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ABSTRACT: The asymmetric nucleophilic 1,2-addition of (S)-N-benzylidene-2-methylpropane-2-sulfinamide with methyl-
magnesium bromide and methyllithium has been investigated using DFT(B3LYP) computations. The calculated ratio of the two
diastereomers agrees with experimental observations, and the factors that determine the diastereomeric ratio are discussed. The
preference for the E isomer and the rapid equilibrium between the E and Z isomers of N-fert-butanesulfinyl imine are two key
features for understanding the mechanism of this reaction. Methylmagnesium bromide and methyllithium have bifunctional roles,
acting as both Lewis acid and nucleophile, and the Lewis acid character plays a determining role in the stereoselectivity of the

reaction.

B INTRODUCTION

Stereoselective addition of organometallics to the C=N bond
is a key reaction in the synthesis of pharmaceuticals and natural
products.' One of the most successful strategies to access highly
diverse chiral amines has been the use of N-tert-butanesulfinyl
imines, which have found widespread use as versatile
intermediates in asymmetric synthesis. The inherent chirality
of sulfinyl imines (—S(O)N=) arises from the pyramidal
geometry of sulfur.” The lone pair on sulfur has a high barrier of
inversion, making sulfinyl imines accessible as nonracemic
enantiomers. N-tert-Butanesulfinyl imines have been used to
produce a-branched and a,a—dibranched amines,’ syn and anti
1,2- or 1,3-amino alcohols,* and a- or f-amino acids and
esters,” as well as chiral nitrogen contalmng heterocycles of
pyrrolidines, piperidines, and aziridines.® Ellman et al. have
shown that N-benzylidene-2-methylpropane-2-sulfinamide (1)
reacts easily with Grignard reagents such as methylmagnesium
bromide, giving compounds 3 in high diastereomeric excess
(97:3) (Scheme 1).*° Alkyllithium reagents are also potent
nucleophiles but generally yield poorer diastereomeric excesses
on reaction with similar sulfinyl imines.*

Sulfinyl imines with two different substituents on the imine
carbon exist as E and Z isomers, which interconvert by
inversion of the nitrogen lone pair. The isomerization barrier of
N-(2-propylidene)arenesulfinamide was found experimentally
to be 17 kcal mol™,” and that of N-ethylidenesulfinamide was
calculated to be 24 kcal mol™.* As a consequence, E and Z
isomers of sulfinyl imines have not been separated at room
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temperature and are in equilibrium. Given this dynamic
behavior, the reason for the selectivity of this reaction is not
fully understood. Several computatlonal studies have been
carried out on asymmetric induction.” Targeting the diastereo-
meric ratio presents two main challenges: evaluating the small
difference in energies between the possible intermediates and
transition states and including to the best extent the
conformational variety of the reactants present. The reaction
studied herein is a good illustration of these challenges. In this
work, we have used density functional theory (DFT)
calculations to study the addition of methylmagnesium bromide
and methyllithium to N-benzylidene-2-methylpropane-2-sulfi-
namide (1) and determine the diastereomeric ratio (dr) of 2
and 23 (Scheme 1).

B COMPUTATIONAL DETAILS

All calculations were performed with the Gaussian 09 program,'® using
the hybrid functional B3LYP."" After a first set of calculations, in which
all geometry optlmlzatlons were carried out with a 6-31G (d,p) basis
set for all atoms,"” we improved the quality of the study by carrying
out the full optimization without any constraint with the cc-pVTZ
basis set for all atoms."® The reported results are those obtained with
the cc-pVTZ basis set, but it is worth noting that they are similar to
those obtained with the smaller basis set (similar geometries and
relative energies, not differing by more than S kcal mol™). Each
stationary point was identified as either a minimum or a saddle point
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Scheme 1. Addition of Methyllithium and Methylmagnesium Bromide to (S)-N-Benzylidene-2-methylpropane-2-sulfinamide, 1,

([M] = Li, MgBr)
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Table 1. Calculated (1) and Experimental Parameters for the Crystal Structures of Sulfinyl Imines (CCDC Reference Codes)”

molecule C—Ar C=N

15 caled 1.465 1276
crystal structures

RAXFOM>® 1.465(3) 1.277(3)

RAXFUS* 1.466(3) 1281(3)

RAXGAZ™ 1.469(3) 1.275(3)

COCDAA™ 1.457(8) 1.255(5)

VAHYOT* 1.475(4) 1.279(3)

“The distances are in A, and the CNSO dihedral angles are in deg.

1.

1.
1.
1.
1.
1.

