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The Mechanism of the Stetter Reaction — A DFT Study
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On the basis of Breslow's mechanism for benzoin condensa-
tion, a model asymmetric Stetter reaction has been investi-
gated using DFT methods. In contrast to the concerted ben-
zoin condensation, after formation of the Breslow intermedi-
ate the Stetter reaction is found to be a two-step process in
which the rate-determining C-C coupling of the Breslow in-
termediate and the Michael acceptor precedes final proton
transfer. In addition, the enolamine is found to play a signifi-

cant role in the stereochemistry of the product, with the en-
ergy difference between stereoisomers of this intermediate
reflected throughout the remainder of the reaction sequence.
Consequently, electronic and steric control of the stereo-
chemistry of this intermediate should directly enhance the ee
values of the product.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The formation of carbon—carbon bonds through reverse
polarity, or umpolung, catalysis has provided an efficient,
non-traditional route to many organic compounds. Recent
developments in the field have extended reactions from the
well known aldehyde coupling of the benzoin condensation,
to coupling of ketones, alkenes, and silyls.l'

While the original reactions were highly versatile, one of
the greatest achievements for umpolung catalysis has been
the introduction of enantioselectivity.’] Originally, N-het-
erocyclic carbenes were employed to unselectively catalyse
this class of reactions as early as 1943, however, the isola-
tion of the first free carbene by Arduengo in 1991 opened
the door to a flurry of research on the synthesis of a wide
range of chemically “different” carbenes. The newly found
ability to control the electronic and steric properties of N-
heterocyclic carbenes flowed through to umpolung catalysis
with specifically designed chiral N-heterocyclic carbenes
producing highly stereoselective reactions with ee values
well in excess of 90%.121 As syntheses in pharmaceutical
and natural product chemistry require highly stereoselective
reactions, these results reflected an exciting advancement.

One particular class of umpolung reactions to enjoy such
success has been the C—C coupling between aldehydes and
an appropriate Michael acceptor in the Stetter reaction.
Originally conceived by Stetter in the 1970’s,[®! the first re-
ports of a stereoselective reaction were reported by Enders
in 1997 with chiral thiazolylidene based catalysts.[’! Initial
yields and stereoselectivity were low, however improvements
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were quickly made by utilising intramolecular reactions.[!*]
Recently, Rovis and co-workers have made significant ad-
vancements in both the scope and selectivity of the reaction
using triazole-based N-heterocyclic carbenes. With yields
and ee values regularly in excess of 90%, these catalysts
have proved to be highly efficient under mild conditions
and with high tolerance to substrate changes.[!!]

To the best of our knowledge there has been no in-depth
theoretical study of the mechanism or the stereochemical
selectivity of the Stetter reaction. However there has been
extensive experimental and computational research into the
mechanism of the umpolung related benzoin condensation.
In 1903, Lapworth identified a mechanism for the cyanide
catalysed benzoin condensation.['? In 1958, Breslow recog-
nised the same mechanism could be applicable when thiaz-
olium salts were used as alternative catalysts.'3 Supported
by experimental evidence, he proposed the presence of the
thiazolylidene carbene, which could react with an aldehyde
in the same manner as the cyanide anion (Figure 1).

Several experimental and theoretical investigations have
been completed on the Lapworth and Breslow inspired
mechanism. Ubiquitous to experimental investigations has
been the identification of intermediates early in the catalytic
cycle; Lapworth isolated mandelonitrile, the cyanide cata-
lysed equivalent of 2(B),['”] while 1(B) and 2(B) have been
identified by NMRI*151 and mass spectrometry!!®! in thi-
azolium-catalysed reaction mixtures. Computational stud-
ies!!7 1 have confirmed the applicability of the mechanism
to the extent that Dudding and Houk were able to predict
the stereochemistry of asymmetric reactions, albeit with
slightly overestimated ee values.['®]

