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Depending on the nature of the aza-Michael donor, the C—N bond formation in the a,a-diphenylprolinol
trimethylsilyl ether-catalyzed aza-Michael reactions was found to proceed via either (i) an iminol in-
termediate in a stepwise reaction, or (ii) a concerted reaction. This is contrary to the commonly proposed
iminium mechanism for organocatalyst-catalyzed aza-Michael reactions. The iminol intermediate is
formed from the reaction between the catalyst and the amine (Michael donor). These proposed mech-
anisms are able to account for the experimentally observed product enantioselectivity.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The aza-Michael reaction! is a C—N bond-forming reaction
between an a,B-unsaturated carbonyl compound (enal or enone)
and an amine to afford a B-amino carbonyl compound. Recently, the
group of Cérdova has reported that the a,x-diphenylprolinol tri-
methylsilyl ether ((S)-Cat1) molecule catalyses the enantioselective
aza-Michael reactions efficiently without the need for additives.>™

The commonly proposed reaction mechanism for the (S)-Cat1-
catalyzed aza-Michael reaction is that of the reaction proceeding
via an iminium cation intermediate,>~* formed from the reaction
between (S)-Catl and an o,B-unsaturated carbonyl compound
(Scheme 1). In the absence of (acid) additives, the first step of
iminium formation would have to be a C—N bond formation be-
tween (S)-Catl and an o,f-unsaturated carbonyl compound via
a four-centre transition state. Our recent study on the (S)-Catl-
catalyzed a-functionalization of aldehydes with various nucleo-
philes revealed that the C—N bond formation step between (S)-Cat1
and a carbonyl compound, via a four-centre transition state, is
energetically unfavourable.® Furthermore, the possibility of OH™
(counter anion to the iminium cation) co-existing with the iminium
cation in a non-polar solvent like CHCl3 also seems unlikely. To
better understand the function(s) of the (S)-Cat1 catalyst, we report
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here our theoretical investigations on the mechanisms of the (S)-
Cat1-catalyzed enantioselective aza-Michael reactions.
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Scheme 1. Commonly proposed mechanism for the (S)-Cat1-catalyzed aza-Michael
reaction, via an iminium intermediate.

2. Computational methods

Geometry optimizations were performed using the B3LYP hybrid
density functional theory method® with the 6-31G+ basis set for all
molecular structures. All optimized geometries were verified to be
equilibrium structures or transition states via frequency calcula-
tions. An equilibrium structure will have all real frequencies while
a transition state will have one and only one imaginary frequency.
The effect of solvent was studied using the polarization continuum
model (PCM).” The solvation sphere size (ALPHA value) was set to
1.50 as this value is required to achieve optimization convergence
for some transition states. The calculated energies were improved
through PCMgsopvent/MP2/6-311G*+ single-point energy solvation
calculations. Unless otherwise noted, all energies (AE and AE")
reported are in kjmol~! and correspond to PCMsgvent/MP2/6-
311G*#[[PCMsolvent/B3LYP/6-31G*, including PCMgsolvent/B3LYP/6-
31G+ zero-point energy (scaled). A scaling factor of 0.9804% was
used to correct for the directly computed PCMgoyent/B3LYP/6-31G*
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zero-point energies. All calculated enthalpy energies (AH and AH*)
reported are in k] mol~! and correspond to PCMqyent/B3LYP/6-31G*
at the respective reaction temperature. All calculated Gibbs free

gMe o8n R2 2. NaBH,, MeOH, 0 °C EtOzCJ\AOH
R1 (S)-Cat1 ) el MeO., .CO,Bn x'i\‘{ 52 Id = 65%
N v aBH,4 lel J

CHCla, 1t, 1h N MeOH 0°C €@ = 96%

Etozc)\Ao

P1a Conversion = >99%

Scheme 2. (S)-Cat1-catalyzed aza-Michael reaction.
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Scheme 3. C—N bond formation (TSa) between (S)-Catla and R2a, subsequently
leading to the formation of iminium intermediate Ib. Calculated energy barrier (AEY)
and reaction enthalpies (AE) correspond to the relative energy with respect to (S)-
Catla (i.e,, the free reactants), in kj mol "
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energies (AG and AG') reported are in kj mol~! and correspond to
PCMgopvent/B3LYP/6-31G+ at the respective reaction temperature. All
calculations were performed using Gaussian 03.°

3. Results and discussions
3.1. Aza-Michael reaction

The (S)-Catl-catalyzed enantioselective aza-Michael reaction
between N-methoxy amine-substituted ester (R1) and enal (R2)
has been reported by Vesely et al.2 (Scheme 2). For the reaction to
proceed via an iminium mechanism, the first step would have to be

