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Theoretical calculations were employed to investigate the enantioselectivity of the a,a-diarylprolinol
trimethylsilyl ether-catalyzed a-functionalization of aldehydes with various different electrophiles, via
an enol intermediate. The reactions investigated were (i) Michael-aldol condensation, (ii) Michael ad-
dition, (iii) Mannich reaction, (iv) a-amination of an aldehyde, (v) a-fluorination of an aldehyde, (vi)
a-sulfenylation of an aldehyde, and (vii) a-bromination of an aldehyde. In all seven cases, our proposed

enol mechanism is able to account for the experimentally observed enantioselectivity of the products.
Our calculations strongly suggest that these catalyzed reactions proceed via an enol intermediate and not

via an enamine intermediate.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The a,a-diarylprolinol trimethylsilyl ether ((S)-Cat) molecule
(Fig. 1) is a versatile organocatalyst, which is employed in enan-
tioselective C-C, C-N, C-F, C-S, and C-Br bond formations.!*
These (S)-Cat-catalyzed reactions are commonly assumed to
proceed via an enamine intermediate.’®3 Theoretical studies on
the stereoselectivity of the (S)-Cat-catalyzed reactions also make
such an assumption.’ The enamine mechanism is extended from
the case of the proline-catalyzed aldol reaction.® Although en-
amine intermediates have never been detected experimentally in
the proline-catalyzed aldol reactions, experimental’ and theo-
retical® studies seem to support indirectly the enamine pathway.
We note here that in List et al.,”* NMR spectroscopic studies of the
reaction between acetone and proline, report the formation of
oxazolidinone instead of enamine. Recently, Yalalov et al.® pre-
sented experimental evidence for an enol mechanism in a pri-
mary amine-thiourea (organocatalyst) catalyzed Mannich-type
reaction.

Ar
Ar
MSiMes (S)-Cat1: Ar = Ph
NH (S)-Cat2: Ar = 3,5-(CF3),-Ph
(S)-Cat

Figure 1. The o,a-diarylprolinol trimethylsilyl ether ((S)-Cat) catalyst.
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In the enamine mechanism, the first step of enamine formation
between an amine and an aldehyde involves C-N bond formation
between the carbonyl carbon of the aldehyde and the nitrogen of
the amine-catalyst. Organocatalysts that contain acidic hydrogens
will facilitate the C-N bond formation step, as in the case of the
proline-catalyzed aldol reaction.d Organocatalysts that do not
contain acidic hydrogens usually employ additives'®* (e.g., car-
boxylic acids) in the reaction, probably to promote enamine
formation.

Interestingly, despite the absence of acidic hydrogens in (S)-Cat,
it is able to catalyze C-C, C-N, C-F, C-S, and C-Br bond formation
without the need for additives.! We suspect that these (S)-Cat-
catalyzed reactions may not proceed via an enamine intermediate
and this has led us to investigate the (S)-Catl-catalyzed oxy-
amination reaction.’® In that study, we considered four plausible
initial reactions between (S)-Cat1 and butanal (Scheme 1). Our
theoretical calculations revealed that the reaction leading to enol
formation (via TSd) is energetically favored, which strongly sug-
gests that the (S)-Cat1-catalyzed oxyamination reaction proceeds
via an enol intermediate and not via an enamine intermediate. We
have proposed the following enol mechanism'® for (S)-Cat-cata-
lyzed reactions (Scheme 2): (i) (S)-Cat reacts with an aldehyde to
generate a trans enol tautomer, and forms a trans enol-catalyst
hydrogen bonded complex. (ii) A reactant molecule subsequently
reacts with the trans enol-catalyst complex (Fig. 2) to afford an
enantioselective product.

To further validate our proposed enol mechanism (Scheme 2)
for this class of organocatalyst, we report here our investigations on
the enantioselectivity of (S)-Cat-catalyzed C-C, C-N, C-F, C-S, and
C-Br bond forming reactions (Scheme 3).
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Scheme 1. Plausible initial reactions between (S)-Cat1 and butanal.'’
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Scheme 2. Proposed mechanism for enantioselective (S)-Cat-catalyzed reactions.'®

a C-X bond formation

Figure 2. Transition state depicting the reaction between the trans enol-catalyst
complex and a reactant molecule, to afford an enantioselective product.
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Scheme 3. (S)-Cat-catalyzed C-C, C-N, C-F, C-S, and C-Br bond forming reactions'®<
investigated in this study.