Recently, Lopez Calahorra proposed two slightly modi-
fied mechanisms in which carbene dimers are the active cat-
alysts in preference to the free carbene.l'>!7-2%1 Experimen-
tal evidence for catalysis in the more widely used catalytic
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Figure 1. The mechanism for benzoin condensation as first pro-
posed by Breslow [(B) refers to benzoin condensation — see Figure 4
for full numbering scheme].

environments suggested dimers were not necessary for catal-
ysis,[1416] and indeed, computational results similarly indi-
cated the Breslow mechanism would be more energetically
favoured.!'8! Despite these results, in conditions favourable
for carbene dimer formation a dimer mechanism has not
been ruled out.

With the Stetter reaction simply replacing the second al-
dehyde of the benzoin condensation with a similar conju-
gate acceptor, it might be expected that the mechanisms for
the related reactions are very similar. Overall, on the basis
of the Breslow mechanism the reaction can be broken into
two sections. The initial phase is identical to the benzoin
condensation and involves formation of the “Breslow inter-
mediate”, an enolamine formed through the coupling of the
aldehyde and carbene catalyst [Figure 2: 0(S) — 3(S)]. The
second phase of the reaction determines the stereochemistry
of the product through C-C coupling of the enolamine and
the Michael acceptor [Figure 2: 3(S) — 0(S)].

Figure 2. Proposed mechanism for the asymmetric Stetter reaction
[(S) refers to Stetter reaction — see Figure4 for full numbering
scheme].

With such excellent stereoselectivity displayed in such a
versatile reaction in experiment, a thorough understanding
and the ability to predict and manipulate the stereoselecti-
vity of the Stetter reaction would further enhance its appli-
cation. Accordingly, we present a theoretical study of catal-
ysis for a model Stetter reaction based on the established
mechanism for the related benzoin reaction.
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Results and Discussion

To get an idea of the important factors affecting the rate
and stereochemistry of the asymmetric Stetter reaction in a
time-efficient manner, we have used small, prochiral model
reactants: 1,3-dimethyltriazolylidene for the carbene cata-
lyst, acetaldehyde for the aldehyde and 3-penten-2-one as
the Michael acceptor. These boundaries give a manageable
set of reactions in which to gain insight into the underlying
reaction mechanism and will be extended to the true stereo-
selective reactions in future work. Herein, we detail results
of the Stetter reaction under these model conditions with
an additional focus on the important Breslow intermediate.

Creation of the Enolamine (Steps 0-3)

Experimental results have indicated that the intermedi-
ates up to the Breslow intermediate 3 are present in most
umpolung catalysis, however there has been little research
on the mechanism for the proton transfer between species
early in the cycle to create the enolamine. While rearrange-
ment of 1 to form the Breslow intermediate 3 in protic con-
ditions would be straight forward due to the relative ease
of “proton hopping”, the success of the reaction in aprotic
conditions implies another low-energy proton transfer is
available to the system in this situation.

Previous computational studies of the mechanism under
aprotic conditions have generally assumed a 1,2-hydrogen
shift,[17-19-29] however this is a symmetry forbidden and con-
sequently high energy process. Indeed, calculations for our
system indicate a barrier of 163.8 kJmol'. Further, this
1,2-shift is found to be the lowest energy intramolecular
hydrogen transfer available and consequently formation of
the Breslow intermediate from 1 is almost certainly an inter-
molecular process.

Examination of reaction intermediates identified several
potential intermolecular proton transfer agents, in particu-
lar several zwitterion intermediates and the reacting car-
bene and aldehyde. Several of these transfers proved to be
relatively low energy,?'! however the most favourable inter-
action is that between two carbene/aldehyde coupled inter-
mediates 1 (Figure 3) reacting with an overall barrier of
55kJmol!. With the rearranged Breslow intermediate 3,
23 kJmol™! lower in energy than the reactant 1 and a rela-
tively high catalyst loading, creation of 3 would be expected
to be facile, even in aprotic conditions.
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Figure 3. Most favourable intermolecular proton transfer to create
the Breslow intermediate (see Figure 4 for full numbering scheme).

