechanism of the asymmetric hydrogena-
tion of exocyclic α,β-unsaturated carbonyl compounds with an iridium/BiphPhox 
catalyst: NMR and DFT studies. Angew. Chem. Int. Ed. 2014. 53, 1901–1905. Copyright 
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
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first example of hydrogenation of unprotected indoles was discovered in 
X. Zhang and Y.-G. Zhou groups in 2010.405 The catalyst system composed of 
Pd(OCOCF3)2/chiral-substituted BINAP in the combination with Bronsted 
acid (1 equiv relative to the substrate) affords enantioenriched indolines 
with up to 96%–98% ee.406 The better conversion and enantioselectivity is 
achieved in the combined TFE/DCM solvent (TFE = 1,2,3-trifluoroethanol, 
DCM = dichloromethane) suggesting that both hydrogen-bonding and 
low-polarity are important factors in this reaction with respect to conver-
sion and enantioselectivity. The relative drawback of the method is high 
substrate-to-catalyst ratio (S/C)  =  50, however, the system is tolerant to 
oxygen, acid and water.

1.4.2â•… Catalytic cycle

The proposed catalytic cycle is shown in Figure 1.34.406 The catalytic cycle 
starts with intermediate a, obtained from [Pd(OCOCF3)2{(R)-BINAP}] via 
dissociation of one –OCOCF3. The reaction of intermediate a with molecu-
lar H2 (possibly solvent-assisted) affords monohydride Â�intermediate  b. 
Substrate (2-methylindole in Figure 1.34) enters the cycle in the protonÂ�
ated  form (from organic acid presented at stoichiometric amount) of 
iminium cation α, which forms hydrogen-bonded adduct c. After rate- 
and enantio-determining hydride transfer, catalyst-product complex 
d is formed. The cycle restarts after product dissociation into solution. 
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Figure 1.34â•‡ Proposed mechanism for the asymmetric hydrogenation of 
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The overall mechanism thus is outer-sphere and ionic consisting of H+ 
substrate protonation from acid and then H– transfer from the catalyst 
(H+/H– sequence).

1.4.3â•… Enantioselectivity

Full DFT/B3LYP/LACVP(Pd)/6-31G**(C, H, O, N, F, P) gas-phase model 
has been computationally considered406 in order to understand the fac-
tors governing the enantioselectivity of 2-methylindole hydrogenation 
into (R)-2-methylindoline. Experimental details,406 determined sense of 
enantioselectivity is shown in Scheme 1.53. Chiral L-camphorsulfonic 
acid (L-CSA) does not seem to play an important role in the enantiodeter-
mining step, since similar ee is obtained in the presence of TsOH·H2O, for 
example.

According to the gas-phase computational model, hydride transfer 
represents both rate-determining and enantio-determining step that pro-
ceeds via eight-membered-ring transition state structure. Two diastereo-
meric transition states leading to major (R)-2-methylindoline and minor 
(S)-2-methylindoline are compared in Figure 1.35. Both transition states 
are stabilized by relatively strong N–H···O=C(OPd)CF3 hydrogen bonding 
and apparently weaker C–Hâ•›…â•›Ï• hydrogen bonding between the substrate 
and one Ph ligand of the BINAP (the distance between H(CH2) and cen-
ter of Ph is 2.85 Å (favorable TS) and 2.62 Å (favorable TS), respectively). 
The strong N–H···O=C(OPd)CF3 hydrogen bonding interaction seems to 
be stronger in the favorable TS (dNâ•›…â•›O = 2.65 Å, dNHâ•›…â•›O = 1.60 Å, almost lin-
ear angle N–H–O of 170.1°) with respect to unfavorable TS (dNâ•›…â•›O = 2.72 Å, 
dNHâ•›…â•›O  =  1.80  Å, angle N–H–O of 147.1°). On the other hand, C–Hâ•›…â•›Ï• 
hydrogen bonding between the substrate and one Ph ligand of the BINAP 
is slightly stronger in unfavorable TS (lower distances). Nevertheless, this 
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effect does not compensate much stronger N–Hâ•›…â•›O=C(OPd)CF3 hydro-
gen bonding interaction which is thus the major factor responsible for 
the enantioselectivity. The calculated energy difference (∆G(solv)298  K°) 
between diastereomeric TS’s of 4.3  kcal/mol corresponds to calculated 
enantioselectivity of 99.9% ee (RT  =  0.58  kcal/mol) and reproduces the 
sense of enantioselection. The term G(solv)298  K° has been calculated as 
combination of gas-phase components plus single-point energy with 
continuum model: E(SCF) + ZPE − TS(gas) + Gsolv. Most-likely, additional 
solvation of these TS’ via nonspecific and specific solvation contributes 
to the experimental ee of 80% (experimental studies suggest that solvent 
choice is important to achieve higher ee’s). This could change the relative 
strength of Hâ•›…â•›O=C(OPd)CF3 hydrogen bonding in each diastereomeric 
TS’ (not necessarily with the same degree and extension) and lower the 
experimental ee.
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Figure 1.35â•‡ [PdH(OCOCF3){(R)-BINAP}]–2-methylindole: two diastereomeric tran-
sition states leading to major (R)-2-methylindoline and minor (S)-2-methylindoline. 
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chapter two

Other enantioselective reactions 
catalyzed by transition metals

2.1â•…� Enantioselective reactions catalyzed by 
bifunctional Ru and Ir complexes

2.1.1â•…� Mechanism of the Michael addition catalyzed 
by bifunctional Ru catalysts

Bifunctional molecular catalysts bearing chiral N-sulfonylated 1,2-diamine 
ligands, Ru(Tsdpen)(h6-arene) (1) and (TsDPEN: N-(p-toluenesulfonyl)-
1,2-diphenylethylenediamine) were originally developed by Noyori and 
Ikariya et  al. for the asymmetric transfer hydrogenation of ketones 
and imines.1–3 Chiral bifunctional amido Ru complexes 1 are the catalysts, 
and chiral amine hydride metal complexes exhibiting a metal/NH syn-
ergetic effect are involved in the catalytic cycle as intermediates.1–3 These 
amino complexes are bifunctional, that is, a substrate is bound using 
two active sites in the same molecule. Numerous highly enantioselective 
reductions utilizing these bifunctional catalysts have been developed.4–13

R

Rn

S O 1a:  R = Me    Rn =           1,2,3,4,5,6-Me6
1b:         Me                       1,3,5-Me3
1c:          Ts                         1,3,5-Me3
1d:          Ts                         1,2,3,4,5,6-Me6
1e:          2,4,5,6-Me5C6  1,2,3,4,5,6-Me6
1f:           Ts                         1-Me-4-Pri

O
C6H5

C6H5

N

Ru

N
H

Recently, the mechanism of enantioselective Michael addition of malonic 
esters and keto esters to cyclic conjugated enones catalyzed by Ru bifunc-
tional complexes 1 was studied in detail.14

NMR investigation of the stoichiometric reactions of chiral amido Ru 
complexes, Ru(N-sulfonylated dpen)(Î·6-arene) 1a–c, with dimethyl malo-
nate 2 and β-keto ester 3 revealed that at lowered temperatures deprot-
onation proceeds in a stereoselective manner to provide corresponding 
amine complexes 4, 5 and 6, 7 (Scheme 2.1).

In the case of the malonate 2, the C-bound complexes 4a,c formed 
almost exclusively, whereas the reaction with the β-keto ester 3 gave com-
plicated equilibria of numerous species. The computations showed that 



134 Enantioselection in asymmetric catalysis

either of these species could be kinetically available for further reaction 
with enone, hence all possibilities were accurately investigated.

Further computational studies showed that although the C-bound 
complexes 4, 5 are incapable of activating a substrate, the O-bound com-
plexes 6, 7 contain a 3D cavity suitable for accommodating a molecule of 
cyclopentenone (8). However, the computed pathways for enantioselec-
tive C–C bond formation starting from 6, 7 were characterized by unrea-
sonably high activation barriers.14

Hence, further possibilities were investigated. It has been found that 
the chelate ionic pair, for example 9, which can easily form in the equilib-
rium mixture of the amine complexes, is capable of coordinating cyclo-
pentenone 8 to effectuate the C–C bond formation with a low activation 
barrier (Scheme 2.2).

Figure 2.1 displays the optimized structures of the transition states of 
the reaction steps important for understanding the origin of enantioselec-
tivity in this reaction. Two transition states shown in Figure 2.1 (top) dif-
fer by the mode of coordination of the molecule of 8 to the Ru atom. The 
transition state leading to the formation of the S-enantiomer of the prod-
uct (Figure  2.1, top, right) is significantly less stable than that leading to 
the R-enantiomer (Figure 2.1, top, left) due to the unavoidable interaction 
between the CH2CH2 moiety of the substrate and the coordinated arene 
of the catalyst. The free energy gap for 8.2 kcal/mol could result in perfect 
enantioselectivity. However, the ion pair 9 can easily invert configuration 
of its Ru atom making another side of the chelate cycle available for the 
bifunctional binding of the substrate. In that case the bifunctional coordi-
nation of cyclopentenone 8 resulting in the formation of S-isomer leads to 

R
S O

X = OMe, 2, 4a,c, 6a,c
X = Me, 3, 5a,c, 7a,c

CH2(CO2Me)(COX)+

Rn

Rn Rn

Ru
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H
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Scheme 2.1â•‡ Formation of amino complexes 4–7.
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the transition state (Figure 2.1 below) that is only 1.8 kcal/mol less stable 
than the most stable transition state responsible for the formation of the 
R-product.

Hence, although the asymmetric environment of the Ru catalyst is 
efficient enough for discriminating the R- and S-pathways within a single 
mechanism almost perfectly, the interference of another possible way of the 
substrate activation reduces the overall optical yield of the catalytic reaction.14

Systematic study of a series of catalyst–substrate combinations revealed 
that the experimentally observed sense of enantioselection was consistently 
explained by computational analysis. The experimentally detected tendency 
of increasing ee with the bulk of the coordinated arene in Ru complex is 
reproduced computationally by changes in the difference of either zero point 
vibrational energy (ZPVE)-corrected energies or Gibbs free energies for the 
S- and R-pathways (Table 2.1).14

2.1.2â•…� Mechanism of C–C and C–N bond forming 
reactions catalyzed by bifunctional Ir catalysts

Chiral bifunctional Ir complexes were recently reported to catalyze 
asymmetric direct amination of tert-butyl a-phenyl-a-cyanoacetates, 
for example 11 using dimethyl azodicarboxylates, for example 12 to 
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Scheme 2.2â•‡ Mechanism of Michael addition catalyzed by Ru complexes 1a,c. 
(Data from Gridnev, I. D. et al., J. Am. Chem. Soc., 132, 16637–16650, 2010.)
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produce the corresponding hydrazine adduct 13 in 99% yield and high 
R-enantioselectivity (Scheme 2.3).15 Interestingly, the use of the same cata-
lyst 14 and the same phenyl-a-cyanoacetate 11 for the reaction with acety-
lenic ester 15 almost quantitatively gave the corresponding chiral adduct 
16 with high S-enantioselectivity (Scheme 2.3).16

NMR investigation of the reaction between the Ir complex 14 and 
a-cyanoacetate 11 showed that a stereoselective deprotonation reaction 
takes place providing an additional chiral center on the transition metal 
atom and yielding N-bound amino complexes 17 and 18 (Scheme  2.4). 
Fast  equilibration of the two species 17 and 18 was detected via NMR 
experiments at lowered temperatures.17

Computations of the possible reaction pathways showed that in the 
C−N bond forming reaction, the diazoester 12 is capable of undergoing 
a bifunctional activation by either of the catalyst–substrate complexes 17, 
18(si) or 18(re) to give the adducts 19, 20, or 21, respectively (Scheme 2.5, 

8.2 kcal/mol0.0 kcal/mol
(a)

(c)

(b)

2.193 2.206

1.8 kcal/mol

2.266

Figure 2.1â•‡ Transition states for the Michael addition reaction of malonic ester 61 and 
cyclopentenone 8 leading to 10(R) (a) and to 10(S) (b and c) and their computed rela-
tive energies. (Adapted with permission from Gridnev, I. D. et al., J. Am. Chem. Soc., 
132, 16637–16650. Copyright 2010 American Chemical Society.)
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Figure  2.2). Further C–N bond formation is the stereoselective stage. 
The structurally similar TS1(R) and TS(S) are nicely discriminated by 
5.2  kcal/mol due  to  the  unavoidable hindrance between the carboxy-
methyl substituent in 12 and BOC substituent in 21 that is absent in 19 
(Figure 2.2, Scheme 2.5). However, the structurally different mode of the 
substrate bifunctional activation available in the H-bound complex 17 and 
realized in the adduct 20 results in the possibility of the formation of the 
S-product via TS2 which is only 2.2 kcal/mol higher in energy than the 
TS1(R) (Scheme 2.5, Figure 2.2).