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 calculations.
An equilibrium structure will have all real frequencies while a transi-
tion 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
MP2/6-311G+* single-point energy solvation (PCM) calculations. Un-
less otherwise noted, all energies (AE and AE!) reported are in k] mol !
and correspond to MP2/6-311G++(PCM)//B3LYP/6-31G+(PCM), in-
cluding B3LYP/6-31G+(PCM) zero-point energy (scaled). A scaling
factor of0.9804'3 was used to correct for the directly computed B3LYP/
6-31G+(PCM) zero-point energies. All calculated enthalpy energies
(AH and AHY) reported are in kjmol~! and correspond to B3LYP/
6-31G+(PCM) at the respective reaction temperature. All calculated
Gibbs free energies (AG and AG') reported are in kj mol~! and corre-
spond to B3LYP/6-31G+(PCM) at the respective reaction temperature.
All calculations were performed using Gaussian03.'4

3. Results and discussions
3.1. Michael-aldol condensation (C-C bond formation)

The enantioselective domino Michael-aldol reaction between
5-oxoalkanal and o,B-unsaturated aldehydes, catalyzed by (S)-Cat1,
has been reported by Hong et al.!? (Scheme 4). This reaction in-
volves two C-C bond formation steps and affords cyclohexene
product diastereomers containing two chiral centers, with high
enantioselectivity of the anti-product.

For the reaction shown in Scheme 4, following our proposed
enol mechanism (Scheme 5), pentane-1,5-dial (R1a) reacts with

(0] (0] CHO CHO
HWH (S)-Cat1 @,Ph . ©:Ph
R1 > ,
CH20|2, 25°C, 10 hr "/CHO CHO
+ Panti (P1) Psyn
CHO Yield = 43%

PhN dr (anti:syn) = 99:1

R2 ee (anti) = 89%

Scheme 4. Enantioselective domino Michael-aldol reaction catalyzed by (S)-Cat1.'?
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Scheme 5. Proposed reaction mechanism for the (S)-Catl-catalyzed Michael reaction, via an enol intermediate. Calculated energy barriers (AE') and reaction enthalpies (AE)
correspond to the relative energy with respect to R1a (i.e., the free reactants), in kj mol~".

(S)-Cat1a (via TS1a) to form a trans enol-catalyst hydrogen bonded
complex (I1). Formation of the cis enol-catalyst hydrogen bonded
complex (via TS1b) is calculated to be 3.4 kJmol~! (MP2 value)
higher in energy than TS1a.

The Re face of 3-phenylpropenal (R2a) subsequently reacts with
I1 (from the Re face of the trans enol moiety of I1) via TS2 to form
12a (Fig. S1 in Supplementary data). Transition state TS2 consists of
simultaneous (i) C-C bond formation between enol and R2a, (ii)
a H-shift from the O of enol to the N of (S)-Cat1a, and (iii) a H-shift
from the N of (S)-Cat1a to the O of R2a. The reaction involving the Si
face of the most stable conformer of 3-phenylpropenal (R2a) with
I1, via a transition state that is analogous to TS2, is geometrically
challenging.

Pentane-1,5-dial could also react with I1 (via TS3a) to form
a homo-aldol product I3a. The calculated MP2 energy barrier cor-
responding to TS3a is 22.7 k] mol~, which is 14.0 k] mol~! higher in
energy than the activation barrier corresponding to TS2.

Conformer I2a will undergo rotation(s) to conformer 12b where
an intramolecular aldol reaction takes place between the enol and
aldehyde functional groups (via TS4a) to afford intermediate 14a
(Scheme 6). The transition state structure of TS4a adopts a cyclo-
hexane chair conformation with the peripheral CHO and Ph groups
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Scheme 6. Conformational analysis for the C-C bond formation in the aldol reaction.
Calculated energy barriers (AE*) and reaction enthalpies (AE) correspond to the relative
energy with respect to 12a, in k] mol~'. Compounds 12a, I12b, 12¢, and 12d are confor-
mational isomers.

situated at the equatorial positions to avoid steric effects at the axial
positions. Transition state TS4a consists of simultaneous (i) C-C
bond formation between the enol and aldehyde functional groups,
and (ii) a H-shift from the O of enol to the O of aldehyde. The C-C
bond formation and H-shift proceed via a six-membered cyclic
structure, similar to that observed in the uncatalyzed aldol'® and
uncatalyzed Mukaiyama aldol reaction."”