The Overall Reaction Profile

In each reaction, there are three entities that affect the
stereochemistry of the product: the reacting carbene, the
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resulting Breslow intermediate and the reacting Michael ac-
ceptor. While the combinations of these different stereo-
chemical possibilities create a vast number of possible inter-
actions, for our initial studies we were able to reduce the
complexity with the observation that catalytic runs have
found the Z form of the reacting Michael acceptor to be
far less reactive than the corresponding E form. Therefore,
we have only used the E form in our calculations.

With this in mind, it is the initial interaction of the enol-
amine intermediate and enone that influence the stereo-
chemistry of the product. The enolamine 3 may have one
of two conformations, £ or Z, to which the si or re side
may react with the si or re side of the Michael acceptor.
These interactions result in eight distinct possibilities for C—
C coupling, four leading to an R product and four to an S
product (Table 1).

Table 1. Reactant and product stereochemistry.

Enolamine Product

reacting face

Reaction  Enolamine
label

Michael acceptor
reacting face

Si
Si
re
re
re
re
Si
Si

re
Si
Si
re
Si
re
re
Si

D EEENNNN
nIIuIn X

After an exhaustive study of the potential-energy surface,
our calculations show that the full route for Stetter catalysis
in an aprotic solvent and with a preformed carbene catalyst

European Journal
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can be described by Figure 4, with the lowest overall energy
coming from the E form of the enolamine.

Several important observations can be made from these
results. Firstly, with identical methyl groups as nitrogen
substituents on the enolamine, orbital overlap between the
si face of the Z enolamine and si face of the enone (Fig-
ure 5: Model ZB) is a mirror image of the reaction for the
re face of the Z enolamine and re face of the enone (Fig-
ure 5: Model ZD). Consequently, these reactions are ener-
getically equivalent despite resulting in products with oppo-
site stereochemistry. Similarly, the pairs ZA/ZC, EA/EC,
and EB/ED are energetically degenerate and the eight pos-
sible interactions between the si and re faces of the enolam-
ine and enone in Table 1 collapse into four energy categories
for the reaction (Figure 6: 3 — products).

4y,
39

9
Model ZD

Model ZB

3> 4(TS)

Figure 5. Mirror image transition structures for reactions ZB and
ZD.

Secondly, regardless of the stereochemistry of the reac-
tants and intermediates, the overall reaction displays a con-
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Figure 4. Overall mechanism for the Stetter reaction.
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Figure 6. Energies for stereochemical coupling.

sistent reaction path with the overall rate-determining step
being the stereochemical determining C-C coupling step
itself (Figure 6, 3 — 4 TS). This result is particularly inter-
esting as our model assumes aprotic conditions, and the
creation of the enolamine 3 is expected to be even less de-
manding with a freely available proton source.

Thirdly, while calculations on the benzoin condensation
showed a concerted one-step C—C coupling and hydrogen
transfer between the Breslow intermediate and second alde-
hyde!'8! [Figure 1: 3(B) — 5(B)], the Stetter reaction appears
to be a two-step process in which C-C coupling (3 — 4)
precedes hydrogen transfer (4 — 5). In each case, the C-C
coupled intermediate 4 is stabilised by hydrogen bonding of
the OH group to the newly created carbanion and proton
transfer is therefore unhindered and driven by a more ther-
modynamically stable product.

The final important observation is the energy differences
between the different reaction pathways for 3 to 5. Each
isomer of the Breslow intermediate leads to a higher (a: ZA/
ZC and b: EA/EC) and lower (¢: ZB/ZD and d: EB/ED)
energy reaction path (Figure 6). The LUMO of the Michael
acceptor is identical for the si and re faces and hence good
overlap can occur between the HOMO of the enolamine
and either side of the Michael acceptor. Consequently, the
lowest energy pathway for a particular isomer of the enola-
mine is that in which the steric interactions of the enolam-
ine N-substituents and the Michael acceptor are at a mini-
mum (Figure 7).
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Figure 7. Example higher (EA) and lower (EB) energy C-C coup-
ling transition structures (bond lengths in A).