Hence, similarly to the situation described in the previous section, 
the experimentally observed optical yields in this catalytic reaction are 
determined not via the competition of the structurally similar transition 
states TS1(R) and TS1(S) (which would result in a practically perfect 
enantioselection), but between the transition states TS1(R) and TS2 that 
apply the different mechanism for the substrate activation. An impor-
tant practical conclusion is that it is useless trying to improve the optical 
yield by further increasing the size of the substituent in a-cyanoacetate, 
since the BOC substituent in 70 is good enough to exclude the possibility 

Table 2.1â•‡ Difference in energies (ZPVE [zero point vibrational energy] 
corrected) and free energies (kcal/mol) of the computed transition states for the 

formation of S- and R-products

Substrate
Sulfonyl group 
of the catalyst

Coordinated arene 
of the catalyst DEZPVE DG (298) DGexp

a

2 Ms Hexamethylbenzene 4.7 6.3
Pentamethylbenzene 3.7 5.3
Mesitylene 1.7 2.6
p-Cymene 0.3 1.8

Ts Hexamethylbenzene 3.7 5.1 2.3
Pentamethylbenzene 2.6 4.0 2.1
Mesitylene 1.1 3.0 1.2
p-Cymene 0.6 1.8 0.9

3 Ms Hexamethylbenzene 4.3 5.8
Pentamethylbenzene 4.0 6.7
Mesitylene 1.8 3.6
p-Cymene 0.8 2.0

Ts Hexamethylbenzene 3.4 5.0
Pentamethylbenzene 2.5 3.6
Mesitylene 0.6 2.2
p-Cymene 0.8 2.0

Source:	 From Ikariya, T. and Gridnev, I. D. Top. Cat., 53, 894–901, 2010; Gridnev, I. D. et al., 
J. Am. Chem. Soc., 132, 16637–16650, 2010. With permission.

a	 Calculated from the ee’s values observed in the corresponding catalytic reactions.
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of the reaction via TS1(S). On the other hand, one can consider trying 
to affect the position and rates of the equilibria in the reaction pool, for 
example, by changing the temperature of the catalytic reaction. Thus, the 
best optical yield for the reaction of 11 and 12 catalyzed by 14 observed 
at –40°C (97% ee, corresponds to 2.1 kcal/mol difference in the stabilities 
of the competing transition states) stands well with the computed value 
of 2.2 kcal/mol difference in energies between TS1(R) and TS2, whereas 
at higher temperatures lower optical yields were observed (Figure 2.3).17

In view of the previous discussion, it is easy to understand why in the 
case of acetylenic esters the opposite sense of enantioselection is observed. 
Instead of the angular molecule of diazoester in complexes 19–21, the linear 
molecule of acetylenic diester must be bifunctionally activated. As a result, 

Ms Ms

N

N
H HHPh

Ph

HPh

Ph

N N
C C

18(re) 18(si)

TS1(R)

22(S)

23(S)

22(R)

23(R)

TS1(S)TS2

20 2119

17

O

OPh

Ph

Ph
OBut

OBut

OBut

OBut

Ir Ir
+

Ms

N

O O

O
CO2Me

MeO2C MeO2C

S

N
H

HPh

Ph

N
N

N
C

Ir
+

Ph

Ms

N

O

CO2Me

MeO

N
H

HPh

Ph

N

N
N

O
C

Ir
+

OBut

OBut

OBut

Ph

Ms

N

O

CO2MeN
H

HPh

Ph

N

NN

MeO2C

ButO2C

CO2But

Ph

O

CO2Me

CO2Me

CO2Me

NN

C

C

Ir
+

Ms

N

N
H

H

H

Ph

Ph

N

Cp∗

Cp∗

Cp∗Cp∗Cp∗

Cp∗ Cp∗

Ir
+

MeO2C

O
CO2Me

N
N

C

Ms

N

N
H

H
Ph

Ph

Ph

N

Cp∗

Ir
+

Ms

N

NPh

Ph

Ph

N

Cp∗

Ir

N

N

+

−

−

−
−

−−

−
H

HPh

Ph

NN
C

O

Ph

OBut

Ir
N
Ms

+

−

C N
HN

CO2Me

CO2Me
H

Ms

N

NPh

Ph

Ph

N

Cp∗

Ir

C N
HN

Scheme 2.5â•‡ Three competing pathways in the C—N bond forming reaction cata-
lyzed by the Ir complex 14. (Data from Hasegawa, Y. et al., Bull. Chem. Soc. Jpn., 85, 
316–334, 2012.)



140 Enantioselection in asymmetric catalysis

the stereochemical preferences in the similar adducts 14–16 (and in the cor-
responding transition states) become opposite (Scheme 2.6, Figure 2.4). 

The 1,4-bifunctional activation of the substrate in 25 closely resem-
bles that in 20. However, due to the linear structure of the substrate 
25, the carboxymethyl substituents can effectively avoid the hindrance 
from the substituents of the coordinated a-cyanoacetate that makes TS4 
the  Â�lowest in energy transition state leading to the C−C bond forma-
tion. The 1,2-Â�activation seen for the diazo ester in the adducts 19 and 
21 (Scheme 2.4) is not possible in the case of the substrate 15, the acti-
vation in 1,4 manner requires the movement of the substrate toward 
the bulky substituents of the a-cyanoacetate (Scheme 2.5). As a result, 

TS1(R) 0.0 kcal mol−1

2.01

3.50

1.98
1.91

1.98
3.06

1.92

TS1(S) 5.2 kcal mol−1TS2 2.2 kcal mol−1

Figure  2.3â•‡ Optimized structures and relative energies of the transition states 
TS1(R), TS2, and TS1(S). (Adapted with permission from Hasegawa, Y. et al., Bull. 
Chem. Soc. Jpn., 85, 316–334, 2012. Copyright the Chemical Society of Japan.)

19 −2.1 kcal mol−1 20 −3.4 kcal mol−1 21 1.4 kcal mol−1

Figure  2.2â•‡ Optimized structures and relative energies of the adducts 19–21. 
(Adapted with permission from Hasegawa, Y. et  al., Bull. Chem. Soc. Jpn., 85, 
316–334, 2012. Copyright the Chemical Society of Japan.)
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the pathway involving TS3(R) that was computed to be 4.2 kcal/mol 
higher in energy than TS4, does not contribute to the flux of catalysis. 
Experimentally observed optical yields in the range 80%–95% ee have to 
be explained by the interference of the pathways involving monofunc-
tional activation.17

The direct product of the C−C bond formation stage, intermediate 
27(S) has a bent allenic structure as shown in Schemes 2.6 and 2.7. The 
high Z/E ratios of the reaction product suggest that the proton transfer 
occurs directly from nitrogen to carbon, since the protonation of the oxy-
gen atom would yield a hydroxyallene intermediate with equal poten-
tial for transferring the proton in two alternative positions (Scheme 2.7). 
However, before the proton transfer could take place, the negatively 
charged allenic unit must change its bending mode to 28(S) yielding the 
intermediate 29(S). Computations show that this transformation as well 
as the following proton transfer is characterized by very low activation 
barriers of 1.6 and 1.9 kcal/mol, respectively. Hence, the high Z-selectivity 
of the major S-product is nicely explained by facile intramolecular proton 
transfer as shown in Scheme 2.7.
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On the other hand, although the rebending of the allenic unit is even 
more facile in the case of the intermediate 27(R), the proton transfer 
from the resulting 28(R) was computed to have a much higher activa-
tion barrier of 10.5 kcal/mol (Figure 2.5, right). Taking into account the 
reversibility of the C−C bond formation step, this could serve as an addi-
tional stereo-discriminating factor favoring the formation of the S prod-
uct. However, most probably this effect is leveled by the intermolecular 
protonation.

Much higher barrier of the intramolecular proton transfer in the case 
of 28(R) compared to 28(S) is explained by the relative instability of the 
corresponding transitions state TS6(R) compared to TS6(S) (Figure 2.5). 
The TS6(S) is very close in structure to the intermediate 27(S), the car-
boxymethyl substituent comfortably residing over the flat phenyl ring. On 
the other hand, in the transition state TS6(R) the necessary linear arrange-
ment of the nitrogen, hydrogen, and carbon atoms can be only achieved 
at the expense of rotating the whole MeO2C−C=C=C−CO2Me unit for 
about 40° around the freshly formed C−C bond (Figure 2.5). Similarly to 
the C−C bond formation step, the main stereoregulating interaction is the 
hindrance from the BOC group of the cyanoester.

25, 0.0 kcal mol−1

1.99

2.17 2.01
1.88

2.17

TS4, 12.8 kcal mol−1 TS3(R), 17.0 kcal mol−1

24, 7.0 kcal mol−1

Figure 2.4â•‡ Optimized structures and relative energies of adducts and transition 
states in the C−C bond formation reaction catalyzed by Ir complex 14. (Adapted 
with permission from Hasegawa, Y. et al., Bull. Chem. Soc. Jpn., 85, 316–334, 2012. 
Copyright the Chemical Society of Japan.)
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2.2â•…� Rh-catalyzed stereoselective isomerization 
of tert-cyclobutanols into chiral indanoles

2.2.1â•… Overview

Activation of small, strained rings (e.g., cyclopropanes, cyclobutanes) 
may serve as a very interesting transformation to prepare various useful 
compounds such as Î±-tetralones,18 indanoles,19,20 and lactones21,22 because 
ring opening releases ring strain and thus provides the driving force 
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for C–C activation of the ring moiety. Cramer and coworkers reported 
Rh-catalyzed diastereoselective synthesis of indanoles with excellent ee 
up to 99%, although with relatively poor d.r. up to 20:1.23 Representative 
example with tert-cyclobutanol tcb is shown in Scheme 2.8. Catalytic cycle, 
origin of enantio- and diastereoselectivity have been studies by Dang24 
and coworkers and will be summarized in this chapter.

2.2.2â•… Catalytic cycle

The proposed catalytic cycle (Cramer,23 Dang24) is shown in Figure 2.6.24 The 
active intermediate of the catalytic cycle, RhI complex A is obtained by the 
reaction of the catalyst precursor [Rh(OH)(cod)]2 (cod = Â�cyclooctadiene) 
with added difluorophos ligand through monomerization and following 
cyclooctadiene dissociation, respectively. The catalytic cycle starts with 
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Scheme 2.8â•‡ Rh-catalyzed stereoselective isomerization of tert-cyclobutanol tcb 
into corresponding chiral indanole.
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Figure  2.5â•‡ Transition states for the stereoselective proton transfer. (Adapted 
with permission from Hasegawa, Y. et al., Bull. Chem. Soc. Jpn., 85, 316–334, 2012. 
Copyright the Chemical Society of Japan.)
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metalation of the A to afford intermediate B and H2O. Complex B rep-
resents 14e− RhI complex but essentially is 16e− RhI that is additionally 
stabilized by one weak C–H sigma interaction of one methylene group 
of remaining substrate part with metal (four coordination positions, dis-
torted square-planar geometry). Two isomers are possible for B (one sta-
bilized by C–H sigma interaction of one methylene group of cyclobotanol 
ring, and one by one methylene group of ethyl), each affords complexes 
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Figure 2.7â•‡ Enantioselectivity-determining transition states. Standard free energy 
(gas free energy calculations corrected by single-point solvation free energy), 
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Ca and Cb via β–C elimination of a or b-C atom of the cyclobutane ring, 
respectively, as shown in Figure 2.6. The diastereomeric RhI complexes Ca 
and Cb with terminally coordinated C=O oxygen atom exist in thermal 
equilibrium via intermediate B; Ca calculated to be the resting state of 
the catalytic cycle. Both Ca and Cb are converted into RhIII complexes Da 
and Db, respectively, as a result of C(aryl)–H oxidative addition. Similarly 
to Ca and Cb, RhIII complexes Da and Db exist in thermal equilibrium 
prior to irreversible rate-determining C(alkyl)–H reductive elimination 
states TS1

f and TS1
unf, respectively. This step proceeds effectively only 

from intermediate Da (27.8 kcal·mol−1 relative  to the resting state, com-
plex Ca) to afford RhI complex Ea with fixed absolute R-configuration on 
quaternary carbon atom (TS1

f, see Figure 2.7). The opposite diastereomeric 
pathway that occurs from intermediate Db is uphill by 2.6 kcal·mol−1 on 
free energy scale (TS1

unf, see Figure  2.7). This energy difference deter-
mines the observed enantioselectivity (calculated 97.7% ee at 25°C, cf. 
99% ee from experiment at 110°C). The diastereoselectivity of the reac-
tion is determined further by the energy difference between diastereo-
meric transition states corresponding to C-nucleophilic attack of C(arene) 
atom on carbonyl group. During this process, synchronous breaking of 
Rh–C(arene) and Rh←O=C and formation of C(O)–C and O–Rh bonds 
occur, respectively from two conformational isomers of Ea (Ea1 and Ea2 
on Figure  2.6). The intermediates differ from each other in the confor-
mation of the seven-membered ring, in which prochiral carbonyl group 
maybe C-attacked in two positions. The calculated energy difference of 
1.7 kcal·mol–1 corresponds to the diastereoselectivity of 19:1, cf. d.r. 10:1 
from experiment (Figure 2.8). Gas-phase calculations corrected by single-
point solvation-free energy thus reliably reproduce both sense and order 
of enantio- and diastereoselection.

2.3â•…� Os-catalyzed asymmetric dihydroxylation 
(Sharpless reaction)

2.3.1â•… Overview

Sharpless asymmetric dihydroxylation (AD) reaction or osmium-catalyzed 
dihydroxylation, Scheme 2.9, was initially developed in 1980s (1980: stoi-
chiometric version,25 1988: catalytic version26) for the preparation of chiral 
diols from olefins.27–31 The most popular standard set of reactants called 
as AD-mix-β or AD-mix-Î± has been developed for this reaction32 and is 
still intensively used for producing the chiral products with up to 99% 
ee.33,34 Commercially available AD-mix is composed of potassium osmate 
K2OsO2(OH)4 and powdered K3Fe(CN)6 and K2CO3, respectively. β and 
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Î± denote the nature of the chiral ligand used. In the first case (β), ligand is 
abbreviated as (DHQD)2-PHAL and represents phthalazine derivative of 
dihydroquinidine; in the second (Î±), ligand is called (DHQ)2-PHAL and 
represents phthalazine derivative of dihydroquinine. Both dihydroquini-
dine and dihydroquinine are cinchona alkaloids35 and are diastereomers 
due to the presence of the ethyl group at C3. Because of this fact, although 
ligands lead to diols of opposite configuration, the ee’s are usually not 
identical. Each C2-symmetric (DHQD)2-PHAL or (DHQ)2-PHAL has 
overall eight stereocenters as shown in Scheme 2.9 for (DHQD)2-PHAL. 
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Â�(gas free energy calculations corrected by single-point solvation free energy), kcal/mol.
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For styrene as a substrate, the AD-mix-β mixture gives the (R)-1-phenyl-
1,2-ethandiol with 97% ee (S/C = 500) as shown in Scheme 2.9.32

2.3.2â•… Catalytic cycle

It was suggested that a stepwise [2+2] mechanism (involving a metallaox-
etane intermediate)36–38 or a concerted [3+2] pathway39,40 may take place for 
this reaction. The latter, presently accepted,41–45 is depicted in Figure 2.9. 
The reaction proceeds in two phases with K3Fe(CN)6 as the stoichiometric 
reoxidant.46 In organic layer, chiral cinchona alkaloid derivative (ligand L) 
binds to OsO4 via only one tertiary N-atom to afford 1:1 osmium(VIII)-
ligand complex A. This reacts with olefin via a concerted multibond TS to 
afford osmium(VI) monoglycolate ester B. The later undergoes hydrolysis, 
releasing chiral diol and ligand to the organic layer and Os(VI) complex 
C to the aqueous layer before its reoxidation can occur to D, and conse-
quently regeneration of A in organic layer.