N-S S=0 S-C C—N-S-0
727 1.498 1.898 14.0
710(2) 1.484(2) 1.841(2) 18.1(2)
702(2) 1.487(1) 1.840(2) 13.2(2)
700(2) 1.488(2) 1.846(2) 17.4(2)
707(5) 1.470(5) 1.840(5) 8.1(4)
713(2) 1.482(2) 1.851(3) 13.7(3)

by analytical calculation of the frequencies. The connectivity among
reactant, transition state (TS), and product was verified by following
the intrinsic reaction coordinates (IRC).'* The Gibbs energies were
calculated within the harmonic approximation of frequencies at T =
298.15 K and P = 1 atm, as well as at 225.15 K, which corresponds to
the temperature used in the experimental setting. Values given in the
text are those for 225.15 K. Dispersion effects were taken into account
by using Grimme’s D3 approach, introduced as a single-point
correction on the B3LYP/cc-pVTZ optimized geometry."> Solvation
effects (THF) were included as single-point corrections with the SMD
method,'® as implemented in Gaussian 09. The Gibbs energies were
computed by adding the free energy corrections in the gas phase to the
energies in solution obtained from the SMD calculations. The energies
are also corrected by the dispersion energies calculated in the gas
phase. The NBO analysis was carried out using NBO 3.1."7 Weak
noncovalent interactions were visualized on the basis of reduced
density gradients using NClplot 2."® In this study, we have used the S
enantiomer of sulfinylimine to provide a direct comparison to the work
of Ellman et al.*

B RESULTS

Structures of N-Benzylidene-2-methylpropane-2-sul-
finamide (1). The substrate 1 exists as two isomers; 15, where
the phenyl and sulfoxide groups are trans relative to the C=N
double bond, and 1,, where they are cis (Scheme 1). The 1
isomer is more stable than 1, by 10.0 kcal mol™, which is in
agreement with the lack of observation of 1 2. The calculated
structure of 1 compares well with the crystal structures of
related systems, which all have an E conformation (Table
1)2°72 In 1, the CNSO dihedral angle is 14°, in excellent
agreement with the average value of 14° observed in the crystal
structures. A search for other conformations varying the CNSO

251

dihedral angle identified a conformer, 15, 4.4 kcal mol™" higher
in energy. In the following, we focus on 1y unless otherwise
mentioned. The structural parameters of the Ar—C=N moiety
are quantitatively reproduced, but the N—S, S=O and S—C
bond lengths are slightly longer than in the experimental
structures. The 1, isomer has a CNSO dihedral angle of 39°
and bond lengths rather similar to those in 1z with the
exception of the N—S bond, which is longer by 0.03 A. The 1,
isomer is disfavored because of the steric repulsion between the
phenyl ring and the SO group, resulting in an opening of the
C=N-S angle (131.6° in 1, vs 112.5° in 1g), an out-of-plane
twist of the sulfoxide group, and a lengthening of the N—S
bond.

The isomerization between 15 and 1, can occur via inversion
at the nitrogen or by rotation about the C=N double bond.
Test calculations for rotation about the C=N double bond did
not yield any transition state, while one was found for nitrogen
inversion. The isomerization between the two most stable
conformations of 1; and 1, also require a conformational
change of the sulfoxide group via rotation about the N—S bond.
As a consequence, the isomerization of 1 to 1, first goes
through a rotation about the N—S bond with a Gibbs energy
barrier of 5.2 kcal mol™!, which gives intermediate 1g,. Then,
the isomer 1lg, isomerizes into 1, via the transition state
15,-TS (Figure 1) with a Gibbs energy of 19.6 kcal mol™
above 1, which is within the expected range of values.”® At the
transition state for N inversion, the C=N-S§ angle is 166°. The
inversion barrier for the structurally similar compound N-
ethylidenesulfinamide has been calculated by Bharatam et al. to
be 24.2 kcal mol™" at the B3LYP/6-31+G* level of theory.® For
comparison, the inversion barrier of methyleneimine is
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Figure 1. E and Z isomeric structures of 1 and the transition state for
isomerization, with energies in kcal mol™". Color scheme: C, gray; N,
blue; S, yellow; O, red.

substantially higher (ca. 28—30 kcal mol™).*®> Conjugation is
responsible for the lower barrier of isomerization in 1. As
shown in Figure 1, the nitrogen lone pair is always coplanar
with the S=O bond and is thus delocalized and stabilized by
the 6*¢o orbital. NBO analysis confirms that the donation from
the N lone pair to the empty %55 orbital is present in 1; and
1, and stronger (about doubled) in the transition state between
them, since the lone pair at N is essentially a pure 2p orbital, as
the C=N-S angle is widely open.

