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The reactions of enantiopure S-tert-butyl sulfones of the type
R!CH(R?)SO,tBu (=99 % ee) with lithiumorganyl compounds
gave the corresponding chiral a-sulfonyl carbanion salts
[RIC(R?)SO,tBu]Li with =94 % ee. The enantioselectivity of
the deprotonation of the phenyl- but not dialkyl-substituted
sulfones is strongly dependent on the nature of the lithiumor-
ganyl. Because of this observation and the strong decrease
in enantioselectivity in the presence of TMEDA and HMPA,
we propose an intramolecular proton transfer following com-
plexation of the sulfone by RLi. Racemization of [R!C(R?)-
SO,tBu]Li follows first-order kinetics and seems to be mainly
an enthalpic process with a small negative activation en-
tropy, as revealed by polarimetric measurements at low tem-
peratures. This is in accordance with C,—S bond rotation as
the rate-determining step. The salts [R'C(R?)SO,tBu]Li have
half-lives of racemization in the order of several hours at
-105 °C. The deuteriation of the salts at -105°C with

CF3;CO,D proceeded with enantioselectivities of =94 % ee,
the magnitude of which was not significantly affected by the
presence of TMEDA and HMPA. The salts also reacted with
carbon-based electrophiles at low temperatures with high
enantioselectivity. The conversion of R'CH(R?)SO,tBu via
[R'C(R?)SO,tBu]Li to R'C(R?E)SO,tBu, which involves the
loss of stereogenicity at the a-stereogenic center and its re-
establishment upon reaction of the chiral carbanion with
electrophiles, occurred with high overall enantioselectivity.
Electrophiles attack the anionic C atom of [R'C(R?)SO,tBu]Li
with high selectivity on the side syn to the O atoms and anti
to the tert-butyl group. The reactivity of the dialkyl-substi-
tuted salts [R'C(R?)SO,tBu]Li (R!, R? = alkyl) is significantly
higher than that of the benzylic salts [RC(Ph)SO,tBu]Li (R =
alkyl) and the HMPA-coordinated SIPs of [MeC(Ph)SO,-
tBu]Li are significantly more reactive towards Etl than the
corresponding O-Li contact ion pairs.

Introduction

We have described in the previous papert!l the results of
a study of the structures and enantiomerization dynamics
of the racemic lithium a-terz-butylsulfonyl carbanion salts
rac-1-5, which were prepared by deprotonation of the cor-
responding sulfones rac-6-10 with nBuLi (Figure 1). Dy-
namic NMR (DNMR) spectroscopy of the salts rac-2, rac-
3, and rac-5 had indicated that the configurational stability
of C,-disubstituted S-zerz-butylsulfonyl carbanions should
be high enough at low temperatures to allow a study of
their enantioselective synthesis and reactions and racemiza-
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tion dynamics. The enantiomerization barriers of the lith-
ium S-zert-butylsulfonyl carbanion salts are identical to the
C,—S rotational barrier, which is determined by steric effects
and the nc—c*g,p, interaction.!'! Whereas the half-lives for
the enantiomerization of the S-tert-butyl salts rac-2, rac-3,
and rac-5 at —105 °C are in the order of a few hours, those
of the S-phenyl derivatives are only in the order of a few
minutes.!'! The low enantiomerization barriers of the latter
salts explain why all previous attempts to enantioselectively
synthesize a-arylsulfonyl carbanions were unsuccessful.l”!
We had previously observed that lithium S-trifluoromethyl-
sulfonyl carbanion salts have an even higher enantiomeri-
zation barrier than their S-fert-butyl-substituted ana-
logues.¥ Although this feature permitted both an enantio-
selective synthesis and investigation of the racemization dy-
namics, the strong stabilization of the S-trifluoromethylsul-
fonyl carbanions by electrostatic and nc—c*scg3 interac-
tions strongly reduces their reactivity towards electrophiles
at low temperatures.l’ In contrast, the S-terz-butyl-substi-
tuted salts 1-5 are expected to exhibit a much higher reac-
tivity towards electrophiles at low temperatures because of
the reduced stabilization of the negative charge by the alkyl-
sulfonyl as compared with the trifluoromethylsulfonyl
group. Basic structural features of the salts rac-1-5 are (1) a
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C,—S conformation in which the lone-pair orbital at the an-
ionic C atom bisects the O-S-O angle, (2) a planar C, atom
in the C,-phenyl-substituted salts rac-1-4 and a most prob-
ably planar one in the C,-dialkyl-substituted salt rac-5,!!!
(3) a stabilization of the negative charge by electrostatic in-
teraction and negative hyperconjugation (nc—6%*g,,), and
(4) a stabilization of rac-1-3 by benzylic conjugation.l'l Al-
though the racemic salts rac-1-5 exist in THF solution as
mixtures of rapidly equilibrating monomeric and dimeric
contact ion pairs (CIPs) with O-Li bonds,*! they form mix-
tures of solvent-separated ion pairs (SIPs) and CIPs in the
presence of hexamethylphosphoric triamide (HMPA), as
demonstrated in the case of rac-1.1 In contrast to the inten-
sively investigated and synthetically important chiral a-het-
eroatom-substituted lithiumorganyls,*! the salts rac-1-5 do
not exhibit a C,~Li bond.[!

THF
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R‘ ‘o Me( h M
Me [ Me Me Y Me I Ve
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(8)-10: R" = CH,Ph, R2= Me

Figure 1. The chiral lithium a-terz-butylsulfonyl carbanion salts
(M)-1-4 and (P)-5 and the sulfones (R)-6-9 and (.5)-10.

We envisioned an enantioselective synthesis of the salts
(M)-1-4 and (P)-5 by deprotonation of the corresponding
enantiopure sulfones (R)-6-9 and (S)-10 with a lithiumor-
ganyl. In principle, the reaction of a sulfone of the type (R)-
I, which has an a-stereogenic center, with RLi can give both
enantiomeric salts (M)-II and (P)-II, which are endowed
with a stereogenic axis (Scheme 1). Although deprotonation
of rotamer (—sc,R)-I would yield the (M)-configured salt
(M)-11, that of rotamer (+sc,R)-I could give the (P)-config-
ured salt (P)-II. The reaction of a given enantiomer of salt
II with an electrophile can in principle also lead to the for-
mation of both enantiomers of the substituted sulfones II1,
as exemplified for (M)-II and its conversion into (R)-IIT and
(S)-III. The key feature of the concept depicted in Scheme 1
is the use of chiral lithium o-sulfonyl carbanion salts II,
which are configurationally stable and carry achiral ligands
at the Li atom. This is in contrast to the realization of enan-
tioselective reactions of chiral lithium a-sulfonyl carbanion
salts coordinated by chiral ligands,® which follow a dy-
namic kineticl® and dynamic thermodynamic resolu-
tion[®P-6¢l pathway.[”]
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Scheme 1. Enantioselective synthesis of lithium a-zerz-butylsulfonyl
carbanion salts from chiral sulfones and their reactions with elec-
trophiles (priority: S>R!>R?>E).

To achieve a high overall enantioselectivity in the forma-
tion of III, the following points had to be addressed. First,
is an enantioselective deprotonation of sulfones 6-10 with
RLi feasible and what are the factors determining its selec-
tivity? Secondly, what is the selectivity of the reactions of
salts (M)-1-4 and (P)-5 with electrophiles? On the basis of
the crystal structures of rac-1-4 the salts are expected to
react with electrophiles at the anionic C, atom with high
selectivity on the side syn to the O atoms because of the
strong shielding of the opposite side by the S-tert-butyl
group.[!l Thirdly, is the configurational stability of the salts
(M)-1-4 and (P)-5 at low temperatures high enough that
both the deprotonation of the corresponding sulfones (R)-
6-9 and (S)-10 with RLi and the reactions of the salts with
electrophiles can successfully compete with the racemiza-
tion of the salts? Finally, sufficient configurational stability
of the salts is also a prerequisite for an investigation of their
racemization by physical measurements.