2.3.3â•… Enantioselectivity

Os-catalyzed dihydroxylation of alkenes was probably one of the first 
density functional theory (DFT)-based investigations of a metal-Â�catalyzed 
asymmetric reaction (Norrby, Sharpless).36,47 The latest available com-
putational work35,48–52 devoted to the stereocontrol of this reaction was 
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performed more than 15 years ago by Maseras and coworkers by means 
of hybrid QM/MM calculations with IMMOM method (gas-phase) and 
for styrene as a substrate.53 Full model of the “second generation” ligand 
(DHQD)2-PYDZ (bis(dihydroquinidine)-3,6-pyridazine) earlier intro-
duced54,55 by Corey was computed. The mono-OsO4 complex of (DHQD)2-
PYDZ bounded via tertiary nitrogen atom was considered.53 The 
dihydroxylation of styrene at 0°C using (DHQD)2-PYDZ ligand afforded 
the final R-configurated product in 96% ee (cf. 97% ee obtained with 
(DHQD)2-PHAL under the same conditions as shown in Scheme  2.9).54 
Twelve different possible reaction paths were defined from three regions 
of entry of the substrate via [3+2] concerted TS (three available O=Os=O) 
and its four possible orientations (position of Ph-substituent on “ethylene” 
with respect to two oxygen atoms).53 Three lower energy saddle points 
correspond to the transition states leading to R-product (S1: 0.0 kcal∙mol−1; 
S2: 0.10 kcal∙mol−1) and S-product (S3: 2.65 kcal∙mol−1), respectively.53 For 
each transition state structure, the substrate is located in the “pocket” of 
the catalyst–ligand complex (so-called B region53,56). The available struc-
ture corresponding to S1 is shown in Figure 2.10.

Based on decomposition of the MM3 van der Waals interaction 
energy (IE) between substrate and catalyst it was concluded by Maseras 
and coworkers that two major factors stabilize S1: face-to-face π–π stack-
ing interaction between substrate and one quinoline moiety (two conju-
gated aromatic rings, abbreviated as quinoline A) as well as face-to-edge 
interaction (C–Hâ•›… N=N hydrogen bonding) between styrene and pyra-
dizine.53 Krenske and Houk57 and then Hopmann58 mistakenly sketched 
in a 2D Figure one additional face-to-face interaction with other quinoline 
moiety (quinoline B) in this favorable transition state structure. 

When 3D structure of S1 is qualitatively analyzed, however, only one 
face-to-face interaction with only one quinoline ring (which is conjugated 
with the second, quinoline A) can be found. Although the C−H proton 
is indeed orientated toward pyridazine’s N=N bond, the bond length of 
this C−H proton is not elongated (~1.10 Å), whereas the distances between 
C atom and H atom with the center of N=N bond is 3.85 and 2.76 Å, 
respectively, rather suggesting that this interaction is not significantly 
important.

Note that based on earlier experimental studies from Sharpless group, it 
was concluded that some π–π stacking may bring important consequences 
for the reaction enantioselectivity when unsaturated substrates are used.56 
For example, whereas dihydroxylation of styrene afforded the product 
with 97% ee and vinylcyclohexane afforded the product with 84% ee.56 The 
value 84% for nonsaturated substrate can be explained in terms of weak 
C(sp3)–Hâ•›… π hydrogen-bonding interactions between a substrate and a 
catalyst. Similar C(sp3)–Hâ•›… π hydrogen-bonding interactions between the 
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aliphatic chain of the olefin and the quinoline A as well as PYDZ moiety of 
(DHQD)2PYDZ were found in dihydroxylation aliphatic n-alkenes.59 The 
face-to-edge interactions with PYDZ moiety in addition to hydrophobic 
interactions60–63 with quinuclidine B were suggested59 to be responsible for 
the experimentally observed31 increase in enantioselectivity with increase 
of n-number from propene up to 1-decene. Because these interactions are 
relatively very weak in nature, the enantioselectivity value increased from 
35% to 85% ee only, corresponding to a ceiling value.

For the so-called “Sharpless mnemonic”48,49 and “electronic 
Â�polarizability-based stereochemical”64,65 models, both qualitative 2D pre-
diction tools for the absolute configuration in this reaction, an interested 
reader is addressed to the corresponding original publications.

Face-to-face stacking

Quinoline A

Quinoline B

O

O

Os

O

O

Os

Quinuclidine B

Quinuclidine A

C − H⋯N = N

Figure 2.10â•‡ The most favorable transition state S1 leading to major (R)-1-phenyl-
1,2-ethandiol. Noncritical hydrogen atoms are omitted for clarity.
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2.4â•…� Pd- and Rh-catalyzed conjugate additions 
of arylboronic acids to enones and 
nitrostyrenes (Hayashi−Miyaura reaction)

2.4.1â•… Overview

Organoboronic acids, such as phenylboronic acid, are important in 
organic synthesis and medicinal chemistry because of their versatil-
ity as synthons in the preparation of complex molecules.66 The use of 
organoboronic acids is also attractive due to very high stabilities in 
protic and aqueous media and commercial availability in a variety of 
forms. The Pd- and Rh-catalyzed conjugated addition of organoboronic 
acids to enones and nitrostyrenes (Hayashi−Miyaura reaction) is a pow-
erful tool for enantioselective Michael addition.67,68 Indeed, the reac-
tion is characterized by (a) no competitive uncatalyzed reaction of the 
organoboronic acids onto the enone; (b) no 1,2-addition of the organo-
boron reagent; and (c) a large functional group tolerance which is in 
contrast to organolithium and Grignard reagents.69 Addition of arylbo-
ronic acids to enones was pioneered by Uemura (M = Pd)70 and Miyaura 
(M = Rh,71 M = Pd72,73) in the mid-1990s. Hayashi (M = Rh),74–77 Miyaura 
Â�(M = Rh,77 M = Pd78), and Minnaard (M = Pd)79 reported the first asymÂ�
metric versions. The Hayashi group developed the first rhodium-catalyzed 
highly enantioselective addition of arylboronic acids to Î±-substituted 
nitroalkenes employing a Rh/Binap catalyst.80 The Gutnov group reporÂ�
ted the enantioselective addition of arylboronic acids to strongly activated 
2-nitroacrylate using Miyarua’s cationic chiraphos/Pd catalytic system,81 
whereas Yang and Zhang82 reported first Pd-catalyzed enantioselective 
Michael addition of arylboronic acids to nitroalkenes with a broad sub-
strate scope. 

In this chapter, origin of enantioselectivity in the conjugate addition 
of arylboronic acids to β-substituted cyclic enones, nitrostyrenes, and acy-
clic enones catalyzed by palladium and rhodium complexes is discussed 
based on computational works of Houk and Stoltz,83 Yang and Zhang,82 
and Konuklar.84 The corresponding catalytic reactions (90%–96% ee’s) were 
described in the groups of Stoltz,83,85–87 Yang and Zhang,82 and Konno,88,89 
respectively (Scheme 2.10, Chart 2.1).

2.4.2â•… Catalytic cycle

Miyaura proposed the prototype of the catalytic cycle (M = Pd, Scheme 
2.11) in 2004.73 For the conjugate addition to 3-methyl-2-cyclohexenone 
outlined in Scheme 2.10, the first step involves transmetalation of cationic 
Pd(II)–phenylborate complex A to generate a phenyl-palladium com-
plex B.83 Complex B undergoes ligand exchange to form a more stable 
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phenylpalladium–enone complex C, in which the palladium binds to the 
enone oxygen atom. Complex C isomerizes to a less stable π complex D 
and then undergoes carbopalladation of the enone to form the new carbon–
carbon bond. The carbopalladation step requires an activation free energy 
of 21.3 kcal·mol−1 (relative to C), and is the enantio- and rate-determining 
transition state. Coordination of one water molecule to E leads to an aqua–
palladium Â�enolate complex F, and finally facile hydrolysis of F to afford 
product complex G. Liberation of the product from G and coordination 
with another molecule of phenylboronic acid regenerates complex A to 
complete the catalytic cycle.83 The computed catalytic cycle demonstrates 
some similarities with the Pd/bipyridine system in methanol90,91 and is 
likely the same as for the conjugate addition to nitrostyrene.

O

Ph

Ph

Ph

B(OH)2

1.2 equiv

1.5 equiv

[Pd(OCOCF3)2] (5 mol%)
(S)-t-BuPyOX (6 mol%)

H2O, additive

[Pd(OCOCF3)2] (5 mol%)
iPr-IsoQuinox (7.5 mol%)

[Rh(C8H12)2] BF4 (5 mol%)
(S)-BINAP (6 mol%)

ClCH2CH2CL
60°C, 12 h

MeOH
40°C, 24 h

O

X

X = H: 99% y., up to 93% ee
X = CF3: 99% y., up to 96% ee

X = H: 96% y., 90% ee
X = Cl: 95% y., 94% ee

92% y., 93% ee

(R)

(R)

(R)

+

+

+

NO2 NO2

B(OH)2

1.2 equiv

B(OH)2O

F3C F3CToluene/H2O (4:1)
re�ux, 3 h

O

Ph
X

X

X

Scheme 2.10â•‡ Catalytic reactions.

O O

(S)-BINAP:

PPh2

PPh2

iPr-IsoQuinox:

iPr

(S)-t-BuPyOX:

N NNN tBu

Chart 2.1â•‡ Chiral ligands used in the Hayashi−Miyaura reaction.
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2.4.3â•… Catalytic cycle (M = Rh, Scheme 2.12)

Hayashi proposed the prototype of the catalytic cycle for cyclic enone in 
2002 based in three identifiable intermediates.75 Based on this proposition, 
Konno suggested a plausible cycle for the process shown in Scheme 2.10 
underlying that it is only E-isomer (more stable) of the substrate that par-
ticipates in the reaction89 (Scheme 2.12).

The plausible catalytic cycle for Rh proposed by Konno and further 
considered in the computations of Konuklar84 is very similar to Pd, but 
many details are omitted with respect to a much more detailed and infor-
mative cycle of Houk.83

[Pd(OCOCF3)2]2 + ligand + H2O

PhB(OH)2

PhB(OH)2

B(OH)2

B(OH)3

H2O

2 CF3CO2
⊝, H⊕

+

O

Ph

O

NN
Pd

+

O

NN
Pd

OH

OH

HO

HO
B

tBu

tBu

+

O

O

O

NN
Pd

tBu

+

O

O

NN
Pd

tBu
+

O

O

NN
Pd

tBu

+

O

NN
Pd

tBu

Ph

Ph

Ph

OO

+

O

NN
Pd

tBu

OHO

H

H

H

1. Transmetallation

2. Carbopalladation

3. Protonation

A

B

C

DE

F

G

EDS
RDS

Scheme 2.11â•‡ Catalytic cycle for Pd-catalyzed conjugate addition of phenylboronic 
acid to 3-methyl-2-cyclohexenone.
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2.4.4â•… Origin of enantioselectivity (M = Pd)

The enantioselectivity-determining alkene insertion step involves a four-
membered cyclic transition state, which adopts a square-planar geometry. 
When a chiral bidentate ligand, such as PyOx, is employed, there are four 
possible isomeric alkene insertion transition states (Table 2.2).

Transition state structures TS-C and TS-D in which phenyl group is 
located cis to the oxazoline, are likely destabilized by steric effects between 
the R1 on the ligand and the phenyl group. The best destabilization is 
achieved when R1 = t-Bu. In contrast, TS-A and TS-B in which phenyl 
group is located trans to the oxazoline are stabilized by C–Hâ•›… π interac-
tion between the pyridine hydrogen and phenyl group. The enantioselec-
tivity originates from the energy difference between transition states TS-A 
and TS-B. For R1 = t-Bu, 1-TS-B is likely destabilized by steric effects 
originating from the t-Bu group. In contrast, no ligand–substrate steric 
repulsions are observed in 1-TS-A, in which the cyclohexenone is anti to 
the t-Bu. 1-TS-A is also stabilized by a weak hydrogen bond between the 

[Rh(C8H12)2] BF4 + (S)-BINAP

ArB(OH)2 2 C8H12 + B(OH)2BF4

PPh2Ph2P

B(OH)3

ArB(OH)2

Rh
Ar

PPh2Ph2P
Rh

PPh2Ph2P
Rh

PPh2Ph2P
Rh

Ar

O

Ph

OPh

O

O

Ph

Ph

F3C

F3C

F3C

H2O

CF3

Ar

Ar

(S)

HO

A

B

D

C

EDS

Scheme 2.12â•‡ Catalytic cycle for Rh-catalyzed conjugate addition of arylboronic 
acid to the acyclic enone.
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carbonyl oxygen and the hydrogen geminal to the t-Bu group on the oxa-
zoline. The 3D structures of TS-A and TS-B are shown in Figure 2.11.

The chiral induction for the nitrostyrene Michael addition can be 
explained using the similar model (Figure 2.12).82 The nucleophilic aryl 
group coordinated to the Pd nitrostyrene is cis to the oxazoline. The 

RepulsiveC–H…O=C

C–H...πC–H...π

1-TS-B1-TS-A

Figure 2.11â•‡ The most favorable transition states leading to major (R)- and minor 
(S)-product. Optimized at BP86/SDD(Pd)/6-31G*(all others) level of theory.

Table 2.2â•‡ Activation enthalpies (kcal·mol−1) and enantioselectivities of 
3-methyl-2-cyclohexenone insertion with (S)-t-BuPyOX, (S)-i-PrPyOX, 

(S)-i-BuPyOX, and (S)-PhPyOx ligands

O

OO
H

R1

NN
Pd

O O

O
H

R1

R1

NN
Pd

O
OHN

Pd R1

O
HNN

Pd

n-TS-A n-TS-B n-TS-C n-TS-D

Ph

O

Ph

(R) (S)

O

Ph

O

Ph

(R) (S)

N

TS R1 TS-A TS-B TS-C TS-D ee (%)a

1 t-Bu 0 2.3 2.6 3 94 (93)
2 i-Pr 0 1.1 1.5 1.4 67 (40)
3 i-Bu 0 0.8 1.9 1.9 52 (24)
4 Ph 0 1 1.6 2.2 65 (52)

Source:	 Reprinted with permission from Holder, J. C. et al., J. Am. Chem. Soc., 135, 
14996–15007. Copyright 2013 American Chemical Society. 

a	 Experimental ee’s values are given in brackets. 
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sterically disfavored intermediate (B), in which the substrate coordinates 
to the palladium with the −NO2 group oriented downward (si-face) close 
to the isopropanyl group of IsoQuinox, leads to the optically minor prod-
uct (S)-3. DFT calculations showed that the energy of the transition state 
TsS was 8.3 kcal·mol−1. The intermediate A is more sterically favored. The 
energy of the corresponding transition state TsR is 4.5 kcal·mol−1.