Diastereoselectivity of the Addition of MeMgBr and
MelLi to 1. The alkylation reaction has been studied with
MeMgBr and MeLi, and we will start by describing the results
with MeMgBr (Figure 2). MeLi and MeMgBr were considered
as monomeric species in this study. Experimental studies have
shown that MeLi, which forms tetramers, reacts as a monomer
in THF solution, as established in the case of a reaction with a
ketone.”* Computational studies have used monomeric and
dimeric models of MeMgBr and MeLi in related nucleophilic
additions, showing that the two models give qualitatively similar
results.>>%¢

(a). Addition of MeMgBr. MeMgBr forms a stable complex
with 1 by coordination to the oxygen. Coordination at nitrogen
is found to be less favorable. Coordination to sulfur was
ignored, as previous studies have shown that it is not
competitive with coordination to N and O.”” The coordination
of MeMgBr to the two isomers of 1 is exoergic, by 14.3 kcal
mol™" for 1g, forming 1 Memgpr and 18.1 keal mol™! for 1,,
forming 1 yemgpr In lpmemgsr C N, S, and O are nearly
coplanar (CNSO dihedral angle 19°). In contrast, steric
repulsion between the phenyl group and MeMgBr in 17 yepgs:
forces the S=O bond out of the plane defined by the phenyl
group and the C=N bond (CNSO dihedral angle is 48°).
Despite steric repulsions in the latter, 1, yengp, is only 6.2 keal
mol™ above 1pmemgp: in energy. The transition state for
inversion between these two isomeric complexes is 18.9 kcal
mol™" above g Memgpr Thus, coordination to the Grignard
reagent does not influence the kinetic of the isomerization
between the E and Z isomers, and 1 yemgp, Strongly dominates
in the reactive media, in the presence of the Grignard reagent.
The Gibbs energy of 1g yemgp;, is used as the energy reference
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in the description of the Gibbs energy profiles. Detailed
structural information can be found in the Supporting
Information.

The addition of the Grignard reagent can occur from either
the re or si face of the imine, forming a stereogenic center at
carbon upon addition of a methyl group. The transition states
for the two approaches starting from either 1pyemgs: OF
17 memgnr Were located. The four transition states
1E-re-MeMgBr"I‘S) lE-si-MeMgBr'Tsl 1Z-re-MeMgBr'TSl and
17 -Memga- TS are shown in Figure 2. The lowest one (18.0
kcal mol™" above reference), 1E e MeMgp- IS, occurs when
MeMgBr approaches the re side of 1g yemgn- The approach of
MeMgBr to the si side of the same isomer is 27.0 kcal mol™"
above the reference. For 1, yimgpyy the approach to the si side is
preferred over the re side, but both transition states are higher
in energy than the corresponding transition states in the
1 Memgp: isomer. Therefore, there is a strong preference for
forming the product originating from g cyemgs.TS. The
transition states resulting from 1 yemgp, are higher in energy
because the energy barriers associated with the Z isomer are
higher than those associated with the E isomer (23.7 and 27.2
vs 18.0 and 27.0 kcal mol™ above 17 memgpr a0d 1ppemgpo
respectively) and because 17 Memgp: 18 significantly higher in
energy than 1pyemgs- Thus, the dominant product should be
2p mgpr- The difference in energy between the transition states
leading to the R and S products from 1pyepgs, is 11.9 keal
mol™". This difference suggests that 25 mgpr Should not be
formed in any detectable quantity. Therefore, the calculations
agree with the preference for 2z but overestimate the
diastereomeric ratio, since the experimental dr is 97:3.%

After addition of the Grignard reagent, the products are
sulfinamides with MgBr coordinated to both O and N (Figure
3). The two products 2 mgpr and 2y, are coincidentally at
equal energy and exoergic by 18.8 kcal mol™, relative to
1E-MeMgBlr‘

In all transition states, (Figure 4) the C, N, S, and O atoms
from the reactant and the Mg and Me atoms from the Grignard
form a six-membered ring with the Mg bonded to O. The
distances between the Me carbon and the imine carbon are 2.18
A (IZ—si—MeMgBr'TS)J 2.29 A (IZ—re—MeMgBr'Ts)) 2.17 A
(IE_si_MeMgBr_TS), and 238 A (lE_,e_MeMgBr-TS). Counter-
intuitively, the preferred TS (IE_,e_MeMgBr-TS) has the longest
distance between the nucleophile (Me carbon) and the imine
carbon (2.38 A). The Mg-N distances are 3.22 A
(IZ-re—MeMgBr'Ts)) 3.18 A (IE—si-MeMgBr_TS)) 3.17 A
(12imemgn-TS), and 2.25 A (1, memgnrTS)- The decrease
in the Mg---N distance correlates with the lowering of transition
state energies, the shortest distance being associated with the
lowest transition state (1p,.memgni-TS)- Therefore, in the
transition state, Mg already interacts with N, to which it will be
bonded in the product. The ability of Mg to be close to N in
the transition states appears to be an important parameter of
the reaction, which has an impact on the diastereoselectivity.

