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Transition States and Origins of 1,4-Asymmetric Induction in Alkylations of
2,2,6-Trialkylpiperidine Enamines

Joann M. Um,”) Naeem S. Kaka,"” David M. Hodgson,*™ and K. N. Houk*!*!

Abstract: The asymmetric C-alkylation
of chiral enamines derived from termi-
nal epoxides and lithium 2,2,6-trialkyl-
piperidides has previously been shown
to provide a-alkylated aldehydes by in-
termolecular nucleophilic substitution
in good levels of asymmetric induction.
We now report a computational study
of the origins of asymmetric induction

eling with density functional theory
(B3LYP/6-31G(d)) agrees closely with
the experimental observations. This
stereoselectivity is attributed to a pref-
erential conformation of the enamine
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and the piperidine ring that places the
C-6 alkyl substituent in an axial posi-
tion due to A'? strain. Preferential
attack occurs away from the axial
group, for steric reasons. The effects of
changing the C-6 substituent from
methyl to isopropyl were studied, and
twist transition states were found to
contribute significantly in the latter al-

in these reactions. Computational mod-

Introduction

Direct generation of enantioenriched mono-a-alkylated al-
dehydes by C—C bond formation involving intermolecular
nucleophilic substitution has been a long-standing interest in
synthesis.!"! While significant progress has been made in the
organocatalytic asymmetric enamine-based a-functionaliza-
tion of aldehydes, including intramolecular alkylation® and
the use of (radical-stabilized) a-bromocarbonyl compounds
as electrophiles,” direct alkylation with simple alkyl halides
has remained problematic. We recently reported the asym-
metric synthesis of a-alkylated aldehydes using terminal ep-
oxide-derived chiral enamines (Scheme 1).! In that earlier
work, we examined the enamine derived from 1,2-epoxyhex-
ane 1 (R'=C,H,) and lithium 2,2,6-trimethylpiperidide 2
(R*=Me). We observed that the latter was bulky enough to
form the corresponding methyl enamine 3a in good yield,
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kylations.

avoiding potentially competing allylic alcohol/amino alcohol
formation. The enamine underwent effective C-alkylation to
generate o-alkylated aldehydes 4. By contrast, the enamine
derived from lithium 2,2,6,6-tetramethylpiperidine (LTMP)
was slow to react, affording the a-methylated aldehyde in
only 30% yield."

e

O/
THF, 1 h, RT MeCN R3
1 3a: R?=Me 4
3b: R2 = jPr 48-96%
95:5-84:16 e.r

Scheme 1. Asymmetric synthesis of a-alkylated aldehydes from terminal
epoxide-derived chiral enamines.!

Our original hypothesis was that the single C-6 piperidinyl
substituent (R?) would reside axially in the corresponding
methyl enamine 3a, not only to minimize A"’ strain, but
also to allow effective N lone pair—mt* interaction, which is
essential for enamine reactivity (Figure 1, conformer 6).°
The conformation in which the R? group lies in an equatori-
al position (7) would lead to A" strain.

A range of electrophiles proved viable with racemic
methyl enamine 3a, including Michael acceptors, activated
organohalides and unactivated alkyl iodides (methyl-, ethyl-,
decyl-, and isopropyl iodide).”! When methyl enamine 3a

Chem. Eur. J. 2010, 16, 6310-6316



2 R! 2 e R 2
N = N AW
= & = \
67R? R? - R!
3 6 7

Figure 1. Enamine 3 conformers.

was used as a single enantiomer in alkylations with ethyl
iodide and allyl bromide, the corresponding a-alkylated al-
dehydes were formed in satisfactory e.r. values (88:12 e.r.
and 84:16 e.r., respectively), with the sense of asymmetric
induction as shown in Scheme 1. Work-up after enamine
alkylation using AcOD/NaOAc/D,0O showed no D incorpo-
ration, indicating that no loss of enantiointegrity occurred
during hydrolysis.*) With the aim of improving the enantio-
meric ratios obtained with enamine 3a, a lithium amide with
an isopropyl group as a sterically more demanding substitu-
ent at C-6 was subsequently examined. Isopropyl enamine
3b reacted with activated organohalides (allyl-, benzyl- and
propargyl bromides) and importantly, also with simple alkyl
iodides (Mel and EtI) providing the first highly enantioen-
riched a-alkylated aldehydes via intermolecular nucleophilic
substitution (Scheme 1).1