In addition, the Z isomer pathways are consistently
higher in energy than their £ isomer counterparts (a > b
and ¢ > d in Figure 6), and generally the differences are
consistent with the energy difference between the Z and E
forms of the enolamine intermediate 3. Conceivably, with
little separation between the energies of these isomers, two
pathways to C-C coupling that lead to opposite stereo-
chemistry in the product will be very close in energy and
therefore lead to a non-selective overall process. Alterna-
tively, by increasing the energy difference between the E and
Z forms of the enolamine it may be possible to increase
the gap between these competing pathways, consequently
favouring one particular pathway and increasing the overall
stereoselectivity.
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Therefore, we now focus on the factors influencing the E
to Z ratio of the enolamine.

Stereochemistry of the Enolamine 3

The above results indicate the biggest factor affecting
overall stereoselectivity may be the energy difference be-
tween the £ and Z isomers of the Breslow intermediate.
Previous theoretical results for the benzoin condensation
have indicated the E form of the enolamine is more stable
than the Z form although no explanation was offered. With
both isomers displaying a preference for the OH group di-
rected away from the triazole ring in our system (Fig-
ure 8),??! there remains a 3 kJmol ' energy difference be-
tween the E and Z isomers.

Figure 8. Optimised rotation of the enolamine OH bond.

Several low-energy resonance forms are available to help
stabilise each isomer of the enolamine (Figure 9). A rudi-
mentary indication of the relative stability of each of these
resonance forms can be achieved by enforcing “pure” bond
lengths, where each bond is set to average experimental dis-
tances for a specific bond order, and optimising each re-
sulting structure. In so doing, it is clear that the neutral
resonance form 3 is the most stable and would be dominant
in the equilibrium geometry (Table 2). The relative stability
of the possible zwitterions is as expected, with the negative
charge most readily accommodated directly on the electro-
negative nitrogen (resonance form 2). The two carbanion
forms 1 and 5 are very similar, with 5 slightly less favoured
due to the proximity of the cation to the electronegative
nitrogen N*. Resonance form 4 is highly unfavoured with
an unstable carbanion located on the backbone of the azole
ring. Overall, it is expected that the equilibrium geometry
would reflect these stabilities (vide infra), with a strong con-
tribution from resonance form 3 and minor contributions
observed for the remaining zwitterions.

European Journal
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Table 2. Energies of enolamine resonance forms relative to the op-
timised E structure.

Relative energy [kJmol ']
Z

Structure E

Optimised geometry 0 3
Resonance 1 98 105
Resonance 2 90 100
Resonance 3 19 23
Resonance 4 120 117
Resonance 5 107 104

Within each resonance form, the oxygen lone pairs as
depicted in Figure 8 play a small, yet significant, role in
whether the E or Z form is favoured. By providing extra
electron density, the oxygen lone pairs have a slightly desta-
bilising effect when located on the same side of the molecule
as other areas of high electron density, in particular the ni-
trogen lone pairs. Conversely, the interaction from the lone
pairs is somewhat stabilising when located adjacent to areas
of low electron density, such as the nitrogen cations. Conse-
quently, the E conformers of resonance structures 1 and 2
are found to be more stable than their corresponding Z
forms, while the reverse is true for resonance structures 4
and 5 where the Z conformation is favoured.

