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Abstract: The addition of Ph2Zn to aldehydes has been investigated by DFT calculations. The experimentally
observed increase in enantioselectivity upon addition of Et2Zn to the reaction mixture is rationalized from
calculations of all isomeric transition states. Spectator ethyl groups in the transition state do not lower the
intrinsic activation barrier, but instead increase it. In the presence of a bulky ligand, the inherently preferred
all-phenyl transition state is selectively disfavored. The paths with less sterically demanding spectator ethyl
groups will experience a more drastic ligand acceleration, and thus the influence of the ligand would be
expected to be stronger in the presence of Et2Zn, in agreement with experimental observations.

Introduction

Asymmetric catalysis is one of the most important areas in
modern organic chemistry.1,2 Within this field, the construction
of carbon-carbon bonds in an asymmetric fashion is of major
relevance. A well-known example is the dialkyl zinc addition
to aldehydes, catalyzed byâ-amino alcohols or similar com-
pounds.3 The reaction takes advantage of the fact that pure
dialkyl zincs do not react with aldehydes in the absence of a
promoter. A plethora of compounds has been found to be
catalytically active, and on this basis the selective addition of
diethyl zinc to benzaldehyde became a common test reaction
for newly developed chiral catalysts. Nevertheless, certain
substrates and reagents such as nonbranched aliphatic aldehydes
and dimethyl zinc, respectively, are still considered to be
difficult, and their use mostly leads to unsatisfying reactivities
and/or enantioselectivities.4

Due to the importance of enantiomerically pure diaryl
methanols as precursors for biologically active compounds,5,6

much effort has been made to develop highly selective, catalytic
methods for their synthesis. This goal has partially been achieved
by asymmetric reduction of prochiral ketones.7 However, due
to the required substitution pattern of the substrate, which is

essential for a sufficient differentiation between the enantiotopic
sides of the carbonyl group, this approach is severely limited.
An alternative enantioselective route toward diaryl methanols
involves the asymmetric aryl transfer to benzaldehydes. Reac-
tions of this type are more facile, because there the face-
selectivity of the nucleophilic attack is determined by the
significant difference between the hydrogen and the aryl group
of the aldehyde. Major breakthroughs in catalyzed diaryl
methanol syntheses by such C-C-bond formations have been
achieved by Fu,8 and later by Bolm,9 Pu,10 and others11 using
ZnPh2 as aryl transfer reagent. Their catalysts are highly face
selective, and, furthermore, they lead to relatively fast phenyl
transfer reactions, which over-ride the racemate-forming back-
ground reaction. With mixtures of ZnPh2 and ZnEt2 as the
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phenyl source, excellent enantioselectivities (of up to 98% ee)
could be achieved as demonstrated by Bolm (Scheme 1).9b-g

The transformation shown in Scheme 1 is remarkable for a
number of reasons. First, as compared to the phenyl transfer
from pure ZnPh2, the presence of the 2-fold excess of ZnEt2

relative to ZnPh2 significantly increases the enantioselectivity
for a wide variety of aldehydes. Furthermore, the reaction is
slightly slower than with ZnPh2 alone, and moreover only phenyl
(and no ethyl) transfer is observed. We recently communicated
a rationalization for the higher reactivity of the phenyl group
based on DFT calculations.12 In short, the phenylπ-system
allows a simultaneous overlap with both zinc and the reacting
carbonyl, which substantially lowers the energy of the transition
state as compared to the simple alkyl group transfer. In recent
work by Perica`s and co-workers,11d the reagent preequilibrium
was studied by DFT methods, and the selectivity was addressed
by PM3 calculations. Of high importance to the current work
are the findings that the mixed reagent EtZnPh is formed in a
virtually isoenergetic equilibrium and that the presence of
reagent dimers can be neglected in the reaction.