We now provide computational studies of these enamine
alkylations using ethyl iodide and allyl bromide as represen-
tative electrophiles, and give a more quantitative description
of the origins of stereoselectivity. To the best of our knowl-
edge, this report is the only quantum mechanical investiga-
tion of alkylation reactions by piperidine-derived enam-
ines.”” The C,H, group (R!) on the enamine/iminium ion
was modeled as CH;. The labels of model enamines are star-
red. Units of energy are expressed in kJmol™. anti and syn
refer to the relationship between the double bond and the
N—C bond bearing the geminal methyl groups (Figure 2).

J/CH3

|

ij\l /\/CH;, é\‘

2 2
syn

anti

Figure 2. anti/syn Relationship.

Results and Discussion

Methyl enamine 3a* ground-state conformations: We postu-
lated that the C-6 methyl substituent of methyl enamine 3a
would reside in an axial position to avoid A"? strain and to
allow favorable orbital interaction between the N lone pair
and the alkene m* orbital. Indeed, the 'H NMR chemical
shift difference between the two olefinic protons of enamine
3ais 1.41 ppm, indicative of traditional enamine-like charac-
ter.! Conformational analysis of enamine 3a* with B3LYP/
6-31G(d) provided further support for this analysis. The
lowest energy conformer of enamine 3a* has an axial C-6
methyl group and effective enamine conjugation (GS1, anti-
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chair, Figure 3). Conformer GS1 was found to be
8.5 kJmol™' lower in energy than the equatorial C-6 methyl
conformer (GS2, anti-chair); at 25°C, this corresponds to a
97:3 equilibrium ratio. In the latter conformation (GS2), the
unfavorable repulsion between the equatorial C-6-Me and
the distal H (NCH=CH) on the alkene causes the N lone
pair—alkene m* interaction to decrease. The N—C7 and C7—
C8 bond lengths of GS2 are 1.41 and 1.34 A, indicating a
smaller degree of conjugation than GS1, where the corre-
sponding distances are 1.39 and 1.35 A, respectively.

GS1, AHp =0.0
anti-chair, axial C-6 Me

GS2, AHy =85
anti-chair, equatorial C-6 Me

Figure 3. Ground-state conformations and relative enthalpies of methyl
enamine 3a*.

Higher energy conformers of 3a* are shown in Figure 4.
The anti-twist conformation (GS3, axial C-6 methyl) is
10.0 kJmol ™ less stable than GS1 and the former does not
suffer from 1,3-diaxial interaction between cis methyl groups
present in chair conformer GS1; however, torsional strain in
GS3 outweighs the beneficial factors of diaxial strain relief.
The anti-twist-boat conformation GS4 is 2.2 kJmol™" higher
in energy than GS3, due to a 2-Me, 4-H 1,3-diaxial interac-
tion. Finally, syn-chair conformer GS5 (equatorial C-6
methyl) is 17.3 kJmol™! higher in energy than GS1 due to
repulsion between the distal H (NCH=CH) of the alkene
and the C-2 axial methyl group. Due to the significantly
higher energies of GS2-GSS5 relative to GS1, GS2-GSS
should not be present in any significant amount at equilib-
rium.

Transition structures for alkylation of methyl enamine 3a*:
Methyl enamine 3a undergoes alkylation with ethyl iodide
and allyl bromide in 88:12 and 84:16 e.r., furnishing alde-
hydes (R)-4a and (S)-4b, respectively (Scheme 2).1

The lowest energy transition states involve attack of ethyl
iodide on the Re face of the anti-chair and anti-twist enam-
ines (TS1 and TS2, Figure 5). The anti-twist transition struc-
ture TS2 (originating from GS3) is 5.5 kJmol™" higher in
energy than TS1, which originates from GS1. The transition
structure that would originate from GS2 converges to TS2.
These transition structures lead to the major iminium diaste-
reomer and to the observed major aldehyde enantiomer
after hydrolysis. The deviation of the iodide from linearity
with respect to the forming and breaking bonds is due to
the fact that the iodide leans towards the piperidine hydro-
gens for electrostatic stabilization.®! Compared to the transi-
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GS4, AHy =122
anti-twist-boat, axial C-6 Me

GS3, AHp =10.0
anti-twist, axial C-6 Me

Figure 4. Higher energy ground-state conformations and relative enthalpies of methyl enamine 3a*.
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(R)y-4a, 71% 85°C 3a (S)-4b, 96%
88:12er. 84:16 e.r.