In this paper we describe the enantioselective synthesis
of the salts (M)-1-3 and (P)-5 by the deprotonation of the
corresponding enantiopure sulfones with lithiumorganyls. It
will be shown that the enantioselectivity strongly depends
on both the substituents of the sulfone and the nature of
RLi. Furthermore, highly enantioselective reactions of the
salts (M)-1-3 and (P)-5 with electrophiles are reported as
well as the determination of the configurational stability of
the salt (P)-5 by polarimetryl®! and of the salts (M)-1 and
(M)-2 by time-dependent deuteriation. The reactivity and
enantioselectivity of the lithium S-fert-butylsulfonyl carb-
anion salts in these reactions are rationalized on the basis
of the results of our previous investigation of their struc-
tures in solution and in the crystal form.[! The enantiose-
lective conversion of the chiral sulfone I via the correspond-
ing chiral carbanion II to the substituted chiral sulfone III
involves the loss of stereogenicity at the a-stereogenic center
upon deprotonation and its re-establishment upon reaction
of the chiral a-sulfonyl carbanion with an electrophile.’! Al-
though transformations of this typel'®! are well documented
for chiral enolates,[''] examples involving other chiral carb-
anions are very scarce.!'?]
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Results and Discussion
Synthesis of Chiral S-terz-Butyl Sulfones

From Amines and Alcohols

The methyl-substituted sulfone (R)-6 was synthesized
starting from the enantiopure amine (S)-11 in four steps, as
shown in Scheme 2. Tosylation of amine (S)-11 with =99%
ee afforded sulfonamide (S)-12 in 87% yield.['3) Deproton-
ation of (S)-12 with sodium hydride and treatment of the
corresponding sodium salt with TsCl gave bis-sulfonamide
(S)-13 in 80% yield.'3! The reaction of bis-sulfonamide (S)-
13 with NaS¢Bu in DMF furnished sulfane (R)-141'4 in
54% yield. Sulfonamide (S)-12 and 1,2-di-tert-butyldisulf-
ane were isolated as side-products. Their formation is pri-
marily due to a detosylation of (S)-13 by the thiolate with
the formation of (S)-12 and S-zert-butyl tolylsulfonothioate,
the latter of which reacts with the thiolate to form the di-
sulfane and tolylsulfinate, as depicted in Scheme 2. Oxi-
dation of sulfide (R)-14 afforded sulfone (R)-6 with =99%
ee in 87% yield. The ee of (R)-6 was determined by 'H
NMR spectroscopy in the presence of Eu(hfc); using the
tert-butyl signal and its '3C satellites as an internal standard
for the detection of (S)-6. This was confirmed by GC analy-
sis of (R)-6 and rac-6 on a cyclodextrin phase.

The ethyl-substituted sulfone (R)-7 was synthesized start-
ing from alcohol (R)-15 in three steps, as shown in
Scheme 2. Alcohols (R)-15 and (S)-15 with 97 and 99% ee
(GC, B- and y-cyclodextrin phase), respectively, were ob-
tained by application of a Pseudomonas fluorescence lipase
catalyzed kinetic resolution of the corresponding racemic
chloroacetate in 45 and 46% yields, respectively.['> Treat-
ment of (R)-15 with POCI; in n-pentane in the presence of
pyridine furnished chloride (S)-16 with 92% ee (GC) in
52% yield.'®l B-Methylstyrene was formed as a side-prod-
uct. In contrast, chlorination of alcohol (R)-15 with SOCl,
gave the (R)-configured chloride (R)-16 with 32% ee and
the reaction with TsCl in pyridine yielded (S)-16 with only
71% ee. Treatment of chloride (S)-16 (92% ee) with sodium

tert-butylthiolate in DMF afforded sulfane (R)-17 in 96%
yield. Finally, oxidation of (R)-17 furnished sulfone (R)-7
with 92% ee. Recrystallization gave sulfone (R)-7 with
=99% ee in 60% yield. The ee of (R)-7 was determined by
'H NMR spectroscopy in the presence of Eu(hfc); using
the rert-butyl signal and its '3C satellites as an internal stan-
dard for the detection of (S5)-7.

The synthesis of sulfone (R)-7 involves two steps that
proceed with an inversion of configuration. The omission
of one of these steps could give access to the enantiomeric
sulfone (S)-7 provided, for example, tosylate (R)-19 can be
synthesized. Treatment of alcohol (R)-15 with TsCl in pyr-
idine did, however, not give tosylate (R)-19 but chloride (S)-
16 with 71% ee. Therefore tosylate (R)-19 was synthesized
from alcohol (R)-15 by a two-step procedure previously re-
ported for the tosylation of tertiary alcohols.['” Treatment
of alcohol (R)-15 (97% ee) with tolylsulfinyl chloride gave
a mixture of the diastereomeric sulfinates (R)-18 in 95%
yield. Oxidation of (R)-18 furnished the thermally labile to-
sylate (R)-19 in 97% yield. Treatment of tosylate (R)-19
with sodium zert-butylthiolate in DMF afforded sulfane
(S)-17 in 76% yield. Finally, oxidation of sulfane (S)-17
gave sulfone (S)-7 with 88% ee. Recrystallization afforded
sulfone (R)-7 with =99% ce in 52% yield.

The neopentyl-substituted sulfone (R)-8 was synthesized
starting from alcohol (S)-20, as shown in Scheme 3. Be-
cause the kinetic resolution of the chloroacetate of rac-20
with enzymes including pig liver esterase, Pseudomonas ce-
pacia lipase, Pseudomonas fluorescence lipase, lipase N, and
lipase AK failed, a conventional resolution was carried out.
Thus, the racemic alcohol rac-20 was converted into the ra-
cemic phthalate rac-21, the resolution of which with various
chiral amines including cinchonidine, cinchonine, brucine,
strychnine, ephedrine, and 1-phenylethylamine was studied.
The use of strychnine gave the salt (S)-22 with =94% de
('"H NMR) in 29% yield. Cleavage of the salt (S)-22 fur-
nished the ester (S)-21 in 85% yield, the hydrolysis of which
afforded alcohol (S)-20 with 98% ee (GC) in 92% yield.
Alcohol (5)-20 was converted into chloride (S)-23 with 82%
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Scheme 2. Synthesis of sulfones (R)-6, (R)-7, and (S)-7.
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Scheme 3. Synthesis of sulfone (R)-8.

ee (GC) in 84% yield upon treatment with SOCIl, at —-30 °C
to room temperature in n-hexane. The reaction conditions
proved to be crucial for the attainment of chloride (5)-23
with a reasonably high ee value. For example, reaction of
(S)-20 with neat SOCI, at —75 °C to room temperature af-
forded (S)-23 with only 61% ee. Treatment of chloride (S)-
23 with sodium tzert-butylthiolate gave sulfane (R)-24 in
50% yield. In a competing reaction the chloride yielded -
tert-butylstyrene. Finally, oxidation of sulfane (R)-24 fur-
nished sulfone (R)-8 with 82% ee. Recrystallization gave
sulfone (R)-8 with =99% ee in 33% yield. The ee of (R)-8
was determined by 'H NMR spectroscopy in the presence
of Eu(hfc); using the fert-butyl signal and its '3C satellites
as an internal standard for the detection of (S)-8. The con-
figuration of (R)-8 was assigned in analogy to that of (R)-
6 and (R)-7 on the basis of both similar chiroptical proper-
ties and NMR spectroscopic behavior in the presence of
Eu(hfc)s.

The resolution of alcohol rac-20 via the formation of the
diastereomeric salts is cumbersome. Therefore rac-20 was
separated by preparative HPLC!!®l on a Chiralcel column
to give the enantiopure alcohols (R)-20 and (S)-20 in high
yields.