2.4.5â•… Origin of enantioselectivity (M = Rh)

Similarly to Pd, the enantioselectivity-determining alkene insertion step 
involves a four-membered cyclic transition state, which adopts a distored 
square-planar geometry. For BINAP, there are two possible isomeric 
alkene insertion transition states, leading to R and S-products, respec-
tively, as shown in Figure 2.13.

(S)-minor product(R)-major product

A favored B disfavored

Me

NO2
NO2

NO2

Ph

Ph

Me

Me
Me

Pd PdH H

Pri Pri

O O
N N

NN

+
+

TSS 8.3 kcal/molTSR 4.5 kcal/mol

NO2

Figure  2.12â•‡ Stereochemical model for Pd-catalyzed enantioselective Michael 
addition of arylboronic acid to nitroalkene. (Adapted with permission from 
He, Q. et al., Org. Lett., 17, 2250–2253. Copyright 2015 American Chemical Society.)
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The computed84 enantioselectivity of ~50% from the energy difference 
of 0.6 kcal·mol–1 in the gas phase does not reproduce the experimental 
enantioselectivity of 94%. There could be multiple reasons for this starting 
from the use of gas-phase computations and the use of small basis set and 
old functional and finishing by wrong reaction mechanism. 

2.5â•…� Rh-catalyzed asymmetric 
hydroboration of vinylarenes

2.5.1â•… Overview

Olefin hydroboration, which is the addition of a B–H bond across C=C 
bond, was first discovered by H. C. Brown in 195692 and Köster in 1958.93 
Typically, the reaction does not require a catalyst and the simple borane 
reagent (e.g., B2H6, BH3·THF, BH3·SMe2, BH2Cl·Et2O, thexylborane, disiam-
ylborane, and 9-BBN) or boranes bearing electron-withdrawing substitu-
ents (e.g., Piers’s borane B(C6F5)2

94) react rapidly even at room temperature 
to afford, after oxidation, the linear anti-Markovnikov products. The reac-
tion can be remarkably C=C/C=O chemoselective for terminal alkenes 

TS major: 0.0 kcal.mol−1

O

(R)F3C Ph

O

(S)F3C Ph

TS minor: 0.6 kcal.mol−1

Figure 2.13â•‡ The most favorable transition states leading to major (R)- and minor 
(S)-product. Optimized at B3LYP/LANL2DZ(Rh)/6-31G*(all others) level of theory.
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containing carbonyl groups.95 For hydroborating reagents in which boron 
atom is bonded to heteroatoms such as oxygen or nitrogen (e.g., catechol-
borane, pinacolborane, and ephidrineborane) elevated temperatures are 
needed for reaction to occur.96–98 Although the uncatalyzed hydroboration–
oxidation of alkenes usually affords the anti-Markovnikov products, the 
catalyzed versions can be induced to produce either Markovnikov or 
anti-Markovnikov products.99 On the contrary to metal-free, the metal-
catalyzed anti-Markovnikov reaction with diorganyloxyboranes proceeds 
to completion within minutes at room temperature.100 The regioselectiv-
ity and enantioselectivity obtained with a catalyst depend on the ligands 
attached to the metal, form of the metal precursor used (i.e., neutral or cat-
ionic complex), nature of the metal used (e.g., Rh or Ir), steric and electronic 
properties of the reacting alkene, nature of the borane used (e.g., catechol-
borane vs. pinacolborane), additives, and other parameters. For example, 
catalytic hydroboration of perfluoroalkylalkenes with cationic101,102 and 
neutral101 rhodium complexes allows for selective access to Markovnikov 
and anti-Markovnikov alcohol products, respectively, after hydrobora-
tion with catechol- and pinacolboranes, followed by oxidation with alka-
line hydrogen peroxide. Catecholborane usually affords Markovnikov 
product, whereas pinacolborane affords a mixture of Markovnikov 
and anti-Markovnikov products in the cationic Rh-BINAP-catalyzed 
hydroboration–oxidation of vinylarenes.103 In contrast, the selectivities are 
similar for these reagents, when cationic Rh-QUINAP complexes are used 
(still, however, catecholborane gives better regio- and enantioselectivity).103 
Substitution of Rh by Ir in the hydroboration of vinylarenes104 or meso 
substrates105 leads to complete reverse of the sense of enantioinduction 
and/or regioselectivity. 

The first transition-metal-promoted (M = Ir, Co) reactions of simple 
boron hydrides to alkynes was reported by Sneddon in the beginning of 
1980s.106,107 The first olefin hydroboration (M = Rh) with diorganyloxy-
boranes was developed in 1985 by Männig and Nöth.108 The first enan-
tioselective (Rh-catalyzed) olefin hydroboration with these and similar 
boranes were developed by Suzuki,109 Evans,110 Burges,111 Hayashi and 
Ito,112 and Lloyd-Jones and J. M. Brown113 in the end of 1980s. The metal-
catalyzed asymmetric hydroboration of olefins with hydroborating agents 
in which boron atom is bonded to heteroatoms such as oxygen or nitrogen 
is a straightforward method to obtain chiral boronic esters with up to 98% 
ee.114–116 The later can be converted into a variety of functionalities includ-
ing alcohols, carboxylic acids, amines, halides, and homologated materi-
als117–120 and with retention of stereochemistry.115

In this chapter, origin of enantioselectivity in the hydroboration/
oxidation of vinylarenes with catecholborane by cationic rhodium com-
plexes is discussed based on computational work of Fernández and Bo as 
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shown in Scheme 2.13.103,121 The corresponding catalytic reactions leading 
to branched Markovnikov products (>98% selectivity) were described in 
the groups of Hayashi and Ito,122 J. M. Brown,123 and Chan.124

The following conclusions can be drawn from experimental obser-
vations (Scheme  2.13): higher enantioselectivities are observed for het-
erotopic P,N ligands (QUINAP, PYPHOS) than for homotopic P,P ligands 
(BINAP); the enantioselectivity is temperature-dependent with hetero-
topic P,N ligands in the asymmetric induction of styrene (Scheme  2.13, 
entries 8 and 9); and the electronic nature of the 4-substituted styrene 
influences stereoselectivity to the extent that ee values seem to obey a lin-
ear free energy relationship with the Hammett constants (Scheme  2.13, 
entries 2–7). Note that when pinacolborane was used instead of catechol-
borane for the same reaction catalyzed by [Rh(COD){(R)-BINAP}]BF4, two 
products Markovnikov and anti-Markovnikov were observed in 1:1 ratio, 
and the branched product was obtained with the opposite absolute con-
figuration of 18%.103 On the other hand, the same sense of enantioselection 
was observed with the QUINAP ligand.103

2.5.2â•… Catalytic cycle

The presently accepted catalytic cycle follows inner-sphere mecha-
nism (Scheme  2.14).115 The inner-sphere mechanism within which the 

O
B H

O

R

1)

2) H2O2, OH−

cat [Rh]
OH

R

(R)

(R)-BINAP:

(R)-QUINAP:

(R)-PYPHOS:

>90% Conversion
>98% Regioselectivity
up to 94% ee

PPh2

PPh2

PPh2

PPh2

N

N

tBu

tBu

Entry Catalytic system R T (°C) ee (%)
[Rh(COD){(R)-BINAP}]BF4
[Rh(COD){(R)-QUINAP}]BF4
[Rh(COD){(R)-QUINAP}]BF4
[Rh(COD){(R)-QUINAP}]BF4
[Rh(COD){(R)-QUINAP}]BF4
[Rh(COD){(R)-QUINAP}]BF4
[Rh(COD){(R)-QUINAP}]BF4
[Rh(COD)2]BF4/(R)-PYPHOS
[Rh(COD)2]BF4/(R)-PYPHOS

1
2
3

5
4

6
7
8
9

H
H
Me
OMe
F
Cl
CF3
H
H

25
25
25
25
25
25
25
25
0 90

69
45
78
80
94
89
92
57

Scheme 2.13â•‡ Reactions.
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unsaturated substrate is π-coordinated on the metal is particularly sup-
ported by two facts: C=C versus C=O chemoselectivity108 and relatively 
high catalyst loadings. For example, Noyori-type catalysts that operate 
in the outer sphere (no substrate coordination on the metal) have the 
opposite C=O versus C=C chemoselectivity and perform under very low 
catalyst loadings.125 An initial oxidative addition of the B–H bond at the 
cationic metal center is followed by the π-coordination of the unsaturated 
C–C bond to the metal center. Subsequent migration of hydride would 
occur to either the terminal or the substituted carbon atom. Alternatively, 
migratory insertion of the alkene to Rh–B bond may occur (C–B coupling) 
prior to reductive C–H elimination,126 but this possibility is not generally 
accepted,115 therefore not shown in Scheme  2.14. Finally, reductive C–B 
elimination from the metal center would yield the hydroborated products 
and regenerate the metal catalyst.

2.5.3â•… Enantioselectivity

Fernández and Bo suggested that the key intermediate responsible for 
both regio- and enantioselectivity is pentacoordinated H–Rh–(ligand)–Â�
catecholborane–styrene complex, where styrene is coordinated trans to 
the naphthylpyridine moiety and the hydride is in axial position.103,119 The 
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Scheme 2.14â•‡ Presently accepted catalytic cycle for the cationic Rh-catalyzed 
asymmetric hydroboration of vinylbenzene leading to Markovnikov product.
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relative position of the alkene substituent in relation to the Rh–H bond 
defines several isomers, which produce different products each (Chart 2.2).

Relative stability of eight isomers A–B was suggested to determine 
the reaction outcome (regio- and enantioselectivity).121 Although this sug-
gestion is just an approximation, because the reaction outcome will be 
determined rather by the energy difference for the corresponding transi-
tion states, it is assumed that the same factors that stabilize these eight iso-
mers A–B will stabilize the corresponding transition states. For PYPHOS, 
QUINAP and BINAP the probranched intermediates were computed to be 
uniformly more stable than prolinear intermediates. For all three ligands, 
the most stable isomer was computed to be B1, the one that led to the 
R-enantiomer in agreement with experimental observation. For PYPHOS 
and QUINAP, the second most stable isomer was computed to be pro-S B2. 
The computed QM/MM energy difference of 3.5 kcal∙mol−1 for PYPHOS 
and 4.1 kcal∙mol−1 for QUINAP is in agreement with experimental obser-
vation that higher ee’s are obtained for QUINAP at 25°C (Scheme 2.13). In 
general in PYPHOS, because the difference between B1 and B2 is smaller 
than in QUINAP, a lower temperature is needed to obtain the same ee. For 
more-crowded BINAP, the second most stable isomer was computed to be 
pro-S A3, 0.3 kcal∙mol−1 above B1, qualitatively indicating a lower stereo-
differentiation, in agreement with experiment.

The difference between B1 and B2 (PYPHOS, QUINAP) arose from 
the different π–π interactions between the substrates and the catalyst. 
There are in total three types of π–π interactions in structures B1, B2, 
and A3: π1 interaction that are always present between a ligand aromatic 
rings, π2 interaction between the substrate (phenyl aromatic ring) and the 
ligand present in B1 and π3 interaction between the substrate (phenyl aro-
matic ring) and catecholborane (five-membered ring) present in B2. The 
always present π1 interaction does not determine the reaction outcome 
(Figure  2.14). The slipped-parallel π2 interaction is stabilizing, whereas 
π3 interaction is destabilizing. Therefore all three ligand, substrate, and 
catecholborane are responsible for the stereoinduction: Stabilizing π–π 
interaction in B1 and destabilizing π–π interaction in B2 both play a key 
role in enatiodifferentiation. Note that destabilizing π–π interaction in B2 

O
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A B

B O
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A2 (pro-linear)   B2 (pro-S)
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Chart 2.2â•‡ Isomers to produce different reaction products.
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is absent if pinacolborane is considered instead of catecholborane, and 
a new CH3â•›… π appears between the substrate and pinacolborane, thus 
explaining smaller ee’s with this reagent.103

What is the evidence that π2 interaction is stabilizing and π3 interac-
tion is destabilizing? The relative strength of each π–π interaction was 
evaluated by considering model systems (Chart 2.3).

X
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O
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H
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IE IEd
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Chart 2.3â•‡ Interaction energy (IE in kcal•mol–1), distance between ring 
Â�centroids (d in Å) in the model systems.
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Figure  2.14â•‡ The most stable isomers of penta-coordinated H–Rh–(ligand)-Â�
catecholborane–styrene complex leading to R- and S-configurated products 
under the assumption that the process proceed via insertion of the double bond 
into the Rh–H bond.
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For π2, the IE was computed to be negative, that is, there was a 
Â�stabilizing interaction that increased in the following order: p-OMe-styrene 
< styrene < p-Cl-styrene. The distances between the ring centroids (3.4 
Å on average) were quite similar to the values computed for B1 com-
plexes in QUINAP. The shorter distance between the ring centroids in 
the Rh-QUINAP complexes (3.5 Å) than those in the Rh-PYPHOS (4.1 Å) 
complexes therefore makes the π2 interaction stronger, thus adding stabi-
lization. It was suggested that the ligand backbone in QUINAP provides 
a conformation that enables a greater proximity of the ligand to the sub-
strate, which stabilizes the B1 intermediate more.121

For π3, the IE was computed to be positive or only slightly negative, but 
the relative trend was similar p-OMe-styrene < styrene < p-Cl-styrene. The 
equilibrium distance between ring centroids in the model systems for π3 (4.6 
Å on average) was longer than those in π2 (3.4 Å on average).

By considering the relative stability of a key intermediate, the com-
putational model of Fernández and Bo reasonably well reproduced the 
performance of the catalyst for different ligands and different substrates, 
and allowed identification of some factors that determine both regio- and 
enantiodifferentiation. 

However, one must keep in mind that not only TS’s were not com-
puted in this study, but also the number of analyzed catalytic pathways 
has been artificially and significantly reduced.