Scheme 2. Methyl enamine 3a alkylation with ethyl iodide and allyl bro-
mide.!

tion structures optimized in the gas phase, the angles be-
tween the forming C—C bond and halide of the solution-
phase transition structures are more linear by an average of
9°, and the shortest distances between the halide and a pi-
peridine hydrogen of the solvent-optimized transition struc-
tures are 0.68 A longer.

TS1, AG* =118.6 (Re)
anti-chair, axial C-6 Me

TS2, AG* = 124.1 (Re)
antitwist, axial C-6 Me

Figure 5. Re-face transition states for alkylation of methyl enamine 3a*
with ethyl iodide.

Ethyl iodide alkylation of enamine 3a* via the Si face
leads to the minor iminium diastereomer; the transition
states TS3 (anti-chair, axial C-6 methyl, Figure 6) and TS4
(anti-twist, axial C-6 methyl, Figure 6) for this process are
3.6 and 10.7 kI mol ™ higher in energy than TS1, respectively.
This results in an overall calculated e.r. of 79:21, which cor-
responds to an apparent AAG* of 3.8 kImol ™! at 65°C. The
calculated selectivity is in good agreement with the experi-
mental e.r. of 88:12 (AAG*=5.6 kJmol™" at 65°C). The se-
lectivity for Re-face attack may be attributed to unfavorable
interaction between the electrophile and axial C-6 methyl
group in the Si-face transition state. If one views the two
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GS5, AHp =173
syn-chair, equatorial C-6 Me
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axial methyl groups of GS1 as
part of a six-membered ring
(dashed in 8, Figure7), then
facial selectivity should disap-
pear. In other words, the C-6—
H and N—C-7 bonds would be
eclipsed, and the nucleophilic
carbon (C-8) would be equidis-
tant to H, and H,,. In reality, in
the chair-like transition states,
the alkene moiety is not equi-
distant with H, and H,, but

2
%\/\

TS3, AG* =122.2(8))
anti-chair, axial C-6 Me

TS4, AGY =129.3 (S))
antitwist, axial C-6 Me

Figure 6. Si-face alkylation transition states for the reaction of methyl en-
amine 3a* with ethyl iodide.

X
x (Re) x (Re) H...
H He  HZ R
R A A
JT6 , 8 H H’ﬂ(SI)
SN Y ()] Ho/y (s1) /bHc"E_R
8 S TSX
sy(f)T(Ts;t)rlc asy(t)r(n;n}e/z)tnc (AGtRe < AGis,)

Figure 7. Origin of asymmetric induction for methyl enamine 3a alkyla-
tions.

rather lies closer to H, (see 9, and compare C-8-H, and C-
8-H, distances in Table 1), since the six-membered ring is
flattened as compared to the ideal staggered arrangement,”

Table 1. Transition state C-H and H-H distances for methyl enamine
3a* alkylations.

X
H
H,  He"C R~ 2AN—g
N—\ H ¢
O ST
H Hp i X=Br, |
(Re) b (s R = CHs, CH=CH,
Entry TS C8-H,[A] C8H,[A] H-H,[A] H-H,[A]
1 1(Re) 451 2.93 322 -
2 3(S) 446 3.04 - 224
3 5(Re) 449 2.97 3.07 -
4 7(Si) 445 3.05 - 2.19
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due to a combination of developing N lone pair—m* interac-
tion and splaying of the axial methyl groups to reduce 1,3-
diaxial interaction. Attack of the electrophile from the Si
face (see TS, Figure 7) results in unfavorable interaction be-
tween a hydrogen on the electrophilic carbon (H,) and H,
(Table 1, compare H~H, and H-H, distances). The distan-
ces between these hydrogens lie within the H-H vander
Waals radius of 2.4 A and result in the observed stereoselec-
tivity.