The mechanism of the asymmetric addition of dialkyl zinc
to aldehydes has fully been elucidated by a combination of
kinetic and computational studies.13 In the selectivity-determin-
ing step, first proposed by Itsuno and Fre´chet,14 and later
supported and elaborated by Noyori and co-workers,13,15 the
reactants are gathered together by a bifunctional alkyl zinc-
ligand complex, yielding a transition state of the type depicted
in Figure 1.

Earlier quantum chemical studies of the alkyl transfer reaction
have employed simpleâ-amino ethanol models of the ligand,16,17

with steric effects of the ligand added at a molecular

mechanics17c,d,i,18or semiempirical level.11d,17b,jIn the consensus
mechanism, the primary role of the ligand is to block aldehyde
coordination to one face of the catalytic zinc atom. The major
enantiomer arises from the so-calledanti-transtransition state,
where the aldehyde coordinates to the catalytic zinc with the
lone pair trans to the alkyl group, and the zinc alkyl anti to the
ligand nitrogen is transferring. The minor enantiomer arises from
one of several other possible ways of attacking the opposite
face of the aldehyde (Figure 2).

In the current case, inclusion of the steric effects in the
computational study poses a severe problem, because compu-
tational treatment of the ferrocene1 is nontrivial by any of the
previously employed methods. However, we have recently
shown9f that the remarkable selectivity shifts obtained with1
are closely mirrored (albeit with a lower overall selectivity in
our test systems) by Soai’sN,N-dibutyl norephedrine (DBNE).19

For example, with 4-methylbenzaldehyde as test substrate, the
phenyl transfer from pure ZnPh2 in the presence of DBNE gave
the corresponding diaryl methanol with 62% ee, whereas the
mixture of ZnPh2 and ZnEt2 led to a product with 90% ee. In
comparison, ferrocene1 gave 77% with pure ZnPh2 and 98%
ee with the ZnPh2/ZnEt2 mixture.9f An ongoing computational
study, evaluating DBNE in a DFT model in the ethyl transfer
to aldehydes, shows close similarity of DBNE and simple amino
ethanol in a selectivity prediction.20 We thus expect the use of
N,N-dimethyl amino ethanol as a simple model ligand for a
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Scheme 1. Enantioselective Phenyl Transfer to Aldehydes
According to Bolm’s Protocol

Figure 1. Selectivity-determining transition state in the catalyzed dialkyl
zinc addition to aldehydes.

Figure 2. Plausible paths in the additions of dialkyl zincs to aldehydes.
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computational investigation to reproduce the selectivity shift
observed for DBNE, and by similarity of experimental results,
also for 1. A qualitatively correct picture of the main factors
influencing the enantioselectivity can then be obtained by only
allowing one of the two mirror image coordination geometries
around the catalytic zinc.18

Methods

The presented study is an extended theoretical investigation of the
phenyl transfer to aldehydes, which was communicated by us earlier
in preliminary form.12 The model system employed in the current study
is depicted in Figure 3. For acetaldehyde (R4 ) Me), all eight
combinations of Et and Ph alkyl groups were tested, whereas for
benzaldehyde (R4 ) Ph), only the phenyl transfer was investigated (R1

) Ph, four combinations). For every combination, all transition states
were located at the B3LYP21/LACVP* level (Hay-Wadt double-ú
valence+ ECP for Zn and Fe,22 6-31G* for other atoms) in Jaguar 4.2
from Schrödinger Inc.23 Stationary points were verified by analytic
normal-mode analysis.

To compare the relative activation barriers of all transition states,
we need to account for the fact that different transition states are formed
from different reagents in the reaction mixture, as depicted in Scheme
2. Assuming that the different forms of the catalysts and reagents are
in rapid equilibrium (Curtin-Hammett conditions24), we can obtain
the relative activation barriers by summation of the energies of the
unused reagents on each side of the pseudoequilibrium to the energies
of the transition states. We note that when comparing two phenyl
transfer processes which only differ in spectator alkyl groups, the
comparison is formally isodesmic, which simply means that systematic
errors in the calculations can be expected to be similar on both sides
of the pseudoequilibrium, and therefore to a large extent to cancel.
Any possible influence of dimers of the zinc reagents was excluded
on the basis of the results by Perica`s11d and therefore neglected in the
comparison. We also verified computationally that the reaction energy

of forming the mixed zinc reagent PhZnEt from ZnPh2 and ZnEt2 was
insignificant also with our current computational methods. The reaction
energy is only 0.3 kJ/mol at the B3LYP/LACVP* level, in close
accordance with the findings by Perica`s at a similar level of theory.11d