2.6â•… Mechanism of autoamplifying Soai reaction

2.6.1â•… Introduction

In 1995 Soai et  al. discovered a reaction that remains so far essentially 
the only straightforward example of a chemical process that leads to 
amplification of the catalyst chirality (Scheme 2.15).127 Intensive research 
of the properties of this entirely new phenomenon showed that it features 
numerous unique properties interesting both from the theoretical and 
practical points of view. Thus, the Soai reaction offers the possibility of 
bringing the optical purity of the catalyst/product to almost absolute per-
fection by repeated runs,128–131 inducing the initial chirality of the sample 
by microscopic amounts of chiral compounds,128–131 and even of generat-
ing scalemic samples from nonchiral precursors.132–139

Physicochemical understanding of the amplification and autoampli-
fication phenomena is based on the kinetic Scheme formulated by Frank 
in 1953 (Scheme 2.16).140 Formal kinetic treatment of the equations shown 
in Scheme 2.16 allows us to conclude that if the heterochiral dimeric prod-
uct is removed from the flux of catalysis (e.g., Equation 5 in Scheme 2.16), 
in a flow reactor the autocatalysis (Equations 3 and 4 in Scheme 2.16) will 
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develop any initial ee of the catalyst/product (no matter how small it may 
be) to a reaction pool consisting of enantiomerically pure catalyst/product 
of the same handedness even in the presence of a slower background 
reaction (Equations 1 and 2 in Scheme 2.16).141–154 The smaller the initial 
enantiomeric excess, the longer the time required for the development of 
asymmetry. In a closed reactor, the same process can be obscured by the 
fact that the substrate may be exhausted earlier than the characteristic 
time of asymmetry development is achieved.154

All further extensive work on the physicochemical background of the 
asymmetry amplification is based on various modifications of the initial 
Frank’s Scheme.141–154 Hence, there is no lack of understanding of this phe-
nomenon from the kinetic side of the problem.

However, having in mind the evident virtues of conscious creation of 
various self-amplifying reactions, much more important is the problem of 
the essential structural requirements that would allow the actual realiza-
tion of a self-amplifying scenario. From this point of view the studies of 
the mechanism of autoamplification in the Soai reaction are timely and 
highly interesting. 
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Scheme 2.15â•‡ Soai autoamplification reaction.
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Scheme 2.16â•‡ Frank’s Scheme for the asymmetric amplification where A is sub-
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2.6.2â•… Studies of the reaction pool of Soai reaction

Since the Soai reaction is autocatalytic, the real catalyst carrying out the 
flux of the enantioselective catalysis must be present in the resulting reac-
tion mixture. This gave the reasons to investigate carefully all species that 
are present in the reaction pool.155

On the other hand, the concentration of the real catalyst must not 
necessarily be high, that is, it might be beyond the detection level of the 
analytical techniques. This justified the use of the combination of experi-
mental and computational techniques in searching for the active catalytic 
species in the autoamplifying Soai reaction.

NMR analyses together with DFT computations showed unequivocally 
that the most concentrated species in the reaction pool of the Soai reaction are 
homo- and hetero-square dimers 2 existing in a dynamic equilibrium with 
monomers 1.156–160 Homo- and hetero-square dimers 2 are present in the reac-
tion pool in practically equal concentrations that excludes the possibility of 
involvement of a reservoir mechanism in the catalytic autoamplification.161

Experimentally determined activation barrier of the dissociation 
(19.1 kcal mol−1)156 was used to choose the computational technique for an 
adequate description of the Soai reaction. As can be seen by analysis of the 
computed thermodynamic parameters shown in Scheme 2.17, whereas the 
B3LYP functional provides a reasonable approximation of the dissociation 
barrier, the use of M05-2X with the same basis strongly overestimates the 
strength of the dimers.

Although the square dimers 2 are undoubtedly the most concentrated 
species in the reaction pool of the Soai reaction, they are unlikely candi-
dates for an autoamplifying catalyst, since the strict substrate specificity 
of the reaction implies participation of the nitrogen atoms of pyrimidinyl 
rings in the structure of the active catalyst.

Hence, it has been suggested that macrocyclic dimers 3 could be con-
sidered as the probable catalytic species, however they are thermodynam-
ically disfavored compared to the square dimers (Scheme 2.18).

Nevertheless, the formation of the macrocyclic units is considered 
to be essential so far in both suggested catalytic cycles. Thus, Ercolani 
and Shaffiano accepted the M05-2X computational results implying that 
coordination of two ZnPri

2 molecules to the oxygen atoms of the mac-
rocycle makes it relatively stable (notice, however, the tremendous dif-
ference between the relative stabilities obtained by different Â�functionals). 
In the later work, it has been shown that the macrocyclic units are 
likely to be reversibly generated by aggregation of two square dimers 
(Scheme 2.19).154,155

The B3LYP results predict endogonic formation of tetramers 4 at 
ambient temperature that becomes slightly exogonic at 193 K. This cor-
responds well to the experimental observations. On the other hand, the 
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calculations by M05-2X functional evidently strongly overestimate the 
strengths of the Zn−O and Zn−N bond that would result experimentally 
in the stupendous stability of the tetrameric species that is not observed 
in reality.155

The evident and significant advantage of B3LYP in describing the 
reaction pool of the Soai reaction made us to skip the description of the 
mechanism suggested by Ercolani and Shaffiano which is essentially 
based on the M05-2X calculations in gas phase without accounting for 
the entropy.162–165 Besides, its careful analysis involves competition of 
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numerous catalytic cycles with sophisticated geometries of the crucial 
intermediates and transition states, as well as far from evident stereo-
chemical preferences. Hence, an interested reader is addressed to the 
corresponding original publications cited here.162–165

2.6.3â•…� Structure of the catalyst and computations 
of the catalytic cycle of Soai reaction

Detailed conformational analysis of the macrocyclic tetrameric species 
formed by dimerization of the Zn–O–Zn–O square dimers and of their 
ZnPr2

i adducts revealed the structural divergence of the homo- and 
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heterochiral species. Homochiral tetramers are exclusively formed in a 
specific brandyglass conformation (not available on the dimer level) with 
almost orthogonal pyrimidinyl rings forming a 3D cavity that is virtually 
unaffected by the formation of a ZnPr2

i adduct (Figure 2.15, top). Similar 
conformation of the heterochiral macrocyclic tetramer is significantly 
less spacious and is practically closed upon coordination of a molecule of 
ZnPr2

i (Figure 2.15, bottom).155
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The 3D cavity observed in the ZnPr2
i adduct of the homochiral 

brandyglass tetramer forms an ideal chiral pocket for coordination of 
the aldehyde followed by perfectly enantioselective alkylation yielding 
monomeric alcoholate of the same handedness as the tetrameric cata-
lyst (Figure 2.16).155 A possibility of the opposite way of the aldehyde 
coordination is completely excluded, because switching of the prochi-
ral planes of the coordinated aldehyde would replace the oxygen atom 
in the proximity of Zn with hydrogen, and activation would become 
impossible.

A significantly less spacious cavity in the heterochiral brandyglass 
tetramer practically disappears upon the coordination of ZnPr2

i which 
excludes the heterochiral species from the flow of catalysis and leads to 
the realization of the Frank’s Scheme for the amplification of chirality.154

4-ZnPri2 homochiral
ω 87.8

(a)

(b) 4-ZnPri2 heterochiralω 53.0° ω 41.0°

Figure  2.15â•‡ Optimized structures of homo- (a) and hetero (b) chiral adducts 
4•ZnPr2

i and the angles between pyrimidinyl rings in these molecules that char-
acterize the spaciousness of their 3D cavities.
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The catalytic cycle (Scheme 2.20) involves reversible association of the 
square dimers 2 into the tetramer 4, N-coordination of diisopropyl zinc, 
capture of the aldehyde molecule in the 3D cavity, alkylation, and disso-
ciation of the monomeric alcoholate that amplifies the chiral pool of the 
reaction.155

It has been shown recently that the observation of a transient inter-
mediate with the acetal structure in the reaction pool of Soai reaction166 
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can be explained accepting the catalytic cycle shown in Scheme 2.20, since 
the formation of a monomeric product is an essential requirement for the 
kinetic stability of the acetal species.167
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chapter three

Mechanism of enantioselection 
in organocatalytic reactions

3.1â•… Phosphoric acids
3.1.1â•… Asymmetric allylboration

Originally, enantioselective allylboration was developed using chiral allylbo-
ranes and allyl boronates.1–5 These reactions require multistep preparations 
of chiral reagents that are used in stoichiometric amounts, and are therefore 
impractical. Recently, catalytic asymmetric allylborations were developed. 
These reactions can apply either chiral Lewis bases6–10 or Brønsted acids11–14 
as the catalysts. In particular, chiral BINOL-phosphoric acids were demon-
strated to provide high optical yields in the enantioselective allylboration 
reaction between allylboronate 1 and aldehydes.15 For example, the catalytic 
asymmetric allylboration of benzaldehyde 2 proceeded quantitatively yield-
ing the corresponding homoallyl alcohol 3 with 98% ee (Scheme 3.1).

The mechanism of enantioselection was examined computationally 
by two groups.16–18 In both studies, it was suggested that the catalyst does 
not change dramatically the six-membered transition state of the allylbo-
ration reaction (Figure 3.1), but decreases its activation barrier via specific 
coordination of the chiral phosphoric acid to one of the oxygen atoms of 
the boronate ring.16–18

Each type of coordination of the chiral phosphoric acid can result 
in either R- or S-allylation product depending on the prochiral plane of 
benzaldehyde, which is facing the allyl group of the boronate. This gives 
four possible transition states TS1R, TS2R, TS1S, and TS2S (Scheme 3.2, 
Figure 3.2).18

Computed relative stabilities of the transition states (Figure 3.2) are in 
accord with high R-enantioselectivity of the reaction. The significant insta-
bility of the TS1S compared to TS1R is explained by unavoidable close 
contacts between the isopropyl substituents of the catalyst and the methyl 
groups of the allylboronate (Figure 3.2). Explanation of a much smaller 
energy difference between TS2S and TS2R is much less straightforward.

The computational results testify that the level of enantioselection in 
this reaction is determined via the difference in stabilities of TS1R and 
TS2S, that is, of the transition states with significantly different struc-
tures. Thus, the TS1R is stabilized by the weak hydrogen bond of the 
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aldehyde proton, whereas in the TS2S the weak stabilizing interactions of 
the P=O unit with the o-proton of the benzaldehyde aromatic ring and one 
of the isopropyl groups of the catalyst are observed. Different structures 
of TS1R and TS2S make direct analysis of the factors responsible for the 
high enantioselection difficult. Nevertheless, it was possible to conclude 
that the pinacol boronate methyls have an important role in the stereose-
lection, and these groups could be altered to influence stereoselectivities.18

3.1.2â•… Kinetic resolution in Robinson-type cyclization

Cyclization product 6 was selectively obtained from the racemic precur-
sor 5 as a result of the kinetic resolution in Robinson-type cyclization 
(Scheme 3.3).19

Computational study showed that the C−C bond formation can be selec-
tively facilitated via bifunctional coordination of the catalyst (Figure 3.3). 
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Scheme 3.1â•‡ Asymmetric catalytic allylboration. (Data from Jain, P. and Antilla, 
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et al., J. Org. Chem., 78, 1208–1215, 2013.)
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In  the case of the R-enantiomer, the coordinated substrate avoids any 
close contacts with the substituents of 4 in the TS3. On the other hand, the 
TS4 leading to the formation of another enantiomer of 6, the bifunctional 
coordination of the substrate determines its orientation in which both 
sides of the molecule interfere with the bulky substituents of the catalyst 
(Figure 3.3).

It should be noted that since the optimizations were made with 
ONIOM approach computing most of the aromatic rings at HF/3-21 
level of theory, the important weak intramolecular interactions could be 
neglected in this study.

3.1.3â•… Friedel–Crafts alkylation of indoles with nitroalkenes

Indole 7 was enantioselectively alkylated by nitrostyrene 8 applying chi-
ral phosphoric acid catalysis (Scheme 3.4). The highest enantioselectivity 
of the product 9 was obtained when the bis-TMS substituted phosphoric 
acid was applied.19

Computational study of the origin of enantioselection20,21 revealed 
a bifunctional mechanism of the substrate activation that also followed 
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TS2S 2.6 (4.0)TS2R 0.6 (1.8)

TS1S 6.1 (7.5)TS1R 0.0 (0.0)

Figure 3.2â•‡ Optimized structures of the transition states TS1R, TS2R, TS1S, and 
TS2S. In full brightness are shown the reactants, HPO4 unit of the catalyst and 
the isopropyl substituents interfering with the allylboronate in the TS1S. Relative 
energies in kcal/mol are shown for the B3LYP/6-31G* optimizations in gas phase, 
the values in brackets are results of energy calculations with B3LYP-D3. (Adapted 
with permission from Wang, H. et al., J. Org. Chem., 78, 1208–1215. Copyright 2013 
American Chemical Society.)
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Scheme 3.3â•‡ Kinetic resolution catalyzed by chiral BINOL-based phosphoric acids.
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from the poor results observed for a N-methylated indole.19 Four 
Â�transition states, TS5–TS8, possible for a bifunctional activation were 
optimized on the ONIOM (B3LYP/6-31G*:HF/3-21G) level of theory. 
The preference for the formation of the experimentally observed 
S-enantiomer for 2.7  kcal/mol was obtained in these computations. 
Moreover, the effects of the substituents in the catalyst and methyla-
tion of indole were computationally reproduced. However, significant 
number of possible weak interactions between substrates and/or the 
substrates and the Â�catalyst neglected in this study demand some cau-
tion in accepting the suggested stereoregulating factors. The structures 
of TS5–TS8 can be found in the CD.

TS5, 0.0 kcal/mol TS6, 1.9 kcal/mol

Figure 3.3â•‡ The 3D structures of TS3 and TS4. (From Yamanaka, M. et al.: Kinetic 
Resolution in Chiral Phosphoric Acid Catalyzed Aldol Reactions: Enantioselective 
Robinson-Type Annulation Reactions. Eur. J. Org. Chem. 2012. 24, 4508–4514. 
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Adapted with permission.)

N
H

N
H

7
10

9

8

NO2

NO2

+

SiMe3

SiMe3

OO

O OH
P

Ph

91% ee

10 mol%
Benzene/DCE 1:1, −35°C

3Å M.S. (10–40 mg)

Scheme 3.4â•‡ Friedel–Crafts alkylation of indole with nitrostyrene.
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3.1.4â•… Petasis–Ferrier-type rearrangement

The catalytic cycle and stereochemical preferences of a stoichiometric 
variant of the Petasis–Ferrier rearrangement were recently thoroughly 
studied computationally.22 This enabled the computational study of the 
reaction catalyzed by chiral BINOL-based phosphoric acids.23

The reaction of (R)-11 in the presence of catalyst (R)-10 afforded anti-12a 
as the major product, while the reaction of (S)-11 in the presence of (R)-13 
afforded syn-12 as the major product. Both reactions proceeded with high 
chirality transfer in a retentive manner (Scheme 3.5).23

Computations showed that during the whole transformation the bond 
lengths of two oxygen atoms of the PO4 unit that are involved in the coor-
dination with the substrate remain the same and approximately equal 
(1.47–1.50 Å). Thus, the phosphoric acid releases a proton as an anionic con-
jugate base, and the resultant negative charge is delocalized over the phos-
phoric acid moiety. As a result, the interaction between the catalyst and the 
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Scheme 3.5â•‡ Stereoselective Petasis–Ferrier-type rearrangement catalyzed by Â�chiral 
phosphoric acids. (Data from Kanomata, K. et al., Chem. Sci., 5, 3515–3523, 2014.)
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substrate is better described as a complex between the negatively charged 
conjugate base of the catalyst and the positively charged (protonated) sub-
strate, which is stabilized by hydrogen-bonding interactions between the 
enol moiety of the substrate and the phosphate moiety of the catalyst.