(b). Reaction of Methyllithium with 1. The study was
continued with methyllithium, using monomeric MeLi as the
representative reagent, and the results are shown in Figure S.
Globally, the results are similar to the reaction with the
Grignard reagent (Figure 2). The coordination of MeLi to
compound 1 gives a strong preference for 1gpgp;, and the
barrier of inversion at the nitrogen is similar to that calculated
for 1 yvemgpr as well as for the uncoordinated 1.

The energies of the four transition states to form the 2 and
2, isomers from either 1g 5 p; or 10 Show that 15, aver-TS

dx.doi.org/10.1021/jo402802j | J. Org. Chem. 2014, 79, 2514—2521
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Figure 2. Gibbs energy profile (kcal mol™) for the reaction of MeMgBr ([Mg] = MgBr) with 1.

is the lowest in energy and the 1, p;-TS is the highest, while preferred transition state (lz_,e_MeMgBr—TS) are of the same

the two other transition states, 1p mer-TS and 1z meri-TS,
have the same energy (Figure 6). This is only slightly different
from the energies obtained with the Grignard reagent, since the

preferred transition state (IE_,E_MeMgB,-TS) and the Ileast

nature.
The transition states form six-membered rings with C

(imine), N, S, O, Li, and Me. The lowest energy TS, 1. eneLi-
TS, has a rather long C---C distance (2.82 A) and the shortest
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Li-N distance (2.44 A) among the four transition states. For
the Z isomer, the lower energy TS (1, me;-TS) has an even
longer C-+-C distance (2.99 A) and a Li-N distance (2.53 A)
shorter than that found in 14, per;-TS.

A consequence of the low barriers for the addition of MeLi to
the substrate is that the addition will occur in preference to
inversion at nitrogen, whose transition state, via 1g 7 per;-TS, is
calculated to be 18.3 kcal mol™ above 1ppp; This results in
the alkylation occurring almost exclusively via 1g,, pers-TS,
which in turn leads to the 2 product. This qualitatively agrees
with experimental observations, although in analogy to the
reaction with the Grignard reagent, the calculations over-
estimate the preference for the 23 product. As with Mg, in the
2g product, the Li is coordinated to O and N.

The most significant difference between the reactions with
Mg and Li is that the Gibbs energy barriers with MeLi are
significantly lower than that with MeMgBr (e.g., 1g e TS is
only 9.3 kcal mol™" vs 18.0 kcal mol™' with the Grignard
reagent, relative to their respective energy references). These
low energy barriers agree with the fact that alkyllithiums are
usually used at —78 °C, whereas Grignard reagents are used at
higher temperatures (often around —48 °C) in reactions with
sulfinyl imines.*®*
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B DISCUSSION

The four transition states for the nucleophilic addition of a
methyl group to the imine carbon of a sulfinyl imine (Figures 2
and S for MeMgBr and MeLi, respectively) give two
diastereomeric products with an R or S configuration at carbon
adjacent to the nitrogen as the chirality of sulfur is fixed. Each
product originates from the approaches to the two faces (re or
si) of the imine, as either the E or Z isomers. Therefore, the dr
is controlled by the energy barriers for the nucleophilic addition
and by the pre-equilibrium barrier for the isomerization of the E
and Z forms. This pre-equilibrium influences the dr, because its
associated energy barrier is of the same order of magnitude as
the product-forming barriers. Increasing the difference in
energy for the approach of the nucleophile to the re and si
sides of the preferred E isomer increases the diastereomeric
ratio. Increasing the difference in energy between the Z and E
isomers of the sulfinyl imine could achieve the same result. The
preferred approach to the less stable Z isomer gives the product
that is formed by the less preferred route from the E isomer.
The difference in energy between the E and Z isomers is
controlled, in part, by the interaction, often steric, between the
sulfoxide group and the substituents on the imine carbon. If
one of the substituents is H and the other is Ph, as in 1g, there
is a significant energy preference for the sulfoxide to be in a cis
relationship to H and in a trans relationship to Ph. If the
hydrogen of the imine is replaced by a bulkier substituent, the
energy difference between the E and Z isomers should decrease
and so also the dr in the reaction with MeMgBr or MeLi. This
accounts for the experimental observation that an imine derived
from an aldehyde (with an H cis to the sulfoxide) generally
gives a higher dr than an imine derived from a ketone (with an
R group cis to the sulfoxide). The bulky +Bu group on the
sulfur atom in compound 1 also affects the diastereoselectivity,
as it influences the geometrical features of the six-membered
transition states by being forced to occupy a space far from the
other atoms. It should be noted that this study was carried out
without explicit ethereal solvents coordinated to the metal
cation. Although the coordinated solvent could modify the
energy profiles of the reaction, the calculated trends obtained in
this work qualitatively agree with the experimental data,
indicating that the essential factors have been captured by the
models and the level of calculation. The quantitative prediction
of enantioselectivity is still a challenge for computational
methods.*® In addition, there is room for the solvent to
coordinate to the metal outside of the reactive sphere, thereby
maintaining the interactions between the MeMgBr or MeLi and
the substrate as determined in this study. Furthermore, we have
ignored the dissociation of the MeMgBr and MeLi species into
their reactive monomeric forms. The qualitative agreement
between the calculations and the experimental result that MeLi
reacts faster than MeMgBr suggests that the dissociation to the
monomers is not the rate-determining step.