The lowest energy major and minor transition structures
for the allylation of enamine 3a* with allyl bromide are
shown in Figure 8.""! As in the case with ethyl iodide, Re-
face allylation is preferred, with a calculated e.r. of 91:9
(AAG*=5.7kJmol™" at 25°C). This calculated value is
again in good agreement with that observed experimentally
(84:16 e.r., AAG* =4.1 kImol ' at room temperature).

TS6,AG* = 101.4 (Re)
antitwist, axial C-6 Me

TS5, AGY =94.6 (Re)
anti-chair, axial C-6 Me

TS7, AGY = 102.1 (Si)
anti-chair, axial C-6 Me

TS8, AG* =102.2 (Si)
antitwist, axial C-6 Me

Figure 8. Re- and Si-face alkylation transition states for reaction of
methyl enamine 3a* with allyl bromide.

While the experimental stereoselectivity for alkylation of
3a decreases in going from ethyl iodide (88:12) to allyl bro-
mide (84:16), our calculations predict an increase in the se-
lectivity from ethyl iodide (79:21) to allyl bromide (91:9).
This high calculated selectivity can be explained by a large
hydrogen-bromide stabilization in the favored (Re) transi-
tion states TS5 and TS6, in which the stabilizing H-Br dis-
tances are up to 1.42 A shorter than those of the corre-
sponding ethyl iodide transition structures (TS1 and TS2)."
This difference can potentially be explained by the higher
reactivity and more dissociative nature of the allyl halides
compared with the ethyl halides due to the greater stability
of allyl cations. The average C—I distance in TS1-4 is 2.75 A
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(131% of a fully formed 2.1 A C—I bond). In comparison,
the average C—Br distance in TS5-8 is 2.61 A (137% of a
fully formed 1.9 A C—Br bond). Likewise, the forming C—C
bonds of TS5-8 are longer than those of TS1-4 by an aver-
age of 0.04 A. The bromides thus lean towards the piperi-
dine hydrogens for stabilization more than the iodides. It is
likely that explicit solvation will further reduce the non-line-
arity of the allyl halide transition structures.

Isopropyl enamine 3b* ground-state conformations: The en-
couraging e.r. values obtained using methyl enamine 3a led
us to investigate the isopropyl enamine 3b, with a bulkier
alkyl group a-to the nitrogen. We initially anticipated that
for R?=Pr, the isopropyl group would reside axially (con-
former 6 (R*=iPr), Figure 1) and provide greater hindrance
for electrophilic approach from the Si (lower) face. The iso-
propyl enamine 3b, however, displays a '"H NMR chemical
shift difference between the two olefinic protons of only
0.33 ppm, indicative that the N lone pair and alkene 7 orbi-
tal are not aligned.l’! This suggests that the isopropyl group
is in an equatorial position (7, Figure 1). A DFT conforma-
tional analysis of enamine 3b* confirmed that the lowest
energy conformer is one where the C-6 isopropyl group oc-
cupies an equatorial position; this in turn causes the N lone
pair and alkene m orbital to become orthogonal to each
other (GS6, Figure 9). The conformer with an axial isopro-
pyl group (GS7) was found to be 5.4 kJmol™' higher in
energy than GS6.

GS6, AHp =0.0
chair, equatorial C-6 iPr
orthogonal alkene

GS7, AHyg=5.4
anti-chair, axial C-6 iPr

Figure 9. Ground-state conformations and relative enthalpies of isopropyl
enamine 3b*.

Furthermore, an anti-chair conformer (GS8, Figure 10)
with the C-6 isopropyl group equatorial, but with interaction
between the N lone pair and alkene m orbital, was calculat-
ed to be 6.7 kImol™' higher in energy than GS6. An anti-
twist conformer (GS9, axial C-6 isopropyl) was also calculat-
ed to be 4.7 kJmol™ higher in energy than GS6. The lower
energy of GS9 compared to GS7 can be attributed to the ab-
sence of an unfavorable 1,3-diaxial interaction between a C-
2-Me and the C-6-iPr in the former.