The relative stabilities of the diastereomeric transition states are deter-
mined by the number of the stabilizing hydrogen bonds. Thus, the TS9 
which affords anti-12, is stabilized by one O−Hâ•›… O and two C−Hâ•›… O 
hydrogen bonds. In contrast, the TS10 leading to the syn-12 is stabilized 
by only two hydrogen bonds: one O−Hâ•›… O and one C−Hâ•›… O hydrogen 
bond with ortho-hydrogen of the phenyl substituent of the substrate, since 
the C–H bond of the oxocarbenium moiety is oriented away from the cata-
lyst and unable to form the C–H/O hydrogen bond (Figure 3.4).23

Although in the case of the rearrangement of S-11 catalyzed by 13, 
the number of the stabilizing hydrogen bonds in the TS11 (leading to the 
anti-12) is also larger than that in the TS12 (leading to the syn-12), the lat-
ter transition state is more stable due to the existence of a π–π stacking 
interaction with the antryl substituent in 13 (Figure 3.5).23
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Figure 3.4â•‡ Schematic representation of the hydrogen bonding in TS11 and TS12. 
(Reproduced from Kanomata, K. et al., Chem. Sci., 5, 3515–3523, 2014. With permis-
sion from The Royal Society of Chemistry.)
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Figure 3.5â•‡ Schematic representation of the hydrogen bonding in TS11 and TS12. 
(Kanomata, K. et al., Chem. Sci., 5, 3515–3523, 2014. Adapted with permission from 
The Royal Society of Chemistry.)
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Thus, the stereoselection in the Petasis–Ferrier-type rearrangement 
catalyzed by chiral phosphoric acids is based according to this study 
on a subtle interplay of the nonconventional weak interactions. The 
importance of the aldehyde C−Hâ•›… O hydrogen bonding has been ear-
lier suggested in various transformations catalyzed by chiral phosphoric 
acids.24–26

3.1.5â•… Enantioselective indole aza-Claisen rearrangement

Reasonably high optical yield (90% ee) was recently obtained in an aza-
Claisen rearrangement of the substituted indole 14 catalyzed by the chiral 
phosphoric acid 13 (Scheme 3.6).27

The transition state TS13 leading to the major product 15 was opti-
mized on the B3LYP/6-31G(d) level of theory (Figure  3.6). An edge-to-
face CH−π interaction between the Ph group of the substrate and the 
9-Â�anthracene group as well as a CH−O interaction between this phenyl 
group and the phosphate is present.27

3.1.6â•… Asymmetric thiocarboxylysis of meso-epoxide

Recently reported asymmetric synthesis of thiols (e.g., Scheme  3.7)28 
employing chiral BINOL-based phosphoric acids as a catalyst was studied 
computationally.29

A catalytic cycle starting from the formation of a catalyst–epoxide 
complex that further reacts with the thione tautomer of the thiobenzoic 
acid 17 (Scheme 3.7) was computed. Full molecule of the catalyst was used 
in the PCM-M06-2X/6-311+G**//M06-2X/6-31G* computations.

The transition states TS14 and TS15 leading to opposite enantiomers 
of the product were found to differ in free energies for 1.5 kcal/mol in 
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Scheme 3.6â•‡ Enantioselective indole aza-Claisen rearrangement.
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good agreement with the experimental observation. However, it was dif-
ficult to rationalize the origin in this difference in stabilities, since both 
transition states have the same number of stabilizing interactions and are 
free from special strain. It was concluded that “the reactants inside the 
chiral cavity are more distorted in the case of TS15 than that of TS14.”29

TS13

Figure 3.6â•‡ Optimized structure of TS13. (Adapted with permission from Maity, P. 
et al., J. Am. Chem. Soc., 135, 16380–16383. Copyright  2013 American Chemical Society.)
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Scheme  3.7â•‡ Hydrogenated BINOL-catalyzed thiocarboxylysis of mesoepoxide 
to generate β-hydroxy thioesters. (Data from Ajitha, M. and Huang, K.-W., Org. 
Biomol. Chem., 13, 10981–1985, 2015.)
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3.1.7â•… Asymmetric sulfoxidation reaction

It was reported recently that a highly enantioselective sulfoxidation can 
be carried out in the presence of imidodiphosphonic acid 21, whereas the 
use of smaller catalysts 4 and 20 was quite ineffective (Scheme 3.8).30

Computational study carried out at the M06-2X/6-31G(d,p) level of 
theory showed that a small molecule of thioanisole cannot be effectively 
fixed in space by coordination with a usual catalyst 4: in both diastereo-
meric transition states only the phenyl group of thioanisole exhibited 
CHâ•›…â•›p interactions with the triisopropylphenyl substituents of the cat-
alyst. This resulted in only marginal variation in the differential weak 
interactions between the catalyst and the reacting partners.31

On the other hand, the extensive aromatic system of the catalyst 21 
was capable of creating significantly different asymmetric environments 
for the alternative modes of thioanisole coordination (Figure 3.7).

As can be seen from Figure 3.7, a much wider network of CHâ•›…â•›p and 
CH…O interactions present in the TS16 compared to that in the TS17 
resulted in significant energy difference for these two transition states.

3.2â•… Cinchona alkaloids
After initial reports that natural alkaloids like quinidine (QD-1) can be 
applied as bifunctional chiral organocatalysts,32 several synthetically 
modified catalysts were prepared (Scheme  3.9) for the enhancement of 
their catalytic activity and enantioselectivity.33,34
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Scheme 3.8â•‡ Dependence of the optical yield in asymmetric sulfoxidation on the 
size of the catalyst. (Data from Jindal, G. and Sunoj, R. B., Angew. Chem. Int. Ed., 
53, 4432–4436, 2014.)
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TS16 0.0 kcal/mol TS17 3.9 kcal/mol

Figure  3.7â•‡ Stabilizing CH…p (blue) and CH…O (red) interactions found in the 
transition states for the sulfoxidation of thioanisole catalyzed by imidodiphos-
phonic acid 21. (From Jindal, G. and Sunoj, R. B.: Axially Chiral Imidodiphosphoric 
Acid Catalyst for Asymmetric Sulfoxidation Reaction: Insights on Asymmetric 
Induction. Angew. Chem. Int. Ed. 2014. 53, 4432–4436. Copyright Wiley-VCH Verlag 
GmbH & Co. KGaA. Adapted with permission.)
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Scheme 3.9â•‡ Cinchona alkaloids used as organocatalysts.
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All Cinchona alkaloids used as chiral organocatalysts are polyfunc-
tional organic compounds capable of making reactive adducts with the 
substrates in numerous possible ways that makes the analysis of the 
mechanism of generation of chirtality an ambiguous and extensive task 
that hindered research in this area. Nevertheless, recently in several pub-
lications the mechanism of the generation of chirality in the reactions 
catalyzed by cinchona alkaloids was studied computationally.

3.2.1â•… Asymmetric olefin isomerization

In 2011, a general and highly enantioselective olefin isomerization via bio-
mimetic proton-transfer catalysis with a novel cinchona alkaloid derived 
catalyst QD1a was reported (Scheme 3.10).34

Three catalytic cycles differing in the mode of the substrate activa-
tion were computed (Scheme 3.11). In all three scenarios, the reaction was 
considered to proceed through initial α-deprotonation of the substrate 
and the subsequent stereoselective and rate-determining γ-protonation.34 
Computations showed that the routes I and III are competitive, whereas 
the overall activation-free barrier in Scenario II is at least 6 kcal/mol 
higher.

Therefore, the transition states TS1–TS4 were analyzed to clarify the 
intrinsic mechanism of enantioselection (Figure 3.8).35

There is one strong hydrogen bond in each of the transition states 
TS1–TS4. However, a detailed analysis showed that the preference for the 
formation of S-product rather originates from the number and strength of 
the weak noncovalent interactions that stabilize a transition state and help 
to keep the reagent properly oriented.35 Thus, in the most stable among the 
four TS1, five noncovalent C⏤H…O interactions can be found, whereas in 
any of TS2–TS4 only four such interactions are present.

It is concluded that the selectivity of the cinchona alkaloids catalyzed 
asymmetric olefin isomerization of β,γ- to α,β-unsaturated butenolides 
arises mainly from the multiple nonconventional C⏤H…O hydrogen-
bonding interactions.
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Scheme  3.10â•‡ Catalytic biomimetic isomerization of olefins. (Data from Wu, Y. 
et al., J. Am. Chem. Soc., 133, 12458–12461, 2011.)
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3.2.2â•…� Friedel–Crafts alkylation of indoles with 
α,β-unsaturated ketones

Cinchona-based primary amines were first applied as chiral catalysts for 
the iminium ion activation of α,β-unsaturated ketones in 2007.36,37 Thus, 
alkylation product 6 was obtained with moderate optical yield in the reac-
tion between indole 4 and ketone 5 catalyzed by cinchona based amine 3 
in the presence of double amount of trifluoroacetic acid (Scheme 3.12).37
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cinchona alkaloid QD-1a. (Data from Xue, X. S. et  al., J. Am. Chem. Soc., 135, 
7462–7473, 2013.)
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TS3 1.7 TS4 3.4

TS1 0.0 TS2 2.5

S

(a)

(b)

R

Figure 3.8â•‡ Optimized structures (M05-2x/6-31+G(d)/SMD) and relative energies 
(kcal/mol) of the protonation stage transition states in Scenarios I (a) and III (b). 
The weak noncovalent interactions important for the stereoselection are shown 
by orange dotted lines. (Adapted with permission from Xue, X. S. et al., J. Am. 
Chem. Soc., 135, 7462–7473. Copyright 2013 American Chemical Society.)
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According to a “generally accepted mechanism,”38 the reaction was 
considered to proceed via the initial formation of iminium ion 7 stabilized 
by two trifluoroacetate anions (Scheme 3.13).39

Experimental studies showed that two equivalents of the acid for one 
equivalent of catalysis are essential to obtain highest optical yields. It was 
therefore concluded that coordination of the counterion is an important ste-
reoregulating factor. Thus, one of the coordinated trifluoroacetate anions in 
the TS5 (Figure 3.9) is keeping two substrates together, whereas the second 
one blocks effectively one of the prochiral planes of the ketone. The TS6 
leading to the opposite enantiomer was computed to be 1.6 kcal/mol higher 
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Scheme 3.13â•‡ Initial formation of iminium cation 7.

TS5 0.0 TS6 1.6

Figure 3.9â•‡ Optimized transition-state structures for the addition of indole 4 to 
the iminium ion assembly 7. Relative free energies (∆∆G318) given in kcal/mol; 
M06-2X/6-311++G(d,p)/SMD//M06-2X/6-31G(d). (Adapted with permission 
from Moran, A. et al., J. Am. Chem. Soc., 135, 9091–9098. Copyright 2013 American 
Chemical Society.)
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in free energy that is believed to be a penalty for structurally repositioning 
the anion.39

3.2.3â•… Conjugate addition of dimethyl malonate to β-nitrostyrene

Recently, it was verified experimentally that cinchona alkaloid QD-4 is 
an effective catalyst for the conjugate addition of dimethyl malonate to 
β-nitrostyrene, affording products in high yield and enantioselectivity 
(Scheme 3.14).33

Preliminary computations showed that the malonate can be easily 
activated via donating its acidic proton to the catalyst and thus forming 
complex 11 (Scheme 3.15). Furthermore, it was concluded that the malo-
nate remains bound to the nitrogen atom during the whole transforma-
tion and that 9 cannot be activated solely by the alkoxy hydroxyl group 
due to its insufficient acidity.40

Hence, six pathways were analyzed in detail involving activation of 
the nitrostyrene either by single phenoxy hydroxyl or by both hydroxyl 
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Scheme  3.14â•‡ Conjugate addition of dimethyl malonate to β-nitrostyrene cata-
lyzed by cinchona alkaloid QD-4.
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Scheme 3.15â•‡ Initial formation of complex 11 from cinchona alkaloid QD-4 and 
enole form of dimethyl malonate 8a suggested in the computational study. (Data 
from Jiang, H. et al., Int. J. Quant. Chem., 114, 642–651, 2014.)
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groups simultaneously. As a result, two lowest energy pathways lead-
ing to the opposite enantiomers were located, both involving only phe-
noxy hydroxyl of the catalyst for the substrate activation. The secondary 
protonation step was found to be a rate- and stereo-determining one.40 
Structural reasons for the stereoselection were not discussed.

3.2.4â•… Fluorination of cyclic ketones

The quinidine-derived primary amine 12 was identified as a highly selec-
tive catalyst for the α-monofluorination of cyclic ketones, for example, 14 
with N-fluorobenzenesulfonimide 15 (Scheme 3.16).41

Computations were performed for the N-fluoroquinuclidinium ion 
1742; formation of such species is known to facilitate fluorine transfer sig-
nificantly.43 It is noted that the conformations of the seven-membered ring 
transition states TS7 and TS8 (Figure 3.10) are different and comparable 
to the known conformations of cycloheptane: in the TS7 the ring adopts 
a chair conformation, whereas in TS8 the boat conformation is taken to 
expose the opposite enantioface.

The authors suggest that this conformational difference itself is the 
reason making TS7 (6.8 kcal/mol) more stable than TS8.42 From our point 
of view, a more reasonable explanation is the more effective stabilization 
of the transferred fluorine atom by noncovalent C−H…F interactions in 
the case of the TS7. In this transition state the fluorine atom has seven 
close contacts with the hydrogens, the shortest one (2.28 Å) being with the 
axial proton on C9 adjacent to the quinoline substituent.
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Scheme  3.16â•‡ Enantioselective monofluorination of cyclic ketones. (Data from 
Kwiatkowski, P. et al., J. Am. Chem. Soc., 133, 1738–1741, 2011; Lam, Y.-h. and Houk, 
K. N., J. Am. Chem. Soc., 136, 9556–9559, 2014.)
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On the other hand, in the TS8 the fluorine atom must move away from 
this proton, and the whole number of the stabilizing noncovalent C−H…F 
interactions is reduced to five. One of these interactions is with the ortho-
proton of the quinolone substituent that explains its axial orientation.