Energetics of the Various Reaction Pathways Investigated
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Figure 1. Calculated energy (MP2) profile of the iminol and iminium pathways.
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Scheme 4. Proposed reaction mechanism for the (S)-Cat1-catalyzed aza-Michael reaction, via an iminol intermediate. Calculated energy barriers (AE*) and reaction enthalpies (AE)
correspond to the relative energy with respect to (S)-Cat1a (i.e., the free reactants), in k] mol~'. 12a and I2b are conformational isomers. *Estimated AE’ value from the difference

between the calculated PCMcpci3/B3LYP/6-31G* electronic energy of TS2 and I2a.
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0 Y Eo,c”XCHO  (5).catt (20 mol%) BnO,C, a C—N bond-forming reaction between (S)-Catla and R2a via
H\N)kOBn z T enoacc ten N-Q a four-membered cyclic transition state (TSa) (Scheme 3). In-
OH R MR EtOoC "OH terestingly, the formation of the iminium cation (Ib) in CHCl3 is
R3 aza.Michae[“x\ HO.-COBn ’ Yie|§ia85% calculated to be a highly endthermic process. This suggests th?:lt
reaction BN e = 97% the (S)-Catla-catalyzed aza-Michael reactions do not proceed via

EO,C 0 an iminium intermediate.
Pda A plausible reaction between (S)-Catla and R1a would be the
Scheme 5. (S)-Cat1-catalyzed aza-Michael/cyclization reaction. tautomerization of Rla to an iminol via transition state TS1
(Scheme 4). TS1 corresponds to two simultaneous H-exchanges
B . between (S)-Catla and R1a to form a (Z)-iminol-catalyst hydrogen-
BnOC, 4 ! BnO,C, bonded complex (I1). The stereochemical orientation of TS1 re-
Mé — Y quires the amide’s hydrogen and the carbonyl oxygen in R1a to be
(from PAa2) B10,C H EtO,C "OH syn to each other, which effectively excludes the formation of the

TS17a: AEY = 166.9 P5al: AE=-5.2 (E)-iminol.

Bn0xC.. OH - " The approach of the Si face of R2a towards I1 results in the
N (from P4a3) Bﬂoch,Nf ~H BnOZC/’N—o formation of intermediate 12 via TS2. TS2 consists of a H-shift from
EtOZCMO — oL fK/\FC') - o the O of the iminol to the N of (S)-Cat1. Next, a C—N bond formation
paat L Ho F10:C occurs with a simultaneous H-shift from the N of (S)-Cat1 to the O
TS17b: AE* = 178.1 Poaz:AE =187 of R2a (TS3a) to form an enol-catalyst complex (I3). I3 sub-
(from P4ad) [ Bro.c 1t sequently undergoes an enol—keto tautomerization reaction in-
ne2 “N—0--H B”OZC/fN,O volving (S)-Cat1 (via TS5) to afford the experimentally observed
EtOZC’K/\i\‘é Et0,C OH product P1a. Other plausible reaction pathways from I3, resulting
H PSb: AE = 14.0 in the formation of P1a, are calculated to be higher in energy

TS17c: AE¥ = 150.2

Scheme 6. Cyclization of P4a. Calculated energy barriers (AE') and reaction enthalpies
(AE) correspond to the relative energy with respect to P4a1, in k] mol~. P4a1, P4a2, P4a3
and P4a4 are conformational isomers. P5a1 and P5a2 are conformational isomers.

(Scheme S3, in Supplementary data). Transitions states TS3b and
TS4, which are analogous to TS3a, leading to possible products P1b
(enantiomer of P1a) and P3, respectively, are calculated to be at
least 9.7 k] mol~! higher in energy than TS3a. The proposed iminol
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Scheme 7. Proposed reaction mechanism for the (S)-Cat1-catalyzed aza-Michael/cyclization reaction, via an iminol intermediate. Calculated energy barriers (AE') and reaction
enthalpies (AE) correspond to the relative energy with respect to (S)-Cat1a (i.e., the free reactants), in k] mol~". [10a and I10b are conformational isomers. *Estimated AE! value from
the difference between the calculated PCMcyci3/B3LYP/6-31G+ electronic energy of TS13 and I8. bEstimated AE! value from the difference between the calculated PCMcuci3/MP2/6-

311G+ electronic energy of TS14a and TS14b.
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mechanism can fully account for the experimentally observed
enantioselectivity and its calculated energy profile is lower in en-
ergy than the commonly proposed iminium pathway (Fig. 1). The
calculated reaction enthalpy and Gibbs free energy profiles (Fig. S1,
in Supplementary data) also show a similar profile.