It can be concluded that the energy gained on enamine
stabilization (N lone pair-alkene m* interaction) outweighs
unfavorable 1,3-diaxial interaction between the axial C-6
and C-2 methyl groups for methyl enamine 3a* (GS1,
Figure 3); however, the opposite is true for isopropyl en-
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GS8, AHy =6.7
anti-chair, equatorial C-6 iPr

GS9, AHy =47
anti-twist, axial C-6 iPr

Figure 10. Additional ground-state conformations and relative enthalpies
of isopropyl enamine 3b*.

amine 3b*, where unfavorable 1,3-diaxial interaction be-
tween the axial C-6 isopropyl group and axial C-2 methyl
group outweigh the energy gained by enamine conjugation.

To support our analysis of the conformational preferences
of enamines 3a and 3b, we calculated the '"H NMR chemical
shifts of GS1 and GS6 and compared the values with those
of model enamines 10 and 11 (Figure 11). Enamine 10

10

5-1-2-3 =5° 5-1-2-3 = 90°

Figure 11. Conjugated (10) and nonconjugated (11) model enamines.

shows optimal N lone pair-alkene st* interaction (dihedral
angle 5-1-2-3 = 5°), while enamine 11 was constrained so
that the N lone pair and alkene m* orbitals are orthogonal
(dihedral angle 5-1-2-3 = 90°). The 'HNMR results are
shown in Figure 12.

\ H 6.09 (5.76,121 5.90]) N H 5.83 (N/A)
N N
7/ N\ SN
H 4.30 (4.10,1al 41710}y H 5.89 (N/A)
10 1

A8 ppm = 1.79 (1.66 121 1.7300)) A& ppm = 0.06 (N/A)

H 6.45 (6.06) 2 H 5.63(5.52)
1 2 g _,R N 7
N7 T NgR
e H 4.21 (4.65) H 572(5.19)
GS1: R=CH, GS6: R=CHj
(3a: R=C4Hg) (3b: R=C4Ho)
6,1,7,8 = -5° 2,1,7,8 =-97°

A8 ppm = 2.25 (1.411) A ppm = 0.09 (0.331)

Figure 12. Calculated') and experimental '"H NMR chemical shifts of ole-
finic protons. Experimental values are in parentheses. [a] [Dg]benzene,
ref. [11]. [b] [Dg]THF, ref. [12]. [c] [D¢]benzene. [d] See Computational
Methods.
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The calculated '"H NMR shifts of 10 are in good agree-
ment with previously reported experimental values.'™? The
computed shift difference of the olefinic protons of 10 is
1.79 ppm. When the alkene st* and N lone pair orbitals are
orthogonal as in 11, the difference decreases substantially to
0.06 ppm. The calculated chemical shift differences of the
vinyl protons of GS1 and GS6 are 2.25 and 0.09 ppm, re-
spectively. Although they do not mirror 10 and 11 or the ex-
perimental values exactly, they do follow the observed
trend: conjugated enamines have a difference in chemical
shift value of approximately 2 ppm, whereas non-conjugated
enamines have a smaller chemical shift value, which is
closer to 0 ppm.

Transition structures for alkylation of isopropyl enamine
3b*: While the lack of N lone pair—m* interaction (as indi-
cated by the NMR data and in conformer GS6) might sug-
gest that the isopropyl enamine 3b* would not readily un-
dergo alkylation,”! experimentally it was found to undergo
alkylation with both ethyl iodide and allyl bromide in 94:6
e.r. (Scheme 3).¥

C.H
S g NS4 GH,=CHCH,Br oé\l/\C;Hg

Et MeCN MeCN, RT =
65°C r

(R)-4a, 58% 3b
94:6er.

(S)-4b, 85%
94:6er.

Scheme 3. Isopropyl enamine 3b alkylation with ethyl iodide and allyl
bromide.

Calculations support the experimentally observed prefer-
ential attack of ethyl iodide from the Re face (i.e., away
from the now axial iPr group) of enamine 3b*. Both anti-
chair TS9 and anti-twist TS10 conformers of the transition
state contribute (Figure 13).