The tert-butyl-substituted sulfone (R)-9 was synthesized
from alcohol (R)-25'"1 as outlined in Scheme 4. The

alcohol was obtained by a conventional racemate separa-
tion. Thus, the racemic alcohol rac-25 was converted into
the racemic phthalate rac-26 in 88 % yield. Racemate sepa-
ration of rac-26 with cinchonidine afforded the salt (R)-27
with =99% de in 36% yield.['! Cleavage of the salt (R)-27
gave the ester (R)-26 in 98% yield, the hydrolysis of which
furnished alcohol (R)-25 with =99 % ee (GC) in 97% yield.
The chlorination of alcohol (R)-25 with CCly/PBus fur-
nished the chloride (S)-28 with 90% ee (GC) in 89%
yield.?% The chloride (S)-28 was treated with sodium ferz-
butylthiolate in DMF to afford sulfane (R)-29 in 90% yield.
Finally, oxidation of sulfane (R)-29 yielded sulfone (R)-9
with 85% ee. Recrystallization gave sulfone (R)-9 with
=99% ee in 26% yield. The ee of (R)-9 was determined by
'H NMR spectroscopy in the presence of Eu(hfc); using
the rert-butyl signal and its '3C satellites as an internal stan-
dard for the detection of (S)-9.

The resolution of alcohol rac-25 via the formation of the
diastereomeric salts is tedious. Therefore rac-25 was sepa-
rated by preparative HPLC on a Chiralcel column to give
the enantiopure alcohols (R)-25 and (S5)-25 in high yields.

Finally, the methyl- and benzyl-substituted sulfone (S)-
10 was synthesized starting from alcohol (R)-30 in three
steps, as shown in Scheme 5. Alcohol (R)-30 with 99% ee
was obtained by application of a Pseudomonas sp. lipase

"0,C
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phthalic 2 : - Ph
Ph anhydride  Ph_ g‘g‘;*;‘n’g'd'”e \—0C(0) HCI, H,0
—0H ——  —0c(0) tBU (R)-26. 98%
tBu B{;?\ge Bu recrystn cinchonidinexH™ sther
rac-25 rac-26, 88% (R)-27, 36%, > 99% de
NaOH
Ph h Ph
recrystn H202 tBuSNa CClI
- ys \—50,tBu oA 3-StBu ———  >—Cl <% (R25
EtOH  tBu c tBu DMF tBu PBu
26%, > 99% ee (R)-9,85% ee  [H2WOd (R)-29 (S)-28, 89%, 90% ee 97%, > 99% ee

HPLC

25 ——————
rac- Chiralcel
25050 mm

Scheme 4. Synthesis of sulfone (R)-9.

Eur. J. Org. Chem. 2010, 4588-4616

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(R)-25,47%,>99% ee + (S)-25, 47%, >99% ee

4591

WWW.eurjoc.org



FULL PAPER

H.-J. Gais et al.

catalyzed kinetic resolution of the corresponding racemic
chloroacetate in 49 % yield.l'>! Treatment of tosylate (R)-31,
which was prepared from alcohol (R)-30 in 90% yield,?!]
with sodium zert-butylthiolate in DMF afforded sulfane
(S)-32 in 73% yield. Oxidation of sulfane (5)-32 furnished
sulfone (S)-10 with =99% ee in 89% yield. The ee of (S)-
10 was determined by '"H NMR spectroscopy in the pres-
ence of Eu(hfc); with the zert-butyl signal and its '3C satel-
lites as an internal standard for the determination of (R)-
10.

Ph Ph iBusNa PN P
TsCl H,0.
\&OH—» &OTS DMF ? >—StBu ——= >—S0,1Bu
e

Me" pyridine g™ HOAc Me
(R)-30 CHyCl,  (R)-31 (532 [H2WO4 (s)10
90% 73% 89%, > 99% ee

Scheme 5. Synthesis of sulfone (S)-10.

Through Chromatographic Resolution

The enantiopure sulfones 6-10 were synthesized by using
a chiral starting material that was either commercially avail-
able or prepared by resolution. However, each synthesis in-
cluded one or two crucial nucleophilic substitution steps
involving the stereogenic center. On the other hand, the ra-
cemic sulfones rac-6-10 are readily accessible starting either
from the corresponding chlorides and/or by deprotonation/
alkylation of the parent sulfones.!l Thus, the preparative
resolution of the racemic sulfones by HPLC on a chiral col-
umn was investigated as a perhaps attractive alternative for
the attainment of the enantiopure sulfones.

Preparative HPLC of sulfones rac-6-10 on a Chiralcel-
OD column (250 mm X 50 mm) gave the corresponding sul-

Ph
\—S0,tBu
R
rac-6: R = Me; rac-T: R = Et;
rac-8: R = CHutBu; rac-9: R = tBu

HPLC, Chiralcel-OD

or Chiralpack AD
25050 mm
Ph Ph
\—S0,Bu + J—SOatBu
R R
(R)-6, 43%, > 99% ee (S)-6, 48%,>99% ee
(R)-7, 48%, > 99% ee (S)-7,48%,>99% ee
(R)-8, 41%, > 99% ee (S)-8, 44%,>99% ee
(R)-9, 46%, > 99% ee (S)-9, 44%, > 99% ee
Me
Y—S0,tBu
“Ph
rac-10
HPLC, Chiralcel-OD
250x50 mm

Me
T—S0,fBu

Me
Z—soZtBu .
Ph “Ph
(R)-10, 44%, >99% ee (S)-10, 46%, 2 99% ee
Scheme 6. Preparation of sulfones (R)-6, (5)-6, (R)-7, (S)-7, (R)-8,
(S)-8, (R)-9, (S)-9, (R)-10, and (S)-10 by chromatographic resolu-
tion.
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fones (R)-6, (5)-6, (R)-7, (5)-7, (R)-8, (5)-8, (R)-9, (5)9,
(R)-10, and (S)-10 all with =99% ee in high yields
(Scheme 6). Because of the ready separation of the enantio-
mers, the attainment of the enantiopure sulfones on a
multigram scale should pose no problems.

Structures and Dynamics of the S-rerr-Butyl Sulfones

X-Ray Crystal Structure Analysis

Because of the possible dependence of the selectivity of
the deprotonation of the sulfones 6-10 upon their C,—S
conformation (cf. Scheme 1), information about the struc-
tures of S-fert-butyl sulfones of this type was desirable.
Furthermore, knowledge of the bonding parameters of the
sulfones was required to evaluate the changes that occur
upon deprotonation to yield the corresponding salts.[!]
Therefore an X-ray crystal structure analysis of the C,-
phenyl-substituted sulfones (R)-9 and rac-33 and C,-di-
alkyl-substituted sulfone (S)-10, as representative examples,
was carried out (see Figures 2, 3, and 4).[??! Sulfones (R)-9,

Figure 2. View of the crystal structure of sulfone (R)-9 with H
atoms and THF molecules omitted for clarity. Color code: C,
black; S, yellow; O, red; H, grey.

Figure 3. View of the crystal structure of sulfone (S)-10 with H
atoms omitted for clarity. Color code: C, black; S, yellow; O, red;
H, grey.

Figure 4. View of the crystal structure of sulfone rac-33 with H
atoms omitted for clarity. Color code: C, black; S, yellow; O, red;
H, white [(R)-33 is shown].

Eur. J. Org. Chem. 2010, 4588-4616
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(S)-10, and rac-33 all adopt a similar C,—S conformation in
the crystal form in which (1)the benzyl and tert-butyl
groups at the C, atom are approximately antiperiplanar to
the S-tert-butyl group, (2) the H atom at the C, atom is
approximately gauche to the S-tert-butyl group, and (3) the
phenyl and methyl groups are also gauche to the S-tert-
butyl group (Table 1). Although the bond lengths and
angles of (S)-10 and rac-33 are similar, those of the C,-tert-
butyl-substituted sulfone (R)-9 are significantly different.
Presumably for steric reasons, the bonds of the C, atom of
(R)-9 are longer and the S—-C,—7Bu bond angle is larger
than the corresponding bonds and angles of (S)-10 and rac-
33.

Ph
Z*SOztBu
Ph

rac-33

Table 1. Selected bond lengths, bond angles, and dihydral angles of
sulfones (R)-9, (S)-10, and rac-33.