In the above analysis of the iminol mechanism, we have con-
sidered the (S)-Catl1a conformation of the catalyst, where the H of
the amine is pointing towards the —C(Ph),(0SiMes) group. Con-
formational isomer (S)-Cat1b, where the H of the amine is pointing
away from the —C(Ph),(0SiMe3) group (arising from the inversion
of the lone pair of electrons on nitrogen) was found not to facilitate
the iminol pathway (see Supplementary data for a discussion).

3.2. Aza-Michael/cyclization reaction

The (S)-Cat1-catalyzed enantioselective aza-Michael/cyclization
reaction between N-hydroxy amine-substituted ester (R3) and enal
(R2) has been reported by Ibrahem et al.> (Scheme 5). This reaction
comprises of an aza-Michael reaction followed by a ring cyclization
involving C—0 bond formation. The expected product from the aza-
Michael reaction is that of P4a. From P4al, three transition states
(TS17a, TS17b and TS17c¢) corresponding to the simultaneous C—O
bond formation and 1,6-H shift, to afford P5a and P5b have been
located (Scheme 6). Interestingly, the cyclization reaction from
P4a1 is predicted to yield primarily product isomer P5b, which is
not in agreement with experimental observations. This suggests
that the catalyst would have to play a role in controlling the ste-
reochemistry during the cyclization reaction.

Following the iminol mechanism (Scheme 7), upon formation
of the aza-Michael addition product-(S)-Catl hydrogen-bonded
intermediate (I10a), I10a undergoes conformation changes to
that of I10b, from which the cyclization reaction takes place. The
steric hindrance from the —C(Ph),(0SiMes) group of (S)-Catl
dictates that the simultaneous C—O bond formation and 1,6-H
shift (TS18) can only occur at the Si face of the aldehyde

Ph PhOSiM93 Ph PhOSiMe3 Ph F’hOSiMe3
LH. +
NI O N._OH N=
Sy — \g — 4\:\

+
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functional group, which affords the experimentally observed
product isomer P5a. The calculated reaction energy profile is
shown in Figure 2.

Energetics of the Various Reaction Pathways Investigated
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Figure 2. Calculated energy (MP2) profile of the iminol and iminium pathways.
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3.3. Aza-Michael/aldol reaction

The (S)-Catl-catalyzed enantioselective aza-Michael/aldol re-
action between 2-aminobenzaldehyde (R4) and enal (R5) has been
reported by Sundén et al.* (Scheme 8). This reaction involves first
an aza-Michael reaction to form P7a followed by an intramolecular
aldol reaction to afford P8a.

Interestingly, for this particular reaction, our calculations sug-
gest that the aza-Michael reaction proceeds via a concerted transi-
tion state (TS19a) to form P7a (Scheme 9). TS19a is a late transition
state depicting the simultaneous C—N bond formation and H-shift
from the N of (S)-Catlc to the O of R5a (structure S3). TS19a origi-
nates from complex C13 and the prelude to transition state TS19a
encompasses structures S1 (a H-shift from the N of R4a to the N of
(S)-Cat1c) and S2. The concerted nature of TS19a is confirmed with
a combination of intrinsic reaction coordinate (IRC) calculations and
optimization to a local minima procedure. No intermediate (ground
state) structure corresponding to structure S2 could be located. This
interesting nature of TS19a is also observed when we switch to
another theoretical method (DFT functional: PW91PW91).

Transition state TS19b, analogous to TS19a, which subsequently
leads to product P8b (enantiomer of P8a) is calculated to be
7.4 k] mol~! higher in energy than TS19a.

Energetics of the Various Reaction Pathways Investigated
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Figure 3. Calculated energy (MP2) profile of the (S)-Cat1-catalyzed aza-Michael/aldol
reaction.

From P7a, an intramolecular aldol reaction occurs via TS20a1 to
afford I12a (Scheme 10). I12a subsequently undergoes a stepwise
dehydration reaction (via TS21 and TS22) to afford the experi-
mentally observed product P8a. Transition states analogous to
TS20a1, that lead to diastereomers 112b and I12c, are calculated to
be at least 3.4 kJmol~! higher in energy than TS20a1. The calcu-
lated reaction energy profile is shown in Figure 3.

Investigations into the role of additives in the aza-Michael/aldol
reaction suggest that additives catalyze the dehydration of I12a
(see Supplementary data for a discussion).

4. Conclusion

The mechanism of the (S)-Cat1-catalyzed aza-Michael reactions
was found to be dependent on the nature of the Michael donor
(amine). The C—N bond formation in the (S)-Cat1-catalyzed aza-
Michael reaction proceeds via either (i) an iminol intermediate in
a stepwise reaction, or (ii) a concerted reaction. These proposed
mechanisms are able to account for the experimentally observed
product enantioselectivity and their calculated energy profiles are
lower in energy than the commonly proposed iminium mechanism.
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