Si-face alkylation of enamine 3b* is significantly higher in
energy (TS11 and TS12, Figure 14); calculations predict a
96:4 e.r. (AAG*=8.9 kJmol™ at 65°C) for ethyl iodide alky-
lation, which is in excellent agreement with the experimen-

TS9, AG* =124.6 (Re)
anti-chair, axial C-6 iPr

TS10, AGt = 124.5 (Re)
anti-twist, axial C-6 iPr

Figure 13. Transition states for Re-face alkylation of isopropyl enamine
3b* with ethyl iodide.
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tal observation that a bulky isopropyl group enhances asym-
metric induction (94:6 er., AAG*=7.7kImol"' at 65°C)
compared with the methyl group (88:12 e.r.). The major
contributor to the Si-face alkylation, TS12, has a twist con-
formation of the piperidine ring. This can be explained by
the longer H-H distances in TS12 compared to TS11 as well
as the larger stability of the ground-state twist (GS9) versus
chair (GS7) conformation.

TS12, AG* = 131.0 (S))
antitwist, axial C-6 iPr

TS11, AG* =136.9 ()
anti-chair, axial C-6 /Pr

Figure 14. Transition states for Si-face alkylation of isopropyl enamine
3b* with ethyl iodide.

Studies on the allylation of enamine 3b* with allyl bro-
mide were similarly carried out. The lowest energy Re- and
Si-face transition structures are shown in Figure 15.% As ex-
pected, preferential attack of the electrophile takes place
from the Re-face of enamine 3b*. The favored piperidine
conformation for Si-face allylation is once again twist
(TS16). The e.r. value was calculated to be >99:1 (AAG* =
14.4kJmol™ at 25°C), compared with the 94:6 ratio
(AAGT=6.8 kImol™' at room temperature) found experi-
mentally. Similar to the case of allylation of methyl enamine
3a*, the calculated selectivity is notably high. The hydro-
gen-bromide stabilization in the favored (Re) transition
states TS13 and TS14 are up to 1.22 A shorter than those of
the corresponding ethyl iodide transition structures (TS9
and TS10).®! In the Re-face allylation of methyl enamine
3a*, TS6 is not a major contributor to the major enantiomer
of 4, whereas both TS13 and TS14 contribute to the major
enantiomer. Thus the overestimation of stereoselectivity is
higher for isopropyl enamine 3b* than for methyl enamine
3a*.

Conclusion

Density functional theory studies give a detailed picture of
the transition states of these reactions and the factors con-
trolling stereoselectivity. The computational modeling re-
sults parallel the experimental results, with AAG™ error
values ranging from 1.2-5.6 kImol™'. Preferential attack of
the electrophile proceeds from the less hindered Re face of
enamines 3*. The theoretical calculations correctly predict
that the ground-state conformation of enamine 3b* is one

Chem. Eur. J. 2010, 16, 6310-6316
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TS14, AG* = 97.0 (Re)

TS13, AG* =95.9 (Re)
antitwist, axial C-6 /Pr

anti-chair, axial C-6 iPr

TS15, AGH =112.7 (5i)
anti-chair, axial C-6 /Pr

TS16, AG* =109.7 (Si)
anti-twist, axial C-6 iPr

Figure 15. Lowest-energy transition states for Re- and Si-face alkylation
of isopropyl enamine 3b* with allyl bromide.

wherein the C-6 isopropyl is equatorial, but that the reactive
conformer (where the C-6 isopropyl becomes axial) is at-
tainable. The significant contribution of the twist conformer
of isopropyl enamine 3b* (GS9) to the disfavored alkylation
transition states suggest that conformational biasing of the
piperidine ring may lead to enhanced enantiomeric ratios.
Investigations designed to improve the enantiomeric ratios
of alkylated aldehydes 4 using alternative chiral enamines
are NOw in progress.

Computational Methods

All ground-state (GS) and transition-state (TS) geometries were opti-
mized in acetonitrile (¢=37.5) using the CPCM model"* with B3LYP!'¥
as implemented in Gaussian 03.") (It is also possible to calculate activa-
tion energies in solution and enzymes using the QM/MM methodolo-
2y )l The 6-31G(d)!'! basis set was applied to all atoms except for
iodine, for which the LANL2DZ!" basis set was used.'” All stationary
points were verified as minima or first-order saddle points by vibrational
frequency analysis. NMR shifts were calculated using RB3LYP/6-311G +
(2d,p)?" and the GIAOY method on the B3LYP/6-31G(d) optimized ge-
ometries. The reported values are with respect to TMS, which was also
calculated with the same method. Cartesian coordinates and energies of
all reported structures are available in the Supporting Information.
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