Parameter (R)-9 (S)-10 rac-33
S-C, [A] 1.820(4) 1.821(3) 1.826(3)
S-Bu [A] 1.862(20) 1.828(3) 1.822(3)
S-0 [A] 1.433(17), 1.445(2), 1.454(2),
1.426(3) 1.448(2) 1.443(2)
C,-Ci(Me) [A] 1.528(18) 1.508(4) 1.507(4)
C,~CH,Ph(/Bu) [A] 1.605(20) 1.534(4) 1.543(4)
Bu-S-C, [’] 105.7(2) 107.9(1) 110.7(1)
C(Me)-C,—~CH,Ph(7Bu) [] 115.1(6) 112.2(2) 114.2(2)
S-C,—Ci(Me) [] 111.709) 111.72) 113.8(2)
S-C,—CH,Ph(/Bu) [] 113.409) 108.4(2) 104.8 (2)
Bu-S-C,—~CH,Ph(/Bu) [] -163.0(5) -146.9(2) 180.0(2)

NMR Spectroscopy

Having obtained information about the structures of (R)-
9, (5)-10, and rac-33 in the crystal form, knowledge of the
conformational behavior of S-tert-butyl sulfones of this
type in solution was required. Therefore the C,-phenyl-sub-
stituted sulfones rac-6-9 were studied by NMR spec-
troscopy. In contrast to the methyl- and ethyl-substituted
benzylic sulfones rac-6 and rac-7, respectively, the 'H and
13C NMR spectra of the neopentyl- and tert-butyl-substi-
tuted benzylic sulfones rac-8 and rac-9, respectively, in [Dg]-
benzene indicated hindered rotation around the C,—phenyl
bond. Whereas the H, and C, signals of the neopentyl-sub-
stituted sulfone rac-8 were very broad at room temperature,
those of the C,-tert-butyl-substituted sulfone rac-9 were
each split into two signals. High-temperature NMR spec-
troscopy of sulfone rac-9 in [D4]diglyme at 100 °C did not
show any change in the shift difference between the H,/
H, and C,/C, signals nor line-broadening. By assuming a
coalescence temperature of 150 °C for the H,/H, signals of
rac-9, the activation free energy for the C,-phenyl rotation
AG,; is estimated®) to be 19.5 kcalmol ! at 423 K. The
high C,—Ph barrier is a reflection of the fixation of the
phenyl group by the bulky fert-butyl and zert-butylsulfonyl
groups.*4
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A first indication that sulfones rac-6-9 preferentially
adopt in solution a conformation similar to those attained
by (R)-9, (5)-10, and rac-33 in the crystal form is provided
by the chemical shifts of the S-terz-butyl signals. Whereas
the S-tert-butyl signals of the phenyl-substituted sulfones
rac-6-9 in CDCl; appeared at 1.11-1.21 ppm that of the
C,-dialkyl-substituted sulfone rac-10 showed up at 1.40-
1.50 ppm. The significant upfield shift of the S-tert-butyl
signals of the C,-phenyl-substituted sulfones can be attrib-
uted to the anisotropic effect of the phenyl group, which is
gauche to the S-tert-butyl group.

'H{'H} NOE experiments on sulfones rac-6-9 in [Dg]-
benzene at room temperature gave further proof of the pre-
ferred conformation of the sulfones, which is characterized
by the C,-H atom and the phenyl group both being gauche
to the S-tert-butyl group (Figure 5). Although strong NOEs
were observed between the S-fert-butyl group and both the
C,-H atom and H, of the phenyl group, no NOEs were
recorded between the S-zert-butyl and C,-methyl, C,-ethyl,
C,-neopentyl, and C,-tert-butyl groups, respectively.

Me CH,Me
(e} o o 0o
7 CJ
Bu Bu
14% K/H 18% K/H
6% 6%
rac-6 rac-7
CH,tBu tBu
(o} (o} 0 (0]
H H
ey Ly
219 20%
5% 9%
rac-8 rac-9

Figure 5. NOEs of sulfones rac-6-9 (charges on the O and S atoms
have been omitted for clarity) [(R) configuration is shown].

Ab Initio Calculations

NMR spectroscopy of sulfones rac-6-9 at low tempera-
tures gave no indication of the equilibria formed between
different conformers. Therefore ab initio calculations on the
C,-methyl- and phenyl-substituted sulfone 61> were carried
out to obtain information about the relative energies of the
conformers. Calculations at the ZPE+MP2/6-31+G*//MP2/
6-31+G* level®¥ identified the three conformers 6A, 6B, and
6C (Figure 6) with relative energies of +3.23, 0.00, and
+4.05 kcalmol !, respectively. Conformer 6B, which has the
lowest energy, has the phenyl group gauche to the S-tert-butyl
group and the methyl group gauche to both O atoms. It thus
resembles the conformation of rac-6 in solution as revealed
by NOE experiments and adopted by the C,-benzyl-substi-
tuted sulfone rac-33 in the crystal form. The calculated en-
ergy difference between the conformers correlates with the
nonobservance of a conformational equilibrium for rac-6. In
summary, all available evidence points to a preferred C,—S
conformation of the substituted benzylic S-terz-butyl sul-
fones in which the H atom and the phenyl group are gauche
4593
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to the S-tert-butyl group and the alkyl group is gauche to
both O atoms. The dialkyl-substituted S-zerz-butyl sulfones
seem to preferentially adopt a C,—S conformation in which
the larger alkyl group is gauche to both O atoms.

Figure 6. Views of the structures of conformers 6A (top), 6B (mid-
dle), and 6C (bottom) of sulfone 6 determined by ab initio calcula-
tions. Color code: C, black; S, yellow; O, red; H, grey [(R)-configu-
ration is shown].

Configurational Stability of Lithium o-zers-Butyl-Sulfonyl
Carbanion Salts

DNMR spectroscopy of the salts rac-2, rac-3, and rac-5
had given an estimate of the free energy of activation for
their enantiomerization. The other activation parameters
had not been ascertained by the DNMR experiments or
are, because of a lack of diastereotopic H atoms, not access-
ible by this method. Therefore the enantioselective synthesis
of salts (M)-1, (M)-2, and (P)-5 was studied and the deter-
mination of their racemization dynamics attempted by two
different methods, directly by polarimetry and indirectly by
time-dependent deuteriation.

Determination by Polarimetry

DNMR spectroscopy of the dialkyl-substituted S-tert-
butyl salt rac-5 in [Dg]THF derived from sulfone rac-10 re-
vealed an activation free energy of enantiomerization
AG*o e Of 13.620.2 kcalmol™! at 288 K. Therefore the
salt (P)-5 was selected for polarimetric experiments at low
temperatures. The reaction of sulfone (S)-10 (=99% ee)
4594
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with nBuLi in THF at —105 °C proceeded enantioselectively
and gave the nonracemic (P)-configured lithium salt (P)-5
(see below) with an optical rotation [a]s58 of 16.0 (¢ = 2.08,
THF) (Scheme 7). The optical rotation fell to zero within
20 min at —86 °C and quenching of the solution of the salt
with CF;CO,D furnished the racemic sulfone rac-[D]10 with
a D content of =98% in 93% yield.

++‘_O nBuLi
Hp—S<g O,
Me o
Me [ —Me -105°C
Me
(S)-10

Scheme 7. Enantioselective synthesis of the salt (P)-5.

The observation of an optical rotation for (P)-5 provided
a tool for the determination of its racemization Kinetics.
Racemization of (P)-5 in THF was polarimetrically moni-
tored at —86 °C as a function of time by using a special
polarimeter tube with a cooling jacket and vacuum win-
dows made of quartz glass to prevent their icing. Further-
more, a stream of nitrogen was directed towards the win-
dows during measurement. The salt (P)-5 was prepared
from sulfone (S)-10 (=99% ee) and nBulLi in THF at
—105 °C and the solution of the salt was rapidly transferred
to the tube through a steel cannula, which had been cooled
to —100 °C in a liquid nitrogen/EtOH cooling bath. The
temperature of the THF solution of the salt (P)-5 was in-
ternally measured with a digital thermometer. A plot of
Ina,/0, versus time for the salt showed a good linearity over
four half-lives (Figure 7), which indicates that racemization
follows first-order kinetics and the existence of a linear rela-
tionship between [a] and the concentration of (P)-5.

In op /o

4

(P)-5 (P)-5/4DMPU

0 T T T T T T T
0 5 10 15 20 25 30

35 40
t [min]

Figure 7. Polarimetric determination of the racemization of the
salts (P)-5 and (P)-5-4DMPU in THF at —86 °C.
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The macroscopically observable process of racemization
is regarded as an irreversible transformation of the optically
active species into the racemate according to Equation (1).
The time-dependence of the optical rotation is described by
Equation (2).