Results and Discussion

All relative activation energies obtained with acetaldehyde
are shown in Table 1. As we have shown earlier,12 ethyl transfer
is significantly disfavored as compared to phenyl transfer, by
30-40 kJ/mol. This is due to an overlap with theπ-system of
the transferring phenyl, which significantly lowers the barrier
to bending of the C-Zn bond out of the plane of the phenyl
group. The effect can clearly be seen in the published crystal
structure of ZnPh2.25

As expected, the most favored transition state has ananti-
transconfiguration, and, in line with previous studies,18 we see
that for the small, unhindered model aldehyde employed here,
the anti-cis transition state is very close in energy (within
computational uncertainty) for all combinations of alkyl groups.
We know that for the ethyl transfer, theanti-cis transition state
is selectively disfavored for aromatic aldehydes.18 Thus, for a
quantitative selectivity analysis of the phenyl transfer, we need
to include reactions with benzaldehyde (R4dPh). Note that this
is still only a model system. The experimental studies are always
performed with substituted benzaldehydes, because phenyl
transfer to benzaldehyde leads to an achiral product. The results
for the larger model system, limited to phenyl transfer only,
are shown in Table 2.

When comparing the results in Table 2 with those of Table
1, we can immediately see that the calculated selectivity has
increased, as expected. In the all-phenyl case (entry 4), theanti-
cis transition state is still the most favorable route to the minor
enantiomer. This contrasts the results with ethyl transfer to

(20) Rasmussen, T.; Doelker, N.; Maseras, F.; Norrby, P.-O., manuscript in
preparation.

(21) (a) Lee, C.; Yang, W.; Parr, R. G.Phys. ReV. B 1988, 37, 785-789. (b)
Becke, A. D.J. Chem. Phys.1993, 98, 5648-5652.

(22) Hay, P. J.; Wadt, W. R.J. Chem. Phys.1985, 82, 270-283.
(23) See http://www.schrodinger.com.
(24) Maskill, H. The Physical Basis of Organic Chemistry; Oxford University

Press: Oxford, 1985; pp 293-295.
(25) Markies, P. R.; Schat, G.; Akkerman, O. S.; Bickelhaupt, F.Organometallics

1990, 9, 2243-2247.

Figure 3. Model systems employed in the current study.

Scheme 2. Pseudoequilibrium for Comparison of Similar
Transition Statesa

a The ligand L is modeled by dimethylaminoethanolate, and the labels
m, n, p, andq denote the number of ethyl and phenyl moieties in the two
TS being compared:n + p ) m + q ) 3.

Table 1. Relative Energies of the Different Transition States with
Acetaldehyde, R4 ) Me

entry R1R2R3

anti-trans
Pa

∆∆Eq/kJ mol-1

syn-trans
ent-Pa

∆∆Eq/kJ mol-1

env-trans
ent-Pa

∆∆Eq/kJ mol-1

anti-cis
ent-Pa

∆∆Eq/kJ mol-1

1 EtEtEt 50 63 63 55
2 EtEtPh 41 56 55 46
3 EtPhEt 47 57 64 44
4 EtPhPh 40 51 52 43
5 PhEtEt 18 35 32 15
6 PhEtPh 10 28 22 10
7 PhPhEt 9 31 28 11
8 PhPhPh 0 27 19 2

a P andent-P stand for the product and its mirror image, respectively,
which are produced from the described TS.