The same authors studied recently the origins of enantioselection 
in intramolecular aldol reactions catalyzed by cinchona alkaloids.44 
Computations revealed the competing transition states (TS9-TS12), the 
relative energies of which correlated well with the observed handed-
ness and level of enantioselection. Similarly to the previous study, the 
authors noticed the correlation of the stability of a transition state with 
its conformation that is in turn well correlated with the relative stabili-
ties of the conformations of the corresponding medium-sized cycles.45 
This might reduce the problem of the origin of enantioselection in such 
reactions to the understanding of the regularities which govern the 
relative stabilities of medium-sized cycles. However, the latter are not 
clearly understood so far, and the question of the reasons for the rela-
tive stabilities of TS9–TS12 remains open. Numerous possible nonco-
valent interactions are possible in each of these transition states. An 
interested reader can check this with the 3D structures of TS9–TS12 
available in the CD.

3.2.5â•… Phase-transfer-catalyzed alkylation reaction

The first highly enantioselective reaction promoted by phase-transfer 
catalysis was reported almost 30 years ago (Scheme 3.17).46,47

Early mechanistic suggestions on the origin of enantioselectivity sug-
gested involvement of p–p stacking47 or the interaction of the cinchoni-
dinium cation with the anion of a reagent.48

TS7 0.0 TS8 6.8

Figure  3.10â•‡ Optimized structures of TS7 and TS8 (B3LYP-D3(BJ)/def2-TZVPP-
IEFPCM (THF)//B3LYP/6-31G(d)-IEF-PCM (THF)). (Data from Lam, Y.-H. and 
Houk, K. N., J. Am. Chem. Soc., 136, 9556–9559, 2014.)
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In a recent computational analysis of the reaction shown in Scheme 3.17, 
it was suggested that substrate 18 is deprotonated by the base present in 
the system and the resulting indanone anion is forming a stable ion pair 
with the cinchonium cation which was supposed to keep its hydroxyl 
group untouched.49

In neither of 12 located ion pair structures, a p–p stacking interaction 
was found. The transition states for the enantioselective alkylations were 
characterized only for the four most stable ion pairs. Only two of these 
transition states, TS13 and TS14, belonged to the reactions with activation 
barriers lower than 30 kcal/mol.

Linear dependence of the relative free energy of a transition state versus 
the distance between the anion Cl− and the positively charged nitrogen atom 
of the cinchonium cation was interpreted as an argument in favor of the 
electrostatic stabilization of the transition states. The most stable TS13 lead-
ing to the experimentally observed S-enantiomer had the lowest Â�chloride–
nitrogen distance. However, the structural reasons allowing the maximal 
approach of the chloride anion to the nitrogen atom were not analyzed.

3.3â•… Urea and thiourea-based catalysts
Thioureas (and less often ureas) as organocatalysts were introduced into 
synthetic practice by Jacobsen50,51 and Schreiner.52–54 Further development 
included the design of bifunctional catalysts combining two thiourea sub-
units or a thiourea group and chiral amines.55–57

Especially these more effective bifunctional catalysts are capable of forma-
tion of numerous strong hydrogen bonds with the substrates of the catalytic 
reactions. In earlier studies, these strong hydrogen bonds were considered 
to be a main stereo-regulating factor in the corresponding catalytic reactions.
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Scheme 3.17â•‡ Enantioselective phase-transfer alkylation catalyzed by 20.



202 Enantioselection in asymmetric catalysis

However, more recent studies based on the use of the functionals 
involving diffusion corrections demonstrated that the weak disperse 
interactions can play an important role in stereoselection even in the pres-
ence of numerous and much stronger bonds.

3.3.1â•… Catalytic Strecker reaction

Initial mechanistic analysis of the Strecker reaction catalyzed by a urea-
based organocatalyst (Scheme 3.18) revealed that the catalytic activity is 
provided by the urea functionality of structurally complex catalyst 1.51

However, further studies revealed a bifunctional character of urea and 
thiourea-based catalysts58–60 as well as the possibility of multiple mechanis-
tic pathways in catalysis of nucleophile–electrophile addition reactions.61–63

Simplified but sufficiently effective (thio)urea catalysts 4a and 4b were 
used in the hydrocyanation reaction (Scheme 3.19) that was subjected to a 
combined experimental and computational study.60

Hammett correlation of the reactivity of the substrates bearing sub-
stituents with various electronic properties allowed to conclude that the 
mechanism involves rate-limiting formation of an iminium ion interme-
diate 5 (Scheme 3.20).

Computational analysis of the catalytic cycle was made for the simpli-
fied catalyst 6. The possibilities of either HCN or HNC addition have been 
analyzed separately; however, the key transition states were found to be 
similar in structures and in relative energies for both mechanisms.

For the analysis of the origin of enantioselectivity computations were 
made for a more realistic model catalyst 7.

O

Me

Me
MeN

N
H

N

S

6

But

H O

Me

Ph

Ph N
N
H

N

S

7

But

H

The rearrangement of the ion pair 8 yielding 9 was identified as a stereo-
regulating step. The next step affording the catalyst–product 10 was 
computed to be also stereoselective, and leading to the same enantiomer 
(Scheme 3.21).

It was concluded that enantioselectivity is controlled by differ-
ent degrees of iminium ion stabilization via H-bonding interactions 
between the iminium ion NH proton and both the amide carbonyl 
group and the thiourea-bound cyanide ion.60 However, distinct struc-
tural features responsible for that more effective stabilization are not 
easy to specify. The 3D structures of TS1R, TS2R, TS1S, and TS2S can 
be found in the CD.
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3.3.2â•… Michael addition reactions

The hybrid thiourea–cinchona alkaloid catalyst 14 proved to be effective 
in a stereoselective Michael addition reaction between α,β-unsaturated 
γ-butyrolactam 11 and chalcone 12 (Scheme 3.22).64 The following mecha-
nistic study65 addressed the issue of the origin of stereoselection.

Conformational analysis of the catalyst molecule showed that a con-
formation with all three nitrogen atoms facing the same direction (shown 
in the Scheme 3.20) is a stable minimum, and hence bifunctional simulta-
neous activation of both reagents is possible.
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Scheme 3.18â•‡ Strecker reaction catalyzed by urea-based catalyst 1.
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Further, computational study of the possible binding modes between 
14 and enolic form of 11 revealed the most facile route for the proton 
transfer (Scheme 3.23). Initial formation of the adduct 16 is followed by a 
barrierless proton transfer resulting in the ion pair 16 in which all three 
NH protons are involved in multiple intramolecular hydrogen bonds.

The chalcone 12 is supposed to coordinate with one of the thiourea NH 
protons to yield trimolecular complex 17 (Scheme 3.24). The rate-limiting 
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Scheme 3.22â•‡ Michael addition reaction catalyzed by hybrid thiourea–cinchona 
alkaloid catalyst 14. (Data from Zhu, J.-L. et al., J. Org. Chem., 77, 9813–9825, 2012.)

Ph

Ph

Ph

N
N

N

N

N

Me

O H H

H

H

C

+

−

+ −

But But

But S

Ph

Ph

Ph

N
N

N

N

N

Me

O H

H

H

H

But

But

S

Ph

Ph

Ph

N
N

N

N

N

Me

O H

H

H

H

But S

8

10

9

C

C

TS2

TS1

Scheme 3.21â•‡ Enantioselective steps in hydrocyanation reaction catalyzed by the 
model thiourea catalyst 7. (Data from Zuend, S. J. and Jacobsen, E. N., J. Am. Chem. 
Soc., 129, 15872–15883, 2007.)

www.ebook3000.com

http://www.ebook3000.org


205Chapter three:â•… Mechanism of enantioselection in organocatalytic reactions

and stereo-determining C−C bond formation leads to the ion pair 18, and 
the following barrierless proton transfer yields the reaction product 13.

Stereoselectivity analysis involved optimization of four transition 
states for the C−C bond formation step leading to different diastereomers 
(Figure 3.11). Computed selectivity (100% ee and 60:1 dr) correlated well 
with the experimental values (98% ee and >30:1 dr).

Structures of the corresponding transition states TS3 (RS 6.5 kcal/
mol), TS4 (SR 10.4 kcal/mol), TS5 (SS 9.1 kcal/mol), and TS6 (RR 15.2 kcal/
mol) can be found in the CD. However, one should keep in mind that 
the dispersion was not accounted for in these computations, whereas the 
structures of the transition states imply numerous possibilities of weak 
intramolecular interactions.

3.3.3â•… Enantioselective decarboxylative protonation

The same catalyst 14 was found to promote enantioselective decarboxyla-
tive protonation reaction.66,67 Recent computational study used DFT/PM3 
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Scheme  3.23â•‡ Formation of the catalyst–substrate complex 16. (Data from Zhu, 
J.-L. et al., J. Org. Chem., 77, 9813–9825, 2012.)
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TS7 0.0 kcal/mol TS8 2.6 kcal/mol

Figure  3.11â•‡ Diastereomeric transition states for the direct protonation of the 
Â�enolate carbon. (Adapted with permission from Sengupta, A. and Sunoj, R. B., 
J. Org. Chem., 77, 10525–10536. Copyright 2012 American Chemical Society.)

CF3

F3C

O

O

O

O

PhPh

Ph

Ph

Ph

Ph

16

17

13
–14

18

S

N N

N

N

N

H HH

ButO

ButO

+

CF3

F3C

S

N N
N

N

N

H H H
+

−

O
O

O

−

Proton transfer

Scheme 3.24â•‡ Stereoselective C−C bond formation step.

www.ebook3000.com

http://www.ebook3000.org


207Chapter three:â•… Mechanism of enantioselection in organocatalytic reactions

ONIOM partition scheme to analyze mechanism and origin of enantiose-
lectivity in this reaction (Scheme 3.25).68

Conformational studies revealed numerous minima in the 15 kcal/mol 
range. Mechanistic studies were performed with the conformer with 
Â�syn-orientation of the N−H groups (relative free energy with respect to the 
conformational minimum 3.06 kcal/mol), since the simultaneous avail-
ability of two hydrogen bond donor N−H groups implies more effective 
substrate binding.

Five modes of binding between 19 and syn-N−H conformer of 14 were 
identified with the relative energies of the most and least stable isomer 
being 0.0 and 8.9 kcal/mol, respectively. The most stable complex 21 was 
used for the study of the reaction mechanism (Scheme 3.26).

Release of CO2 from 21 yields enolate 22, proton transfer in the latter 
gives enol 23. Simple tautomerization that could easily afford the reaction 
product was computed to be unreasonably high in energy; hence, the enol 
23 was computed to rearrange in 24 via reorganization of the hydrogen 
bond networks accompanied by the proton returning to the quinuclidine 
unit, thus forming a carbanionic center. The subsequent proton transfer 
gives the catalyst–product complex 25 (Scheme 3.26).

The computed mechanism (Scheme 3.26) implied that the direct pro-
tonation of the enolate carbon in 24 is a stereo-determining step of the 
reaction, since it could occur through either of its prochiral faces.

Transition states for the enantioselective intramolecular protonation 
and their relative stabilities are shown in Figure 3.11. The relative stabil-
ity of the TS7 is supposed to be stipulated by more effective hydrogen 
binding. However, the possibility of numerous weak interactions (see 
Figure 3.11) might be not taken into account during optimizations using 
ONIOM DFT/PM3 approach.

3.3.4â•… Henry reaction

Recently, a Henry reaction between aldehydes (e.g., benzaldehyde 26) and 
nitroalkanes (e.g., nitromethane 27) catalyzed by cyclophane-based thio-
urea 28 was reported (Scheme 3.27).69
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Scheme  3.25â•‡ Hybrid thiourea–cinchona-catalyzed asymmetric decarboxylative 
protonation. (Data from Blanchet, J. et al., Eur. J. Org. Chem., 5493, 2008.)
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In a computational study catalyst 30 bearing two methyls instead of 
two bis-(trifluoromethyl)phenyl groups was employed70 (Scheme 3.27).

In the computational study, a possibility of simultaneous binding of 
both reagents with hydrogen bonds with both N−H protons in different 
thiourea units was investigated. It was found, however, that the most sta-
ble complex of this kind is significantly (by 6 kcal/mol) less stable than 
a complex of nitronate anion with the catalyst and free benzaldehyde, 
whereas the binding of free benzaldehyde is very weak. It was concluded 
therefore that the complex in which both reagents are bound to the cat-
alyst is not an important intermediate due to its low concentration and 
aldehyde 26 preferentially remains unbound before the formation of the 
transition state.70

Further search of the corresponding transition states afforded TS9 and 
TS10 with the relative stabilities correctly predicting the experimentally 
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Scheme 3.26â•‡ Computed relatively facile mechanism of the enantioselective decar-
boxylative protonation. (Adapted with permission from Sengupta, A. and Sunoj, 
R. B., J. Org. Chem., 77, 10525–10536. Copyright 2012 American Chemical Society.)
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observed handedness of the reaction (Figure 3.12), albeit the level of enan-
tioselection is strongly overestimated (presumably due to the reversibility 
of the reaction).70

The reasons for a significant difference in stability between TS9 and 
TS10 are unclear. The authors carefully checked any possible computa-
tional errors by reoptimizing these structures in numerous basis sets and 
with various ways of description of the dispersion effects to get almost 
identical difference in stabilities.

Either TS9 or TS10 contains four strong conventional hydrogen 
bonds and three C−H…O or C−H…H−C interactions. Apparently, more 
careful analysis might provide valuable information on the relative 
strength of various intramolecular interactions. The failure to recognize 
structural factors making one of the diastereomeric transition states 3.6 
kcal/mol more stable than another one, displays limits in our capability 
to Â�elucidate the origins of enantioselection and apply them for a “rational 
catalysis design.”