2 (P)-5 — (P)-5 + (M)-5 )]

Inay/a, = —kpyot 2)

From the slope of the plot of Ina,/a, versus ¢ the rate
constant for racemization k.. was deduced to be
(3.42+0.2) X 103 s " at 187 K. The half-life for the racemi-
zation Ti,,. Of (P)-5 is 3.4 =2 min at 187 K. The Eyring
equation gave an activation free energy AGY.,. of
12.9 + 0.1 kcalmol ! for the racemization at 187 K. Because
of the insufficient capacity of our cryostat for polarimetric
experiments of (P)-5 at temperatures below —90 °C, the tem-
perature range for temperature-dependent measurements
was too small. Thus, the racemization of (P)-5 in THF in
the presence of 4equiv. of N,N-dimethylpropylurea
(DMPU) was polarimetrically monitored at —86 °C as a
function of time in the hope that the coordination of the
lithium salt by DMPU would, as in the case of hexameth-
ylphosphoric triamide (HMPA),[! lead to an increase in the
racemization barrier. A plot of Ina./a, versus time showed
good linearity over seven half-lives, which indicates that the
racemization of the salt follows first-order kinetics. This
gave the kinetic parameters for the racemization of (P)-5/
4DMPU: ke = (1.70£0.1) X103 s at 187 K, Typc =
6.8+ 3 min, and AG%g; = 13.1 =0.1 kcalmol!. Thus, the
rate constants for the racemization of (P)-5/4DMPU and
(P)-5 differ by a factor of two, which allowed temperature-
dependent measurements in the range of —76.5 to —88.5 °C.
The results of the measurements at six different tempera-
tures are collected in Table 2.

Table 2. Rate constants (k) and half-lives (z.,) for the racemiza-
tion of the salt (P)-5-4DMPU in THF at low temperatures.

T[°C] T [10°K ] Krae [103s71] 7,, [min]
~76.6 5.085 11.1 1.0
-80.0 5.177 5.56 2.1
815 5.218 4.59 25
835 5.273 291 4.0
-86.5 5.358 1.70 6.8
-88.5 5.416 1.14 10.2

The Erying plot of log(k,/T) versus 1/T showed good
linearity (Figure 8). Calculation gave the activation param-
eters AHY,. 13.2+0.3 kcalmol™!, AS*,. =
0.6+ 1.2 calmol™' K~!, and AG*,,. = 13.0 = 0.3 kcalmol! at
298 K and AG*,,. = 13.1 0.3 kcalmol ! at 193 K. Because
of the previous determination of the enantiomerization bar-
rier for rac-5 (AG*epane = 13.6 0.2 kcalmol ! at 298 K) by
DNMR spectroscopy,!!! the activation parameter AG¥epane
for the enantiomerization (k.. = 2kepant) of rac-5-4DMPU
was calculated to be 13.5+0.3 kcalmol™ at 298 K. The
half-life for the racemization of the salt (P)-5-4DMPU is
6.8 =3 min at 187 K and 2.4 h at 168 K.

Eur. J. Org. Chem. 2010, 4588-4616
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Figure 8. Eyring plot of the racemization of the salt (P)-5-4DMPU
in THF.

Determination by Time-Dependent Deuteriation

The time-dependent deuteriation of the nonracemic salts
provides an independent and less costly alternative means
to obtain information about their racemization dynamics.
To determine the racemization dynamics of the benzylic
lithium S-fert-butylsulfonyl carbanion salts 1 and 2 by time-
dependent deuteriation, the successive deprotonation of the
enantiopure sulfones (R)-6 and (R)-7 and deuteriation of
the corresponding salts after a given time with the forma-
tion of sulfones [D]6 and [D]7, respectively, were studied
(Scheme 8). Sulfones (R)-6 and (R)-7 were treated with
tBuLi in THF at —105 °C and after 15 and 25 min, respec-
tively, had elapsed the corresponding salts (M)-1 and (M)-
2 were deuteriated at —105 °C with CF;CO,D, which gave
the corresponding sulfones (R)-[D]6 and (R)-[D]7 with 86
and 93% ee, respectively, with a D content of =99%. Both
reactions were performed under standard conditions and
special experimental precautions were taken to ensure that
the reactions were conducted at —105 °C. These results show
that both deprotonation and deuteriation occurred with
high selectivity and proceeded with an overall retention of

(M)-3: R=CHptBu  CF3CO,D

R ,,0 RLi, THF S (R)-D-8: R = CH,tBu
a—s‘() 78 °Ecor K o5 o
-105
Me“\*Me
Me

R =Me

THF /
5- - --Li-.
\ R, w07 THE R
< .

(R)-6: _
(R)-T:R=Et . =0
(R)-8: R = CH,tBu —S~g )—sk*
0 Ly )
Me™ Me Me- Me
Me Me
(P)-1: R = Me (S)-D-6: R = Me
(P)-2: R = CH,Me (S)-D-7: R = CH,Me

(P)-3: R = CHatBu (8)-D-8: R = CHytBu
RLi = tBuLi, sBuLi, nBuLi, nPrLi, MeLi, PhLi, CH,=CHLi, Me3SiCHLi

Scheme 8. Enantioselective synthesis and deuteriation of the salts
(M)-1-3.
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configuration. Therefore it is proposed that deprotonation
of the (R)-configured sulfones (R)-6 and (R)-7 with /BuLi
gave with high selectivity the corresponding (M)-configured
salts (M)-1 and (M)-2, the deuteriation of which also pro-
ceeded with high selectivity to yield the corresponding sul-
fones (R)-[D]6 and (R)-[D]7 (see below). The isolation of sul-
fone (R)-[D]7 with 93% ee implies that both the deproton-
ation of (R)-7 and the deuteriation of (M)-2 occurs, for ex-
ample, with a calculated selectivity of 96% ee.

The ee values of the deuteriated sulfones (R)-[D]6 and
(R)-[D]7 are a function of (1) the selectivity of the deproton-
ation of the corresponding sulfones (R)-6 and (R)-7, (2) the
selectivity of the deuteriation of the corresponding salts
(M)-1 and (M)-2, and (3) the extent of racemization of the
salts. On the basis of these considerations the activation free
energies for the enantiomerization/racemization of (M)-1
and (M)-2 were determined. Although the kinetic param-
eter for the enantiomerization of rac-2 had already been
estimated by DNMR spectroscopy,!!! that of the C,-methyl-
substituted salt rac-1 is not accessible by this method. A
series of deprotonation—deuteriation experiments was per-
formed in which all experimental parameters, including
those of deprotonation and deuteriation, were kept con-
stant except the time that elapsed after the addition of
tBuLi to the sulfones (R)-6 and (R)-7 and the beginning of
the addition of CF;CO,D to the salts (M)-1 and (M)-2, the
racemization time ,,.. Under these conditions the enantio-
selectivities of deprotonation and deuteriation are constant
and the decrease in the ee values for (R)-[D]6 and (R)-[D]7
only depends on ¢... By assuming first-order kinetics for
the racemization of (M)-1 and (M)-2, the ee values for (R)-
[D]6 and (R)-[D]7 can be described by Equation (3) and
Equation (4).

eep_guifonelfrac) = eeOeikmtrac 3

In eep. sulfone(trac) =In eey — kractrac (4)

However, it is not possible to give the exact time for the
completion of the deprotonation of sulfones (R)-6 and (R)-
7 and the deuteriation of (M)-1 and (M)-2 in these experi-
ments. Deuteriation experiments had shown that the depro-
tonation of sulfones (R)-6 and (R)-7 with tBuLi in THF at
—105°C was complete after 10 min. The deuteriation of
salts (M)-1 and (M)-2 is a fast process and the termination
of the racemization of the salt is practically determined by
the time required for the addition of the acid. Thus, fy.
was set to 15 min, which included 5 min each for the ad-
dition of fBuLi and CF;CO,D and 5 min for the comple-
tion of the deprotonation. In further experiments the time
for the addition of the base and the deuteriation reagent
was kept constant and the time between the additions of
both was increased. This leads to Equations (5) and (6),
which allow the determination of k.. Four deprotonation—
deuteriation experiments were performed with sulfones (R)-
6 and (R)-7 with variation of the racemization time from
15 to 305 min (Table 3) under otherwise identical condi-
tions for each sulfone.
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eeD—sulfonc(trac) = ee(IOraC)eikmC(lmc = forae) (5)

tOrac) = const — krac(trac - ZOrac) (6)

In eeD—sulfone( Lrac —

Table 3. Values of ee for the sulfones (R)-[D]6 and (R)-[D]7 and their
dependence on the racemization time 7., for the salts (M)-1 and

(M)-2.