Overall, the combination of cation/anion stability and
oxygen lone pair interactions leads to theoretical resonance
contributions for our model enolamine in the order:

E3>Z7Z3>>E2>El >72>75>71>ES5>74>E4

Examination of bond lengths and angles (Figure 10)
combined with an NBO analysis??! for the optimised geom-
etry of each form of the enolamine confirmed the contri-
butions of each of these resonance structures. Both the £
and Z forms show high contributions from resonance form
3 with only slightly elongated C>=N* and C?=C double
bonds. As expected, only minor contributions are found for
the remaining resonance forms with all other bond lengths
closer to single bonds. In spite of their less obvious contri-
bution, there remain some important effects from these
minor resonance forms. Most significantly, for both E and
Z conformers the strength of contribution from resonance
form 2 and, to a lesser degree, resonance form 1 result in
an almost planar sp? hybridised N!, while N retains sp?
hybridisation due to the weaker contribution of resonance
forms 4 and 5.

C5N¢ cs R C5—N* 5&;5 N* CS—N*
of \, /4 \ W AR I
AN N NN /N\ /N\ /N\ N 2N
)\sp )\sp - 8p)\sp3 . J\sp - spj:\spz
HO HO ®
E3 E4 E5
Resonance form 1 Resonance form2 Resonance form3 Resonance form4 Resonance form 5
21 72 Z3 Z4 Z5
CS—=N¢ Co—N¢ Co=N* (e Co—N¢
®N/1 \Ns GN/4 \N3 1 \ 3 / \ 3 1 eN
— \ 2/_.\3\ — 2\ Z/"\S\ /N N /N\ /N\ /N\ 2//N\
SPz)C\SP sP)lc\ p SPJ\ pj\ p? sp* C° sp?
° oH OH OH OH oK

Figure 9. Enolamine resonance forms.
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Figure 10. Bond lengths [A] and angles [°] for the optimised E and
Z enolamines.

By considering the characteristics of the various reso-
nance forms, the energy difference between the E and Z
forms of the enolamine may be enhanced by modifying the
substituents around the carbene ring. While electronic
changes will affect the stability of each of the minor reso-
nance forms, the key to separating the £ and Z energy ra-
tios is to increase the effect of the nitrogen/oxygen lone pair
interactions, in particular for the main resonance form 3.
To this end, electron withdrawal on the side of the oxygen
is expected to decrease the nitrogen/oxygen pair interaction
and electron donation to increase it (Figure 11). Indeed,
calculations to test this hypothesis show that simple substi-
tution of the N! and N3 substituents can enhance (Table 3:
Entry 2) or decrease (Table 3: Entry 3) the stability of the
E isomer with respect to the Z.

While these results indicate success in favouring the E
form of the enolamine, the Z form can only be significantly
favoured if the carbanion in the “Z preferred” resonance
form 4 is stabilised to the same degree as the nitrogen anion
of resonance form 2. Indeed, by including an electron with-
drawing group in the C° position alone, the energy differ-
ence between the £ and Z conformers is a non-distinguisha-
ble 0.2 kJmol™ (Table 3: Entry 4). Combining the anion
stabilising C> substitution with the favoured N! and N3
electronic changes results in the Z conformer being more
stable than the E by 4.2 kJmol™' (Table 3: Entry 5).

With a clearer idea of the subtle part that electronic ef-
fects play in the enolamine, consideration of the role of the
steric interactions on the E to Z energy ratio becomes im-
portant. In the absence of a strong electron withdrawing

Table 3. Energy changes of E to Z ratio with substituent alteration.

Favour E
R? R2
\ \
C5=N* C5=N*
- 8/ \§ 5"/ \8 <
EWG-N! _N*-EDG EWG-N! N°—EDG
p \C2 . N 27
favouredt k | tdisfavoured
HO™ R4 R* “OH
Favour Z
R? R2
\ \
CP=N* Co=N*
— &/ \ & 5/ \§ —
EDG—N1\ _N3—EWG EDG—N1\ _N3—EWG
N S
disfavouredi i i ifavoured
HO™ R4 R* “OH

Figure 11. Electronic influence on the E and Z conformers.