The transition states for these additions involve six atoms:
the C and N of the imine, the S and O of the sulfoxide, and the
organometallic nucleophile. The calculations show that the
nucleophile is rather far from the imine carbon and is in fact the
farthest away in the lowest respective transition states
(1,,.. MeMghr- 1S and 1. eni-TS). The metal is bonded to
the oxygen at M—O distances between 1.92 and 2.02 A for Mg
and between 1.80 and 1.90 A for Li. However, the lowest
transition state is not associated with the shortest M—O
distance. Actually, the metal to nitrogen distance is the shortest

dx.doi.org/10.1021/jo402802j | J. Org. Chem. 2014, 79, 2514—2521
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in the lowest transition state, suggesting that this interaction is order to search for weaker interactions that cannot be traced by

important. The natural bond orbital (NBO) analysis reveals the NBO approach, the NCI analysis was used.'® This analysis
though that there is no significant direct delocalization of
electron density from the nitrogen to the metal. However, the
C=N 7 bond, which is parallel to the S=O bond, delocalizes

into the empty 6%4o orbital, whose ability to hyperconjugate is
enhanced by the coordination to the Lewis acid. This corresponding data for all other transition states can be found

reveals the presence of attractive, noncovalent interactions
between the methyl group and the imine carbon and also

between the metal and the nitrogen, as shown in Figure 7. The

delocalization is maximal in the lowest transition state. In in the Supporting Information.
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Figure 7. NCI plot for 1g, pe;-TS showing weak noncovalent
interactions (attractive, blue > green; repulsive, yellow < red).

Therefore, even if the methyl group is rather far from the
imine carbon, some weak stabilizing interactions are occurring
in the transition state. In addition, significant stabilizing
interaction is associated with the metal center. Thus, in this
nucleophilic addition, a key role is played by the metal, which
acts as a Lewis acid. The coordination of the metal to the
electron-rich oxygen atom lowers the energy of the o%gq
orbital, which enhances the delocalization of the C=N =«
bond. In turn, this makes the imine carbon more electrophilic.
In the optimized geometry of the transition state, there is also a
weak M:--N interaction. These combined interactions drive the
addition of the methyl group to the imine carbon. A previous
study of the addition of MeLi to formaldehyde, a reaction in
which Li can only coordinate to the oxygen atom, has also
demonstrated the role of the Lewis acid in the transition state,
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through a shorter Li—O distance in comparison to the carbon
methyl distance.*

H CONCLUSION

A DFT study of the asymmetric addition of MeMgBr and MeLi
to a chiral sulfinyl imine (N-benzylidene-2-methylpropane-2-
sulfinamide, 1) reproduces the preference for the major
diastereomer. This isomer derives mostly from the preferred
approach of the reactant to the more stable E isomer of the
substrate. However, the E to Z isomerization, being competitive
with the nucleophilic addition, can influence the dr. Thus,
increasing the energy gap between the E and Z isomers
increases the dr, and this can be manipulated by having
sterically differentiated substituents on the imine carbon. The
analyses of the electronic structures of the transition states
reveal a key role of the Lewis acid in making the reaction
favorable and stereoselective. Particularly, in the lowest
transition state, the coordination of the metal to the oxygen
makes the imine more electrophilic by delocalization of its 7
electron density into the o%g, orbital, whose ability to
hyperconjugate is increased by the coordination to the metal.
Analyses of noncovalent interactions in the transition states
reveal that the metal interacts with the nitrogen and the methyl
group interacts with the carbon of the imine.
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