(R)-pl6 (R)-pl7
Trac = lorac [rmn] lrac [mll’l] ee [0/0] Trac = lorac [rmn] lrac [Il’lll’l] ee [%]
0 15 86 0 25 93
50 65 78 35 60 92
140 155 60 125 150 89
290 305 40 275 300 85

From the slope of the linear plot of Ineep guirone VErsus
trac — torac (Figure 9) the rate constant k.. was determined
and the activation free energy at 168 K calculated with the
aid of the Eyring equation (Table 4).

Inee

35 T T T T T
-0.5 0.5 15 2:5 35 45
racemization time
trac‘to,rac/ h
ee /%
100
[ (R)-D-7
80 -
60 -
1 (R)-D-6
40 -
20 -
0 T T T T T
0 1 2 3 4 5 6
racemization time
trac/ h

Figure 9. Plot of Inee of sulfones [D]6 and [D]7 as a function of the
racemization time f,,. — forac Of the corresponding salts (M)-1 and
(M)-2 in THF at —105 °C (top) and the plot of ee of sulfones [D]6
and [D]7 as a function of the racemization time .. of the corre-
sponding salts (M)-1 and (M)-2 in THF at —105 °C (bottom).
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Table 4. Dynamic parameters for the racemization of the salts (M)-
1, (M)-2, and (P)-5-4DMPU at 168 K.

Parameter (M)-1 (M)-2 (P)-54DMPU
Keae [s1] 448%105  551x10°  7.61x10°
AGh [kealmol']  13.0£02  137+02 131203
yae [] 43 349 24

AH%, [kcalmol']  — - 132+0.3
AS* ¢ [calmol 'K — - 0.6+1.2

Whereas the enantiomerization barrier for the salt (M)-
2, as derived from the time-dependent deuteriation experi-
ments, is 13.9+0.2 kcalmol™' at 168 K, that obtained by
DNMR  spectroscopy of the racemic salt is
14.2 0.3 kcalmol ™" at 295 K (that is, at different tempera-
tures).[! The significantly lower activation barrier for the
methyl-substituted salt as compared to its ethyl-substituted
analogue is in accordance with the results of the DNMR
spectroscopic studies, which showed that the enantiomeri-
zation barriers for salts of the type [Ph-C(R,)-SO»7Bu] Li*
increase with increasing steric demand of the substituent
R,.[" This supports the notion that the enantiomerization
of the salts (M)-1 and (M)-2 is mainly an enthalpic process
with a small negative activation entropy, as is to be expected
for a process in which C,—S bond rotation is rate-determin-
ing. Insertion of the values of k., and ee (fy,c) into Equa-
tion (5) gave the curves in Figure 9 (bottom) on the as-
sumption that ee (fo.c) = 87% for sulfone (R)-[D]6 instead
of the measured value of 86%. The calculated curves are in
good agreement with the experimental data and support the
notion of first-order racemization kinetics for the lithium
salts. Extrapolation of the curves to t.,. = 0 shows that the
stereoselectivities of the deprotonation and deuteriation are
very high. Thus, the ee values for sulfones (R)-[D]6 and (R)-
[D]7 in the absence of any racemization of the salts would
be at least 91 and 94 % ee, respectively.

Enantioselective Deprotonation of Sulfones and
Deuteriation of C,-Phenyl-Substituted Lithium a-terz-
Butylsulfonyl Carbanion Salts

The experiments with the salts (M)-1 and (M)-2 revealed
a relatively high configurational stability at low tempera-
tures (<-100 °C) and the feasibility of their enantioselective
synthesis. To obtain a more general picture, the following
questions had to be addressed. First, what is the depen-
dence of the enantioselectivity of the deprotonation of the
enantiopure sulfones on both the structure of the sulfone
and the nature of the lithiumorganyl used in the deproton-
ation? Secondly, what is the enantioselectivity of the reac-
tions of the lithium salts with electrophiles? Thirdly, is the
configurational stability of the salts sufficiently high with
regard to the timescale of their reactions with C-electro-
philes? Therefore sulfones (R)-6-8, which all carry a phenyl
and an alkyl group at the C, atom, were deprotonated with
various lithiumorganyls followed by deuteriation of the cor-
responding salts 1-3 (cf. Scheme 8, Tables 5, 6, and 7). The
deprotonation and deuteriation experiments were both car-
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ried out in a standardized fashion. The methyl- and ethyl-
substituted sulfones (R)-6 and (R)-7 were deprotonated in
THF at —105 °C and the neopentyl- and tert-butyl-substi-
tuted sulfones (R)-8 and (R)-9 at —78 °C. The metalation
times 7, (time that elapses between the addition of the
base and the deuteriation reagent) given in Tables 5-7 were
specifically selected to ensure both complete deprotonation
and maximum suppression of the racemization (=1%) of
the corresponding salts. Solutions of the lithiumorganyl and
CF5;CO,D were both slowly added under film-cooling (see
the Supporting Information) to the solution of the sulfone
and salt, respectively, to establish for both deprotonation
and deuteriation a reaction temperature of —105 °C, which
was internally measured by using a fast responding digital
thermometer. The ee values of the deuteriated sulfones (R)-
[D]6-8 and [D]9 were determined by 'H NMR spectroscopy
in the presence of Eu(hfc); using the S-fert-butyl signal. The
degree of deuteriation of the sulfones was determined by
'H NMR spectroscopy.

Table 5. Deprotonation of sulfone (R)-6 with =99% ee with RLi
in THF at —105 °C and deuteriation of the salt 1 with CF;CO,D.

Sulfone [D]6

Entry RLi, solvent e D content  ee Conf.
[min] [Ye)% [0]
1 BulLli, n-pentane 15 =98 8 R
2 sBulLi, cyclohexane 15 =98 48 S
3 nBuli, n-hexane 10 =98 60 S
4 nPrLi, n-pentane 10 95 50 S
5 MeLi, THF 80 =98 8 R
6 PhLi, Et,O 45 =98 72 R
7 CH,=CHLi, Et,O 90 84 57 R
8 Me;SiCH,Li, n-pentane 20 98 80 R
9 BuLi, n-pentane 35 97 85 R

[a] Time elapsed between the beginning of the addition of RLi and
CF;CO,D.

Table 6. Deprotonation of sulfone (R)-7 with =99% ee with RLi
in THF at —105 °C and deuteriation of the salt 2 with CF;CO,D.

Sulfone [D]7
Entry RLi, solvent e Dcontent ee  Conf.
[min] [%0] [%0]
1 tBuLi, n-pentane 25 99 93 R
2 sBuLi, cyclohexane 15 98 78 R
3 nBuLi, n-hexane 10 98 35 S
4 nPrLi, n-pentane 10 96 25 S
5 MeLi, THF 40m! 95 0 -
6 PhLi, Et,0 90 99 87 R
7 CH,=CHLi, Et,O 90 87 71 R
8 Me;SiCHLLi, n-pentane 20 0 - -
9 tBuLi, n-pentane - - - -

[a] Time elapsed between the beginning of the addition of RLi and
CF;CO,D. [b] Not optimized.

Tables 5-7 show that the time required for complete de-
protonation of sulfones (R)-6-8 with a given lithiumorganyl
increases with increasing steric demand of the substituent
R, at the C, atom. For example, whereas the deprotonation
reactions of sulfones (R)-6 and (R)-7 with nBuLi at —105 °C
were complete within 10 min (Table 5, entry 3 and Table 6,
entry 3), the reaction of the neopentyl-substituted sulfone
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Table 7. Deprotonation of sulfone (R)-8 with =99% ee with RLi in
THF at —78 °C and deuteriation of the salt (M)-3 with CF;CO,D.