group on C>, results indicate that nitrogen N! will preferen-
tially adopt sp? hybridisation and N3 sp* hybridisation (Fig-
ure 10). With this in mind, it becomes clear that any move-
ment of the nitrogen substituents to decrease possible steric
interactions will be more easily accommodated on N3, as
N!' movement potentially disrupts the m system and elec-
tronic stability provided by resonance forms 1 and 2.
Indeed, substitution on N3 was found to have little effect
on the ratio of E to Z stability with movement of the N3
substituent to minimise steric interactions having little im-
pact on the overall electronic properties (Table 4). Con-
versely, substitution of the bulky ‘Bu group on the aldehyde
(R* or N! nitrogen (R!) indicated a strong favouring of the
E form, where the smaller OH group is located next to the
almost planar sp? hybridised N'-R!, and the sp? hybridised
N3-R3 bending out of the way of the bulk on the aldehyde.
The Z form however is significantly destabilised as it en-

Table 4. Steric influences on enolamine E to Z energy ratios.

H
\C5:N4
R1_N/1 N3_R3
\CZ/
|

HO R*

Description R!, R3 and R* Energy of Z compared to E
[kJmol ]2

Original model R! =R3=R*= Me 2.8
Bulk on aldehyde R'=R?= Me; R* = /Bu 11.7
Bulk on N! R3 = R* = Me; R! = rBu 12.6
(sp*hybridised)
Bulk on N3 R! = R* = Me; R? = 1Bu 2.7
(sp*-hybridised)

Entry N! substituent C? substituent N3 substituent Favoured isomer Energy difference
[kJ mol ]

1 Me H Me E 2.8

2 p-CN-Ph H p-OMe-Ph E 6.2

3 p-OMe-Ph H p-CN-Ph E 0.5

4 Me CN Me E 0.2

5 p-OMe-Ph CN p-CN-Ph Z 4.2
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counters enhanced steric repulsion between R!' and R* and
sacrifices some of the sp? hybridisation and, hence, the con-
tribution from the more electronically stable resonance
forms 1 and 2.

Implications from the Model Reaction

To date, experimental umpolung catalysts have enhanced
stereoselectivity by increasing steric bulk on one face of the
enolamine to promote exclusive reaction on the opposing
face,[13-3:9:11.241 however the exact conformation of the enol-
amine has not been considered. Combined, the steric and
electronic results herein indicate the balance between the E
and Z isomers, which potentially lead to opposite sterco-
chemical products, may not be as straight forward as ex-
pected, although tailoring the carbene substituents both
electronically and sterically can be used to influence this
ratio.

In particular, for the triazole systems changes to favour
the E form become more straight forward due to the rela-
tive stability of the underlying resonance forms. In the most
basic sense, this may be achieved through bulky, electron
withdrawing substituents on N!, steric bulk on the alde-
hyde, or electron donating N3 substituents. Conversely, the
Z form is only significantly favoured with strong electron
withdrawing groups stabilising the carbanion of resonance
structure 4 or 5, and even then requires the correct combi-
nation of electronic properties on the remaining nitrogen
substituents to further increase the Z to FE ratio.

While it is acknowledged that experimental catalysts and
reactants contain more complicated steric and electronic
factors, the relative energies of the E and Z C-C coupling
intermediates and corresponding products is expected to re-
flect the trends found in our model system and therefore
affect the ee values found in the true catalytic system.

Similarly, the discovery of the two-step C-C coupling
and proton transfer steps has implications for potential side
reactions. While correct orientation of the alkene in inter-
mediate 4 indicates a low barrier for proton transfer to form
the Stetter product, the two step process suggests competing
reactions may become more favourable with a small change
in the alkene orientation, potentially decreasing the yield of
the Stetter reaction.

We are currently investigating other factors affecting
these important intermediates, including solvent effects,
side reactions and the true catalysts used in many intramo-
lecular Stetter reactions.*’]

Conclusions

By studying a model reaction involving a simple 1,3-di-
methyltriazolylidene carbene catalyst, we have established
some important characteristics affecting the Stetter reaction
based on the mechanism proposed by Breslow for the ben-
zoin condensation.