Two transition states (TS4b and TS4c¢) analogous to TS4a, which
afford the corresponding diastereomers of 14a were also located
(Scheme 6). Their calculated energy barriers are at least
5.1 kJmol~! higher in energy than TS4a. The preference for the
formation of I4a is attributed to the orientation of the ‘larger’
groups (i.e., the O of the aldehyde and the CHOH fragment of the
enol moiety) in TS4a. These larger groups tend to adopt the equa-
torial positions of the forming cyclohexane ring in order to avoid
1,3-diaxial interactions, thus leading to a lower energy for transi-
tion state TS4a. The MP2 energy profile for the formation of I3a, I4a,
14b, and I4d is shown in Figure 3.

Energetics of the Various Reaction Pathways Investigated
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Figure 3. Calculated energy (MP2) profile for the formation of I3a, 14a, 14b, and 14d.

The dehydration of I4a can yield two possible products, P1 and
P2 (Scheme 7). In the absence of an acid catalyst, a concerted
elimination of a H,O molecule (via TS5) to form P2 is calculated to
be 315.6 k] mol~.. The elimination of H,O to obtain P1 is found to
proceed via a stepwise pathway involving intermediate I5, via TS6
and TS7. The pathway leading to the formation of P1 is calculated to
be 101.2 k] mol~! lower in energy than the concerted pathway via
TS5. This is in agreement with the experimental observation for the
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Scheme 7. Dehydration of I4a. Calculated energy barriers (AE) and reaction enthalpies (AE) correspond to the relative energy with respect to I4a, in kj mol~".

formation of P1. The proposed enol mechanism can fully account
for the experimentally observed product diastereoselectivity and
enantioselectivity.

3.2. Michael addition (C-C bond formation)

The (S)-Cat2-catalyzed Michael addition reaction between
propanal and methylvinyl ketone (R4) has been reported by Fran-
zén et al.I® (Scheme 8). Following our proposed enol mechanism
(Scheme 9), the trans enol-catalyst complex (I6) reacts with R4a via
TS9 to afford intermediate I7. Transition state TS9 consists of si-
multaneous (i) C-C bond formation between the enol and R4a, (ii)
a H-shift from the O of the enol to the N of (S)-Cat2a, and (iii) a H-
shift from the N of (S)-Cat2a to the O of R4a.

o o) o)
% . P (S)-Cat2 ‘ Yield = 80%
—_—
AN EtOH, 40 °C, 64 h ee = 92%
Me Me
R3 R4 P3

Scheme 8. (S)-Cat2-catalyzed Michael addition.!
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Scheme 10. Formation of P3 from I7. Calculated enthalpy energies (AH* and AH)
correspond to the relative energy with respect to 17, in kj mol~".
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Scheme 9. Proposed reaction mechanism for the (S)-Cat2a-catalyzed Michael addition reaction, via an enol intermediate. Calculated enthalpy energies (AH* and AH) correspond to

the relative energy with respect to R3 (i.e., the free reactants), in kj mol~.

Compound I7 subsequently reacts with (S)-Cat2b via TS11 or
alternatively may react with an ethanol solvent molecule (via TS12)
to afford the experimentally observed Michael addition product P3
(Scheme 10). The uncatalyzed isomerization reaction from I7 to P3,
via TS10, is calculated to be significantly higher in energy. The
calculated reaction enthalpy profile is shown in Figure S4 (in Sup-
plementary data).

3.3. Mannich reaction (C-C bond formation)

The (S)-Cat2-catalyzed Mannich reaction between propanal and
R6 is shown in Scheme 11. Following our proposed enol mechanism
(Scheme 12), the trans enol-catalyst complex (I8) reacts with R6 via
TS14a to afford the experimentally observed product diastereomer
P4a. Transition state TS14a consists of simultaneous (i) C-C bond
formation between the enol and R6, (ii) a H-shift from the O of the enol
to the N of (§)-Cat2c, and (iii) a H-shift from the N of (S)-Cat2c to the N

(0] PMP{ _PMP
Lo, N‘K (S)-Cat2 (‘) HN Yield = 76%
T . = X
- dr (anti:syn) = 86:14
e CO,Et CHiON. 1, 16h COMEt  oooogs
Me
RS R6 P4a PMP = p-methoxyphenyl

Scheme 11. (S)-Cat2-catalyzed Mannich reaction.'®

of R6. The formation of diastereomer P4b, via TS14b, is calculated to be
1.7 kJmol~! higher in energy than TS14a. We predict that the syn di-
astereomer product will primarily be that of P4b. The calculated re-
action enthalpy profile is shown in Figure S5 (in Supplementary data).