Table 2. Relative Energies of Transition States for Phenyl
Transfer to Benzaldehyde, R1 ) R4 ) Ph

entry R1R2R3

anti-trans
Pa

∆∆Eq/kJ mol-1

syn-trans
ent-Pa

∆∆Eq/kJ mol-1

env-trans
ent-Pa

∆∆Eq/kJ mol-1

anti-cis
ent-Pa

∆∆Eq/kJ mol-1

1 PhEtEt 15 31 31 23
2 PhPhEt 10 28 27 15
3 PhEtPh 7 25 22 18
4 PhPhPh 0 28 18 9

a P andent-P stand for the product and its mirror image, respectively,
which are produced from the described TS.

A R T I C L E S Rudolph et al.
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benzaldehyde.18 Looking in detail at the transition state geom-
etry, we can see that coordination of thecis lone pair of
benzaldehyde brings the ortho protons in close proximity to the
spectator phenyl group on the catalytic zinc atom, leading to a
stabilizing CH-π interaction (Figure 4; the closest C-H‚‚C
distance is 2.59 Å). Theanti-cistransition state is still crowded
relative to theanti-transtransition state, but not as severely as
in the case of ethyl transfer to benzaldehyde.18 Interestingly,
the syn-transpath, which is frequently the most significant
source of minor enantiomer in ethyl transfer,18 is always the
least important path for any reagent combination in Table 2.

The results in Table 2 do not directly rationalize the effect
of added ZnEt2. We can see that any ethyl group in the transition
state increases the activation barrier, and we would therefore
expect the reaction to proceed via the all-phenyl path (entry 4)
as long as there is a reasonable concentration of ZnPh2 in
solution. As a rule of thumb, a 10-fold excess of one reagent is
needed to compensate an activation energy difference of 6 kJ/
mol. The experimental results clearly show a change in the
selectivity-determining step upon addition of ZnEt2. The
computed preequilibrium (vide supra) indicates that ZnPh2 is
always present in a statistical mixture. If the numbers in Table
2 were a true representation of the actual reaction instead of a
model system, we would expect the all-phenyl path to dominate
even with a 2-fold excess of ZnEt2, and thus the selectivity to
be relatively unaffected, in disagreement with experimental
results. This could be rationalized by a larger preference for
the mixed complex than our calculations would indicate,11d so
that the ratio EtZnPh/ZnPh2 is substantially larger than 10 in
the reaction mixture, but we also wanted to consider the direct
influence of the ligand. The higher selectivity obtained with
ferrocene1 as compared to, for example, DBNE indicates that
the ligand has an effect beyond blocking one face of the catalytic
zinc. A full determination of the transition states in the title
reaction employing1 is currently beyond our computational
resources. However, we have been able to calculate the structure
of the postulated active catalyst (Figure 5). It is immediately
obvious that the catalyst is very crowded, in particular around
the alkoxy oxygen, which will coordinate the stoichiometric zinc
reagent in the transition state. Thus, it is reasonable to assume
that transition states with multiple phenyl groups, which are
more sterically demanding than ethyl groups, are selectively
disfavored by the ligand.

Another way to state this is that the ligand acceleration26 is
limited in the all-phenyl case for steric reasons and becomes
more efficient when the steric repulsion between ligand and
reagent is reduced by replacement of the bulky phenyl by ethyl
groups. In the combined experimental and computational study
of a similar system by Perica`s and co-workers, it was shown
that the preferentially formed catalyst had an ethyl substituent
(Scheme 3),11d demonstrating the steric preference of the
catalytic system. Thus, the major role of the added ZnEt2 is to
enable formation of smaller reagents and catalysts, thus increas-
ing the ability of the catalyst to compete with the background
reaction.