Sulfone [D]8

Entry RLi, solvent Imed [min]

D content ee Conf.
(7] [Vl
1 nBuLi, n-hexane 65 96 90 R
2 MeLi, THF 60 90 911 R

[a] Time elapsed between the beginning of the addition of RLi and
CF5CO,D. [b] Sulfone (R)-8 with 66 % ee was used and sulfone (R)-
[D]8 with 60% ee was isolated.

(R)-8 required 65 min at —78 °C (Table 7, entry 1). This ef-
fect was even more pronounced with the use of Mes-
SiCH,Li. Whereas the methyl-substituted sulfone (R)-6 re-
acted within 20 min (Table 5, entry 8), no deprotonation of
the ethyl-substituted sulfone (R)-7 was observed under
these conditions (Table 6, entry 8). The metalation time also
varied depending on the lithiumorganyl. Deprotonation of
a given sulfone with /BuLi for example was slower than
with nBuLi. Particularly noteworthy is the comparatively
low rate of deprotonation of the sulfones with MeLi, PhLi,
and vinyllithtum. Whether this is due to a difference in the
basicity of RLi?7 or aggregation (see below) is not clear.
The highest ee of the deuteriated sulfones (R)-[D]6 and
(R)-[D]7 was recorded in the deprotonation of the corre-
sponding sulfones (R)-6 and (R)-7 with tBuLi (Table 5, en-
try 1 and Table 6, entry 1). Sulfones (R)-[D]6 and (R)-[D]7
were obtained with retention of configuration. Thus, it is
proposed that the deprotonation reactions of the (R)-con-
figured sulfones (R)-6 and (R)-7 give the corresponding
(M)-configured salts (M)-1 and (M)-2, the deuteriation of
which afforded the corresponding (R)-configured sulfones
(R)-[p]6 and (R)-[D]7 (cf. Scheme 8). As already discussed
above, the alternative stereochemical course involving de-
protonation of sulfones (R)-6 and (R)-7 with the formation
of the corresponding (P)-configured salts (P)-1 and (P)-2
and their subsequent deuteriation to give the corresponding
(R)-configured sulfones (R)-[D]6 and (R)-[D]6 can be ex-
cluded. Although a (P)-selective deprotonation of the (R)-
configured sulfones (R)-6 and (R)-7 is quite possible (see
below), an (R)-selective deuteriation of the (P)-configured
salts can be dismissed for steric reasons (see below). The ee
values of (R)-[D]6 and (R)-[D]7 are a function of the selectiv-
ity of deprotonation and protonation and the degree of ra-
cemization. Racemization of the methyl-substituted salt 1
only amounts to 4% at —105 °C within 15 min according to
the racemization barrier of AG*,,. = 13.0 = 0.2 kcalmol ! at
this temperature. Thus, the combined selectivity of genera-
tion and deuteriation of (M)-1 is approximately 91% ee.
Accordingly, the combined selectivity of the generation and
deuteriation of the ethyl-substituted salt (M)-2 is approxi-
mately 94% ee because only 1% racemization of this salt
occurs at —105°C within 25min [AGY,,. (-105°C) =
13.7£0.2 kcalmol™']. The combined selectivity of 94% ee
translates into a deprotonation selectivity in the range of
95-99% ee and a deuteriation selectivity in the range of 99—
95% ee. Deprotonation of the neopentyl-substituted sulfone
4598
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(R)-8 with nBuLi at —78 °C and deuteriation of the salt (M)-
3 gave sulfone (R)-[D]8 with 90% ee (Table 7, entry 1).
Again this equates to a 1% racemization of the salt (M)-3 at
~78°C in 65 min [AG},,. (-78 °C) = 16.2+ 0.5 kcalmol '].
Thus, the generation and deuteriation of this salt by using
nBulLi also occurred with a combined selectivity of approxi-
mately 91% ee with retention of configuration. Most inter-
estingly, Tables 5 and 6 reveal that not only the selectivity
but also the stereochemical course of the deprotonation of
the benzyl sulfones (R)-6 and (R)-7 is strongly dependent
upon both the lithiumorganyl and the substituent R,. It
should be emphasized that the deprotonation of the sulfone
and deuteriation of the corresponding salt were performed
under similar reaction conditions for the series of bases
tBuLi, sBuLi, nBuLi, nPrLi, and Me;SiCH,Li in hydro-
carbon solution and MeLi, PhLi, and vinyllithium in ethe-
real solution. Furthermore, the extent of racemization and
the selectivity of the deuteriation of the salt remained con-
stant in the deprotonation—deuteriation sequence with the
various lithiumorganyls and only the selectivity and stereo-
chemical course of the deprotonation varied.

Deprotonation of the methyl-substituted sulfone (R)-6
with nBuLi afforded preferentially the (P)-configured salt
(P)-1, the deuteriation of which gave the (S)-configured sul-
fone (S)-[D]6 with 60% ee (Table 5, entry 3). Because the
deuteriation of (P)-1 proceeded with a selectivity of at least
91% ee, the deprotonation of sulfone (R)-6 with nBuLi had
occurred with a selectivity of 60—66% ee. Deprotonation of
(R)-6 with sBulLi also afforded preferentially the (P)-config-
ured salt (P)-1, the deuteriation of which gave the (S)-con-
figured sulfone (S)-[D]6 with 48% ee (Table 5, entry 2). In
contrast, deprotonation of (R)-6 with tBuLi gave the (M)-
configured salt (M)-1, the deuteriation of which furnished
the (R)-configured sulfone (R)-[D]6 with 87% ee (Table 5,
entry 1). In the case of the ethyl-substituted sulfone (R)-7 a
similar but less pronounced dependency of the selectivity of
deprotonation on the structure of the lithiumorganyl was
observed. Thus, deprotonation of (R)-7 with nBuLi prefer-
entially gave the (P)-configured salt (P)-2, the deuteriation
of which afforded sulfone (S)-[D]7 with 35% ee (Table 6,
entry 3). In contrast, treatment of (R)-7 with sBuLi yielded
the (M)-configured salt (M)-2, the deuteriation of which
afforded sulfone (R)-[D]7 with 78 % ee (Table 6, entry 2). Fi-
nally, the application of rBuLi in the deprotonation of sul-
fone (R)-[D]7 also gave the (M)-configured salt (M)-2, the
deuteriation of which afforded sulfone (R)-[D]7 with 93%
ee (Table 6, entry 1).

The results of the enantioselective deprotonation of the
sulfone are graphically depicted in Figure 10. Whereas the
lower figure summarizes and illustrates the dependency of
the selectivity of deprotonation of sulfones (R)-6 and (R)-7
on the lithiumorganyl, the upper figure summarizes and
shows the influence of the substituent R at the C, atom of
sulfones (R)-6—8 upon the selectivity of deprotonation with
nBuLi. The deprotonation of the methyl- and ethyl-substi-
tuted sulfones (R)-6 and (R)-7 with nBuLi preferentially
yielded the corresponding (P)-configured salts (P)-1 and
(P)-2 with decreasing selectivity, whereas deprotonation of
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the neopentyl-substituted sulfone (R)-8 preferentially gave
the (M)-configured salt (M)-3 with high selectivity (Table 7,
entry 1).

retention (R)
100 -
80 - °
60 1
40
20 ]

0 R,
20{ Me Et CH,tBu

40 | ®

60 1 °

80 -
100
inversion (S)

eel%

retention (R)
100 -
80 1 °
60 -
40
20 4

0 RLi

20 1 nBuLi sBuLi tBuLi

40 .

60 1 o

80 1
100
inversion (S)

eel%

Figure 10. Top: ee values of the deuteriated sulfones [D]6 (R, =
Me), [D]7 (R, = Et), and [D]8 (R, = CH,zBu) obtained by depro-
tonation of the corresponding sulfones with nBuLi in THF at
—105 °C. Bottom: ee values of the deuteriated sulfones [D]6 (O) and
[D]7 (@) obtained by deprotonation of the corresponding sulfones
with various RLi in THF at —105 °C (bottom).