3.4. a-Amination of an aldehyde (C-N bond formation)

The (S)-Cat2-catalyzed o-amination of butanal with R8 affords
P6 after NaBH4 reduction (Scheme 13). The first-formed product
(prior to NaBH4 reduction) is expected to be P5.
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Scheme 13. (S)-Cat2-catalyzed o-amination of butanal.'®

Interestingly, our investigations revealed that the trans enol-
catalyst complex (I9) reacts with R8 via a stepwise pathway to
afford the first-formed product P5 (Scheme 14). Compound I9
first reacts with R8 via a H-shift from the O of the enol to the N of
(S)-Cat2d (via TS16), to form a zwitterionic intermediate I10.
Next, a C-N bond forming reaction occurs (via TS17) to yield
another zwitterionic intermediate I11. The stability of the zwit-

OH o |* 0
0 N7 Ot o N oEt O HN” Ot
(N — — .«
K( “CO,E “CO,Et “COLEt
Et Et Et
12 TS19: AH? = 106.9 P5: AH = -86.0

Scheme 15. Isomerization of 112 to P5. Calculated enthalpy energies (AH' and AH)
correspond to the relative energy with respect to 112, in k] mol~".

3.5. a-Fluorination of an aldehyde (C-F bond formation)

The (S)-Cat2-catalyzed a-fluorination of pentanal with R10 af-
fords P8 after NaBH4 reduction (Scheme 16). The first-formed
product (prior to NaBH4 reduction) is expected to be P7. Following
our proposed enol mechanism (Scheme 17), the trans enol-catalyst
complex (I13) reacts with R10 via TS21 to afford P7 and I14. Tran-
sition state TS21 consists of simultaneous (i) C-F bond formation

terionic intermediates 110 and I11 may be attributed to reso- Q 1. (S)-Cat2, MTBE, rt, 2-6 h OH .
nance. Compound I11 then undergoes a H-shift from the N of * PhOZS‘NKSOZPh 2 NaBH,, MeOH, 0°C ee = 9%6%
(S)-Cat2d to the O of R8 (via TS18) to afford intermediate 112. An nPr F T
intramolecular H-shift subsequently occurs in 112 via TS19 to R9 RIO (spcatz ™ 9 «”N;BH
afford P5 (Scheme 15), which will yield the experimentally ob- MTBE, rt, 2-6 h H/F "MeOH 0400
served product P6 upon reduction with NaBH4. The calculated nPr
reaction enthalpy profile is shown in Figure S6 (in Supplemen- P7
tary data). Scheme 16. (S)-Cat2-catalyzed a-fluorination of pentanal.'®
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Scheme 14. Proposed reaction mechanism for the (S)-Cat2d-catalyzed a-amination of butanal, via an enol intermediate. Calculated enthalpy energies (AH' and AH) correspond to
the relative energy with respect to R7 (i.e., the free reactants), in k] mol~". *Estimated AH* value from the difference between the calculated electronic energy of TS18 and I11.
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Scheme 17. Proposed reaction mechanism for the (S)-Cat2e-catalyzed o-fluorination of pentanal, via an enol intermediate. Calculated enthalpy energies (AH* and AH) correspond to

the relative energy with respect to R9 (i.e., the free reactants), in kj mol~".

between the enol and R10 via a F-shift, and (ii) a H-shift from the O
of the enol to the N of (S)-Cat2e. Subsequent reduction of P7 with
NaBH,4 will yield the experimentally observed product P8. Although
R10 is commonly viewed as a F* reagent,'® the reaction between 113
and F™ was not considered as the heterolytic N-F bond dissociation
in R10 is highly unfavorable (Scheme 18). The calculated reaction
enthalpy profile is shown in Figure S7 (in Supplementary data).

PhO,S.. .SO,Ph +

/ N : F
PhOZS\N/SOZPh 15 AH = 1586.4
F
o \ PhOZS\N/SOZPh + F-
+
116 AH =706.7

Scheme 18. Heterolytic N-F bond dissociation in R10. Calculated enthalpy energies
(AH) correspond to the relative energy with respect to R10, in k] mol .