As stated, a computational testing of the combined effect of
ligand and transition state bulk employing ligand1 is beyond
our computational resources. However, the same type of
selectivity increase upon ZnEt2 addition is seen also with the
DBNE ligand, which can just barely be included in a compu-
tational treatment. Assuming that the selectivities obtained with
DBNE (vide supra) in the most extreme case result from a
competition between a ligand-free process giving the racemate
and a ligand-accelerated, completely selective reaction, we see
that with pure ZnPh2 the ratio between the two processes is
38:62, whereas with the mixture the ratio is 10:90, corresponding
to an increase in the ligand acceleration ability of about 4 kJ/
mol when ZnEt2 is added. This shift could in principle be
rationalized by the assumption that both PhZnEt and ZnPh2 are
efficient reagents for the ligand-accelerated process, whereas
only ZnPh2 can give ligand-free reaction. As indicated by
Pericàs, the addition of ZnEt2 significantly reduces the concen-
tration of free ZnPh2 in solution.11d However, we desired to
test the steric demand of the DBNE ligand as compared to our
computational model in two test cases, depicted in Scheme 4
(cf., Scheme 2).

Calculation of the pseudoequilibrium energies depicted in
Scheme 4 should in principle show if the bulk of the DBNE

(26) Berrisford, D. J.; Bolm, C.; Sharpless, K. B.Angew. Chem., Int. Ed. Engl.
1995, 34, 1059-1070.

Figure 4. Anti-cis transition state with spectator phenyl groups and
benzaldehyde as substrate (Table 2, entry 4). Figure 5. Catalyst obtained from ferrocene1 + ZnMe2, converged at the

B3LYP/LACVP* level.

Scheme 3. Formation of the Active Catalyst
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ligand has an influence on the rate beyond that captured by our
model ligands. Due to the size of the system, it has not been
possible to calculate vibrational contributions, which could have
an influence if the butyl groups suffer from hindered rotation
in the proximity of a phenyl moiety on zinc. Thus, only the
potential energies can be compared. We see a very minor effect,
0.5-1 kJ/mol depending on whether one or two phenyl groups
is exchanged for ethyl. The effect follows our prediction, but
is within the computational uncertainty of our methods. Thus,
we cannot say for certain whether DBNE is bulky enough to
selectively disfavor the all-phenyl TS. However, the close
correspondence with the DBNE-containing structures at least
validates the choice of our small computational model.

An additional factor, which cannot be tested with our
currently available computational methods, is how much fer-
rocene1 is able to directly influence the relative energies of
the various paths to the minor enantiomer. For no entry in Table
2 is the major enantiomer (from theanti-trans path) favored
by more than 9 kJ/mol, corresponding closely to the ca. 90%
ee obtained with the DBNE ligand. The higher selectivity
obtained with1 (up to 98% ee) indicates that this ligand is able
to block the path to the minor enantiomer selectively. However,
computational testing of this proposal will require either QM/

MM methods able to handle two separated QM regions, an
extended Q2MM force field incorporating parameters for both
phenyl transfer and ferrocene moieties,16 or other equally
efficient methods.

Summary

Additions of diaryl zincs to aldehydes show some differences
from the related, more thoroughly investigated additions of
dialkyl zincs. The reactivity of the aryl reagent is higher, and
the inherent selectivity is slightly lower. The latter effect is
attributed to a more favorableanti-cis process with the aryl
reagent, due to a weakly stabilizing CH-π interaction. The
increased selectivity upon addition of diethyl zinc is discussed
in detail. Spectator ethyl groups in the transition state do not
lower the activation barrier of the core transition structure
assembly, but instead increase it. Thus, with sterically unde-
manding substrates and ligands, such as aminoethanol, the
pathway with bulkier spectator phenyl groups is dominant. The
picture is expected to changed, however, when sterically
demanding ligands such as ferrocene1 are employed. The
pathway with less bulkier ethyl groups then may become
dominant because pendant group effects control the reaction
pathway for steric reasons in this case. With less bulky ligands
such as DBNE, it is likely that most of the increased selectivity
results from transforming the ZnPh2 reagent into EtZnPh, with
less propensity for unassisted addition.
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Scheme 4. Ligand Exchange Pseudoequilibrium, Anti-trans
Geometries
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