3.3.5â•… α-Hydroxylation of β-ketoesters

Recently, an α-hydroxylation reaction of tetralone-derived ketoesters 31 
with cumene hydroperoxide 32 in the presence of bis-urea guanidine 
based catalyst 33 was developed (Scheme 3.28).71
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and Houk, K. N., J. Org. Chem., 79, 6302–6309, 2014.)
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In a computational study, a transition-state model reasonably explain-
ing the involvement of the three functional groups of the catalyst (one 
guanidine and two urea groups) in the process of enantioselective 
α-hydroxylation was developed.72 In this model, the orientation of the 
ketoester enolate is controlled by hydrogen bonding of its two carbonyl 

TS9 0.0 kcal/mol TS10 3.6 kcal/mol

Figure 3.12â•‡ Structures of the transition states leading to the formation of R (TS9) 
and S (TS10) products of the Henry reaction. Strong conventional hydrogen 
bonds are shown in blue, and the weak disperse interactions in orange dotted 
lines. (Adapted with permission from Breugst, M. and Houk, K. N., J. Org. Chem., 
79, 6302–6309. Copyright 2014 American Chemical Society.)
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Scheme 3.28â•‡ α-Hydroxylation of β-ketoesters. (Data from Odagi, M. et al., Chem. 
Eur. J., 19, 16740–16745, 2013.)
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groups with four N−H units in guanidinium and urea groups of the 
catalyst. The second urea unit binds 32 via the oxygen-attached carbon. 
Numerous disperse interactions were found to stabilize both of the transi-
tion states with a larger number of those found in the TS11 preceding the 
experimentally observed S-enantiomer of 34. In addition, the TS12 lead-
ing to the wrong isomer was found to be destabilized by its ester group 
that is embedded in the narrow space constructed by the Ar groups of 
the catalyst. This explains the effect of the R substituent on the level of 
enantioselection (Scheme 3.28) which was reasonably reproduced in the 
computations.72 The structures of TS11 and TS12 are too cumbersome for 
a meaningful illustration; their 3D models can be found in the CD.

Of interest is the significant difference reported for the structures 
of the TS11 optimized by two different functionals with and without 
accounting for dispersion (Figure 3.13). The C−H…F interaction showed 

Figure  3.13â•‡ The 3D superposition of the catalyst structures in TS11 (light tube: 
B3LYP/6-31G*, dark tube: M05-2X/6-31G*). (Adapted with permission from 
Odagi,  M. et  al., J. Am. Chem. Soc., 137, 1909–1915. Copyright 2015 American 
Chemical Society.)
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by a dotted line on Figure 3.13 remains completely unseen in the B3LYP/6-
31G*-optimized structure that results in completely different conforma-
tion of a large part of the catalyst molecule. This result illustrates the 
importance of caution necessary in the interpretation of the computations 
carried out without accounting for the dispersion effects.

3.4â•… N-Protonated chiral oxazaborolidine
Chiral oxazaborolidine catalysts were applied in various enantioselective 
transformations including reduction of highly functionalized ketones,73,74 
oximes75 or imines,76 Diels–Alder reactions,77,78 cycloadditions,79 Michael addi-
tions,80 and other reactions. These catalysts are surprisingly small Â�molecules 
compared to the practically efficient chiral phosphoric acids, cinchona alka-
loids, or (thio)ureas; hence, their effectiveness in asymmetric catalysis dem-
onstrates that huge substituents or extensive hydrogen bond networks are 
not absolutely essential for successful asymmetric organocatalysis.

3.4.1â•… C−C insertion reaction

A recent mechanistic study81 investigated the origin of enantioselectivity 
in the N-protonated chiral oxazaborolidine-catalyzed C−C insertion reac-
tion (Scheme 3.29).82

Catalytic cycles for the formation of 3 ([1,2]-Ph migration) and 4 
([1,2]-H migration) are shown in Scheme 3.30. It is suggested that the for-
mation of the Lewis acid–base complexes 6 and coordinated intermedi-
ates 7 can formally be considered as si- and re-attack, respectively. Hence, 
two separate catalytic cycles should be taken into consideration: (1) for the 
[1,2]-Ph migration (si-attack) and (2) for the [1,2]-H migration (re-attack). 
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Scheme  3.29â•‡ N-Protonated chiral oxazaborolidine-catalyzed C−C (C−H) inser-
tion reaction. (Data from Gao, L. et al., J. Am. Chem. Soc., 135, 14556–14559, 2013.)
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In either si-7 or re-7, one of the prochiral faces of the coordinated benzal-
dehyde is effectively shielded by one of the phenyl groups of the catalyst. 
This makes possible approach of the diazoester 2 only from another side, 
which is not shielded by the phenyl group.

The migration of the phenyl group or the proton was computed to 
occur in a concerted but asynchronous process. The concreteness of this 
step implies serious limitations on the relative orientation of the two 
reactants leaving in each case only two stereochemical possibilities for 
the formation of the C−C bond between coordinated benzaldehyde and 
diazoester 2 (Figure 3.14). Hence, totally four reaction pathways were con-
sidered in the computational study.
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2015 American Chemical Society.)
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The computed relative stabilities of four diastereomeric transition states 
(Figure  3.15) are in accord with experimentally observed preferential Ph 
migration and high R-enantioselectivity. However, it is not easy to under-
stand the reasons of the relative stabilities of these transition states. The 
computations had not supported the initial mechanistic idea of Ryu et al. 
on the p−p controlled stereochemistry.82 On the other hand, the C−H…p 
Â�interactions claimed by the authors of the computational paper81 do not 
seem to be unique for the more stable transition states TS2SR and TS2SS.

3.5â•…� FLP-catalyzed asymmetric hydrogenation 
of imines and enamines

3.5.1â•… Overview

Frustrated Lewis pairs (FLPs) chemistry has emerged in the past decade 
as a strategy that enables main group compounds to activate small mol-
ecules.83 The idea of FLP is based on the combinations of Lewis acids and 
bases that are sterically prevented from forming classical Lewis acid−base 
adducts. On the other hand, these FLPs have sufficient Lewis acidity and 
basicity available for interaction with a third molecule. Starting from stoi-
chiometric reactions, the concept has been applied to catalytic hydroge-
nation of olefins, allene−esters, enones, imines, enamines, N-heterocycles, 
carbonyl compounds, tandem hydroamination/Â�hydrogenation of terminal 
alkynes, and others.83–86 Typical catalyst loadings are 5%–20%, but some 
reactions are carried out under mild reaction conditions (rt, small hydrogen 
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pressure). Only recently, few asymmetric versions,87–93 in particular for 
imine hydrogenations, were developed. Although the enantioselectivity 
is from moderate to good in vast majority of cases, few substrates (i.e., 
1,2-dihydro-4-pyrrolidinonaphthalene, see Scheme  3.31) afforded chiral 
amines with 99% ee,87 demonstrating further potential.

TS2RR 4.8 kcal/mol TS2SS 1.8 kcal/mol

TS2RS 0.0 kcal/mol TS2SR 5.2 kcal/mol

Figure 3.15â•‡ Optimized structures of the diastereomeric transition states for the 
C−C bond formation accompanied by release of N2. (Adapted with permission 
from Wang, Y. et al., J. Phys. Chem. A, 119, 8422–8431. Copyright 2015 American 
Chemical Society.)
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Scheme  3.31â•‡ FLP-catalyzed asymmetric hydrogenation of 1,2-dihydro 
-4-pyrrolidinonaphthalene.
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3.5.2â•… Catalytic cycle

The proposed catalytic cycle is shown in Figure 3.16.87 The catalytic cycle 
starts with N–H proton transfer from intermediate a to the substrate to 
afford ion-pair complex ip. Intermediate a is stabilized by N–H…H–B 
dihydrogen bonding. B–H hydride transfer from ip affords complex b. 
Cleavage of molecular H2 completes the catalytic cycle. Three transforma-
tions proceed via three almost isoenergetical transition states (TS1, TS2, 
and TS3 as shown in Figure 3.16, respectively), ~14 kcal·mol–1. The overall 
mechanism thus consists of H+/H– sequence.

3.5.3â•… Enantioselectivity

Full DFT/ωB97X-D/6-311G**(C,H,B,N,F) gas-phase model has been com-
putationally considered in order to understand the factors governing the 
enantioselectivity of this reaction.87 The energies were corrected by sin-
gle-point calculations with solvation-free energy (SMD model, solvent = 
diethyl ether).

Hydride transfer represents the enantio-determining step. Because 
isomeric forms exist for ip, variety of hydride-transfer transition states 
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Figure 3.16â•‡ Proposed catalytic cycle for the FLP-catalyzed asymmetric hydroge-
nation of 1,2-dihydro-4-pyrrolidinonaphthalene.
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are possible. The most stable87 transition states yielding the enantiomeric 
products are shown in Figure 3.17.

Both TSs are stabilized by series of weak C–H···π interactions 
between substrate and BINAP π–electrons. Slightly longer N–H and 
B–H distances in the unfavorable TS might be an indication of increased 
repulsive intermolecular forces and its higher energy, respectively. The 
origin of these forces could be repulsive interaction between aromatic 
ring of naphthalene and aromatic ring of one C6F5 group. Note that with 
respect to benzene the quadrupole moment is reversed for hexafluo-
robenzene.94 The gas-phase optimized geometries predict a difference 
of 0.9–2.0 kcal/mol between the most stable transition states leading 
to the (R) and (S) product enantiomers depending on the calculation 
method. The sense of stereoselection is predicted correctly (prefer-
ence for (R)-product), however, the computed enantiomeric excess 
(65%–93.8%) is lower than that observed experimentally for this reac-
tion (99%). Thus, it is possible that solvent effect also contribute to the 
reaction enantioselectivity.
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Figure 3.17â•‡ The most stable transition states leading to the (R) and (S) product 
enantiomers. Energy, kcal·mol–1. Selected hydrogen atoms are omitted for clarity.
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Conclusions

The main message that the authors would like to share with the Â�readers 
of this book is as follows: Elucidation of the intrinsic mechanism of genera-
tion of chirality in catalytic asymmetric reactions is a much more ambiguous 
task than it is commonly accepted. That is stipulated for two main rea-
sons: (1)  Â�experimental problems in the studies of catalytic cycles and 
(2) Â�inevitable ambiguity in the interpretation of the computational data.

The reaction pool of a catalytic asymmetric reaction is a sophisticated 
system involving numerous species that are either involved in a catalytic 
cycle or are off-loop species. All these species are likely to coexist in fast 
equilibria, which opens a possibility for various pathways to converge or 
return to the resting state before the catalytic cycle is completed, yielding 
the product and recovering the catalyst. Solvent molecules are likely to 
participate in these equilibria. A vast majority of these interconverting 
species cannot be detected experimentally due to their relative instability 
and/or high reactivity.

Commonly applied models of reaction kinetics, such as the transition 
state theory or RRKM (Rice–Ramsperger–Kassel–Marcus) theory, cannot 
completely describe multistage catalytic cycles or even the simplest reac-
tions in many cases. As a catalytic cycle is a nonlinear dynamic system, 
statements such as “the reaction is first order with respect to a component A” 
or “the reaction is zero order with respect to a component B” cannot be 
universally assumed.

In the case of intermolecular stages, it is important to consider the 
importance of the process that brings the reagents together before the reac-
tive adduct is actually formed in a proper conformation. Several examples 
are described in this book (e.g., Rh-catalyzed asymmetric hydrogenation 
of enamides or Ir-catalyzed asymmetric hydrogenation of exocyclic α,β-
unsaturated carbonyl compounds) that suggest that extremely high levels 
of enantioselection are observed in the cases when the formation of a reac-
tive adduct is efficiently blocked for one of the diastereomeric catalytic 
pathways.
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Furthermore, most of the elementary steps that occur in the reac-
tion pool of a catalytic asymmetric reaction are stereoselective, because 
usually intermediates are diastereomers having different chemical prop-
erties. It means that if we are able to observe a stereoselective transforma-
tion of some species experimentally, we cannot directly conclude that this 
transformation is a stereodetermining stage of the catalytic cycle, even 
if this transformation can lead to the correct handedness of the product.

In the same way, if we are able to compute some stage of a catalytic 
cycle to be stereoselective and providing the expected handedness, with-
out detailed studies of the whole catalytic cycle, we cannot be entirely sure 
that this stage determines its stereochemical outcome.

Moreover, it has been recognized recently that nonconventional weak 
intramolecular interactions must play an important role in the stabiliza-
tion of intermediates and transition states, thus strongly affecting the 
process of enantioselection. However, important features of these interac-
tions, that is, relative strength, effective range, directionality, etc., are prac-
tically unknown. It makes impossible at the moment real accounting of 
numerous intramolecular effects present in any intermediate or transition 
state, that in turn discredits the claims for “conscious catalyst design.”

For example, it is known that increasing the size of the catalyst often 
results in higher optical yields. However, it is impossible at the moment to 
attribute this effect to any particular kind of intramolecular interactions, 
because along with the evident increase of “steric bulkiness,” the network 
of possible nonconventional attractive interactions is also increasing.

All complications listed earlier lead to the conclusion that computa-
tional studies of asymmetric catalytic reactions with low enantiometric 
excess (ee’s) (less than 90% ee at the very least) are not expected to provide 
any data that could be reasonably rationalized. A low optical yield may 
just mean that several pathways are competing, and not necessarily those 
differing only in the handedness of the product.

In contrast, a high optical yield (especially 99% ee or higher) allows 
us to conclude reliably that all conceivable pathways irrespective of their 
numbers are “cut off,” and there is only one reaction pathway that leads to 
the product. This certitude can bring plenty of new chemical knowledge 
upon careful analysis of the mechanism of exclusion of all other possible 
pathways from the flux of catalysis.

Such analysis should avoid any simplifications that inevitably appear 
when the researches attempt to describe the process of enantioselection 
in terms of empirical qualitative schemes. All conceivable catalytic path-
ways should be computed at the highest possible level of theory for the 
real molecules and accounting for the solvent effects and possible con-
vergence of the pathways. After explicit simulation of kinetics using the 
computed thermodynamic parameters, reliable data on the influence of 
the structural parameters of the catalyst on the sophisticated process of 
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enantioselection can be potentially obtained. From these data, one can 
hope to obtain the basis for calibration of various types of intramolecular 
interactions with respect to their strength and operating distances.

In other words, we are now not in a position to “rationalize the cata-
lyst design,” because we do not have sufficiently reliable data to do this. 
Hence, mechanistic studies of the chiral catalytic reactions should mainly 
pursue an opposite task: accumulate and calibrate data on the weak intra-
molecular interactions. This should preferably be done with reactions in 
which the ee is higher than 99%. If we could understand what features of 
a catalytic cycle are essential to give the product with 99% ee, we could 
begin to consider how “to make a better catalyst.”

In conclusion, one must admit that so far the effective chiral catalysts 
are being developed through hard work of the students working on a 
trial-and-error basis rather than by clever mechanistic ideas or computa-
tional design of their professors.
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