3.6. a-Sulfenylation of an aldehyde (C-S bond formation)
The (S)-Cat2-catalyzed a-sulfenylation of propanal with R12 af-

fords P10 after NaBH4 reduction (Scheme 19). The first-formed
product (prior to NaBH4 reduction) is expected to be P9. Following

our proposed enol mechanism (Scheme 20), the trans enol-catalyst
complex (I17) reacts with R12 via TS23 to afford P9, P11, and
(S)-Cat2f. Transition state TS23 consists of simultaneous (i) C-S bond
formation between the enol and R12, (ii) a H-shift from the O of the
enol to the N of (S)-Cat2f, and (iii) a H-shift from the N of (S)-Cat2f to
the N of R12. Subsequent reduction of P9 with NaBH,4 will yield the
experimentally observed product P10. The calculated reaction en-
thalpy profile is shown in Figure S8 (in Supplementary data).

3.7. a-Bromination of an aldehyde (C-Br bond formation)

The (S)-Cat2-catalyzed a-bromination of 3-methylbutanal (R13)
with R14 affords P13 after NaBH,4 reduction (Scheme 21). The first-
formed product (prior to NaBH4 reduction) is expected to be P12.
Following our proposed enol mechanism (Scheme 22), the trans
enol-catalyst complex (I18) reacts with R14 via TS25 to afford P12
and I19. Transition state TS25 consists of simultaneous (i) C-Br
bond formation between the enol and R14 via a Br-shift, and (ii)
a H-shift from the O of the enol to the N of (S)-Cat2g. Subsequent
reduction of P12 with NaBH,4 will yield the experimentally ob-
served product P13. The calculated reaction enthalpy profile is
shown in Figure S9 (in Supplementary data).

o)
o =N OH o t-Bu t-Bu
o, S/N\N) 1. (S)-Cat2, Toluene, rt, 3 h S__Ph - 1. (S)-Cat2, CH,Clp, ~24°C, 90 min M .
2. NaBH,, MeOH, 0 °C ° = Kr '
Me ) . Me Pr 2. NaBH4, MeOH, 0 °C
Ph x Br Br “ v iPr
R11 R12 o) P10 R13 e
(S)-cat2 . - R14 o) P13
Toluene, it 3h Krsvph -+ NaBHs - vield = 60% (SyCatz “, | & . NaBHs  vied =749
= 959 e 3
I MeOH, 0°C  ee = 95% CH,Cly, —24 °C, 90 min "X MeOH. 0°C ee = 94%
iPr
P9 P12
w _ _ : 1c
Scheme 19. (S)-Cat2-catalyzed a-sulfenylation of propanal. Scheme 21. (S)-Cat2-catalyzed o-bromination of aldehyde R13.'
[ ks
Ar. Ar
+ " o (j
Ar Ar NN Me3SiO N
o) Ar]OSiMes AR OSiMe; Ph” S Sy
| (Sycateft H-O H-O R12 o5 H ;
—_— . ) - —_— —_— s
7 NS ’ N o N==)
Me (Pre-transition “H- 4 H 74 (Pre-transition ‘. NN
state complex) Me Y state complex) ¥--S
R11 AH=-139 e AH=738 Me >
TS22: AH¥ = 108.2 M7:AH=326 Ph
TS23: AHY = 66.9
HN SN 1 l
(S)-Cat2f + =/ + H/S\/Ph -<—— C26
Me (Post-transition
P11 P9 state complex)
AH=-139 AH=-76.4

Scheme 20. Proposed reaction mechanism for the (S)-Cat2f-catalyzed a-sulfenylation of propanal, via an enol intermediate. Calculated enthalpy energies (AH* and AH) correspond

to the relative energy with respect to R11 (i.e., the free reactants), in kj mol~.
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Scheme 22. Proposed reaction mechanism for the (S)-Cat2g-catalyzed o-bromination of 3-methylbutanal, via an enol intermediate. Calculated enthalpy energies (AH* and AH)

correspond to the relative energy with respect to R13 (i.e., the free reactants), in k] mol~".

4. Conclusion

We have investigated the enantioselectivity of the o,o-diary-
Iprolinol trimethylsilyl ether-catalyzed C-C, C-N, C-F, C-S, and
C-Br bond forming reactions by utilizing a proposed enol mecha-
nism. In all the reactions considered, the proposed enol mechanism
can fully account for the experimentally observed product enan-
tioselectivity and diastereoselectivity. The o,o-diarylprolinol tri-
methylsilyl ether class of catalyst has been used for the
a-functionalization of aldehydes with various different electro-
philes, with consistently high levels of selectivity and the same
product enantiomer. This suggests that a common intermediate is
likely. Our study thus far strongly suggests that this intermediate is
the enol and not an enamine.
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