The overall mechanism for the Stetter reaction in aprotic
conditions appears to be similar to that for the benzoin con-
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densation, however the concerted C—C coupling and hydro-
gen transfer of the benzoin condensation is split into a two
step process in the Stetter reaction. (The impact of this re-
sult on alternative pathways and possible side reactions for
the Stetter reaction is currently being investigated by our
group.)

Even in aprotic conditions, creation of the enolamine
Breslow intermediate is relatively straightforward in an
intermolecular manner and may occur through a variety
of reactant and intermediate interactions in the absence of
another suitable proton donor. The calculated rate-de-
termining step of the overall reaction is found to be the
stereochemical determining C-C coupling step itself.

With the pathways leading to opposite stereochemical
products energetically separated by an amount consistent
with the energy difference of the corresponding enolamine
isomers, several important characteristics of the enolamine
were observed in our study. Firstly, several resonance forms
contribute to the stability of the enolamine. While two of
these were indeed the “umpoled” zwitterion in which the
aldehyde carbon holds a formal negative charge (resonance
forms 1 and 5), these resonance forms contribute only a
minor amount to the overall stability of the enolamine, in
which the main stability is derived from the true neutral
resonance form 3. Indeed, it is the rearrangement of the
HOMO orbital of the aldehyde in a manner conducive to
overlap with the LUMO of the Michael acceptor that is
responsible for reactivity, as the charge on the activated al-
dehyde carbon remains similar to that of the free aldehyde.

Similarly, the stability of the £ and Z forms of the enol-
amine are affected by the resonance forms. Although all
five of the main resonance forms are available to both E
and Z conformations, the proximity of the oxygen lone
pairs to other areas of high electron density within the car-
bene ring destabilise the lower energy resonance forms 1
and 2 for the Z conformer, while simultaneously stabilising
areas of low electron density for the corresponding E con-
former. Consequently, without altering the relative stability
of the individual resonance forms, the E form of the enola-
mine is more stable than the corresponding Z form. Simi-
larly, bulky substituents on either the sp> hybridised N! ni-
trogen or aldehyde significantly favour the E form through
separation of steric interactions, with the N3 substituent less
influential on the sp? hybridised nitrogen.

These are significant results for future enhancements of
umpolung catalysts. By blocking one face of the enolamine
and further stabilising the £ form with respect to the Z, it
should be possible to control and significantly enhance the
stereoselectivity of this important set of reactions.

Computational Details

Initial conformers for all pathways were calculated using GMMX
molecular mechanics in the PCModel suite.*") Full geometry opti-
misations and harmonic vibrational frequencies for a series of low
energy conformers were then calculated at the B3LYP??! level of
theory with the 6-31G(d) basis set on all atoms with the Gaussian
030281 set of programs. Zero-point vibrational-energy corrections
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were obtained using unscaled frequencies. All transition structures
contained exactly one imaginary frequency and were characterised
by following the corresponding normal mode towards the products
and reactants.

Higher level single point calculations were performed on the op-
timised geometries at the B3LYP level with a 6-311+G(2d,p)*”! ba-
sis set. Energies from these single point calculations were combined
with the thermodynamic corrections at the lower level of theory to
obtain AG,og numbers. All energies quoted in this paper refer to
these final AG,og values.

Crude resonance structures were obtained by fixing bond lengths
using the Gaussian 03 opt = modredundant keyword and by carry-
ing out NBO analysisP®” on optimised structures with constrained
bonds and lone pairs using the pop = nboread and SCHOOSE
keywords.

Supporting Information (see footnote on the first page of this arti-
cle): Tables of energies and cartesian coordinates (XYZ) for all
structures including full details for the creation of the Breslow in-
termediate (0 — 3), enolamine conformers and NBO analysis; com-
plete ref.1?8],
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