Deprotonation of the C,-tert-butyl-substituted sulfone
(R)-9 at —78 °C could only be achieved with nBuLi and
MeLi (Scheme 9). However, deprotonation was incomplete
even after a rather long metalation time (,,,) and most
importantly sulfone rac-[D]9 was isolated as a racemate. The
long metalation time of (R)-9 is a reflection of the extreme
steric hindrance at the C, atom. The isolation of the race-
mic deuteriated sulfone may be a reflection of (1) an unse-
lective deprotonation of (R)-9 with the formation of rac-4,
(2) an unselective deuteriation of 4, or (3) a low racemiza-
tion barrier for 4.1

Rationalization of the dependence of the enantio-
selectivity of deprotonation of the sulfones on the lith-
iumorganyl and the substituent R, is hampered because of
a lack of information about (1) the mechanism of deproton-
ation and (2) the structure of the reacting lithiumorganyl.
Thus, the rationalization shown in Scheme 10 (and in
Scheme 12, see below) represents only a crude picture with
a number of speculative elements. We had previously ration-
alized the diastereoselectivity of the deprotonation of race-
mic bicyclic S-zert-butyl sulfones with lithiumorganyls in
THF at low temperatures by assuming a prior complex for-
mation between the sulfone and the base followed by an
intramolecular proton transfer.’8! Carbanion formation by
the prior complexation of a CH acid with a lithiumorganyl
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Scheme 9. Attempted enantioselective synthesis and deuteriation of
salt 4.

followed by an intramolecular proton transfer has fre-
quently been proposed or even proven.’%21 The tert-butyl-
sulfonyl group is one of the most powerful directing groups
in the ortho-lithiation of aryl derivatives,?% a reaction that
is generally thought to involve a precomplexation of RLi
by the substrate.*”! Thus, it is proposed that sulfones (R)-
6-8 react with the lithiumorganyl by a prior reversible coor-
dination to one of the O atoms with the formation of the
corresponding diastereomeric complexes (R,Ss)-6-8-RLi
and (R,Rs)-6-8-RLi (Scheme 10). An intramolecular proton
transfer of the complexes via the cyclic six-membered tran-
sition states (—sc¢,Rg)-TS-6-8 and (—sc¢,Ss)-TS-6-8 then leads
to the corresponding (M)-configured salts (M)-1-3,
whereas proton transfer via transition states (+sc,Sg)-TS-6—
8 and (ap,Rs)-TS-6-8 gives the corresponding (P)-config-
ured salts (P)-1-3. The negative charge of the a-sulfonyl
carbanion is stabilized by (1) an electrostatic interaction,
which is independent of the C,—S and C,—Ph conformation,
(2) negative hyperconjugation, which depends on the C,-S
conformation, and (3) benzylic conjugation, which depends
on the C,~Ph conformation."'! During the conversion from
sulfones (R)-6-8 into the corresponding lithium salts 1-3 a
significant structural reorganization has to occur with re-
gard to the conformation around the C,-S and C,-Ph
bonds, the configuration of the C, atom, and the lengths of
the C,—S and C,~Ph bonds.[l Although information about
the structure and energy of the transition state of the depro-
tonation of a sulfone with RLi in THF solution, as derived
from kinetic analysis or theoretical calculations, is not avail-
able,3! it is assumed that the factors that stabilize the lith-
ium salt are, to some extent, also effective in the stabiliza-
tion of the corresponding transition state. The sulfones were
deprotonated by the addition of solutions of MeSi;CH,Li,
nPrLi, nBuLi, sBuLi, and ¢BulLi in hydrocarbons and
MelLi, PhLi, and vinyllithium in diethyl ether to their solu-
tions in THE. Whereas in hydrocarbons nBuLi, sBuLi, and
tBuLi are highly aggregated, in THF BuLi is a mono-
mer,?? sBuLi is a monomer—dimer equilibrium,?% and
nBuLi is a dimer—tetramer mixture.*?l In THF MelLi is a
tetramer®3 and PhLi a dimer.3?®3% Thus, the questions
4599
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arise (1) as to what extent had the aggregate equilibrium of
the various lithiumorganyls already been established under
the reaction conditions and (2) which species of RLi is the
most reactive one in the proposed complexation—deproton-
ation of sulfones? It is assumed that under the conditions
employed (addition of RLi/hydrocarbon to sulfone/THF at
—105 °C) the aggregate equilibrium had perhaps not fully
been established (see below) and that the corresponding
monomers and dimers of RLi are the most reactive ba-
ses.’t33] Transition states (—sc,Rg)-TS-6-8 and (=sc,Ss)-TS-
6-8, which lead to the (M)-configured salts, have a C,—S
conformation in which the H atom is gauche to both O
atoms and the S-rert-butyl group is in a pseudo-equatorial
position. Thus, these transition states should also be stabi-
lized by nc—oc*g,g,-hyperconjugation.[!l Although transition
states (+sc,Sg)-TS-6-8 and (ap,Rs)-TS-6-8, which give the
(P)-configured salts, are not stabilized by the nc—c*g;p, in-
teraction, the n—c*g¢ interaction should provide stabiliza-
tion. However, according to ab initio calculations on a-sul-
fonyl carbanions this interaction is significantly less stabiliz-
ing than the nc—c*gg interaction.39-361 All transition states
should be stabilized by electrostatic interactions between
the developing negative charge and the sulfonyl group and
by benzylic conjugation. Sulfones carrying a phenyl group
at the C, atom are four to six pK,-units more acidic than
the corresponding alkyl-substituted sulfones in DMSO
(KHB7a and THF (Li*).B7®1 However, the benzylic conju-
gation in (+sc,Ss)-TS-6-8 is perhaps reduced in comparison
with the other transition states because of the steric interac-
tions between the tBu and Ph groups. Finally, steric interac-
tions in the transition states around the C,—S bond have to
be considered. Ab initio calculations on the methyl-substi-
tuted sulfone 6 had revealed the three rotamers 6A, 6B, and
6C (cf. Figure 6) with relative energies of +3.23, 0.00, and
+4.05 kcalmol™!, respectively. Whereas transition states
(—s¢,Rg)-TS-6-8 and (—sc,Ss)-TS-6-8 have a C,—S confor-
mation similar to that of 6A, the transition states (+sc,Ss)-
TS-6-8 and (ap,Rs)-TS-6-8 have a C,—S conformation that
resembles that of 6B and 6C, respectively. Thus, steric inter-
actions around the C,—S bond should be less in (+sc¢,Ss)-
TS-6-8 than in (-sc,Rg)-TS-6-8, (-sc¢,Ss)-TS-6-8, and
(ap,Rs)-TS-6-8. Whereas the fert-butyl groups in transition
states (—sc,Rg)-TS-6-8 and (—sc¢,Ss)-TS-6-8 are in a pseudo-
equatorial position, those in (+sc¢,Sg)-TS-6-8 and (ap,Rs)-
TS-6-8 are in a pseudo-axial position. On passing from the
transition states (+sc,Ss)-TS-6-8 and (ap,Rs)-TS-6-8 to the
corresponding (P)-configured salts the substituent R, and
the phenyl group, respectively, have to move past the O
atom in an anticlockwise and clockwise fashion, respec-
tively. In contrast, no C,—S bond rotation was required on
the way from transition states (—sc¢,Rs)-TS-6-8 and (—sc,Ss)-
TS-6-8 to the (M)-configured salts.

The deprotonation experiments on (R)-6 and (R)-7 had
revealed a reversal of the selectivity of deprotonation on
going from nBuLi to sBuLi to 7BuLi from (P)-selective to
(M)-selective (cf. Figure 10, bottom). A similar inversion of
selectivity was observed upon increasing the steric size of
R, of the sulfone in the deprotonation with nBuLi (cf. Fig-
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Scheme 10. Rationalization of the enantioselective deprotonation
of sulfones (R)-7-9 (aggregation of RLi and the degree of its sol-
vation by THF are not considered; conformational descriptors re-
fer to the C,—S bond).

ure 10, top). Based on the above discussion of the transition
states it is thus proposed that the deprotonation reactions
of the sulfones with nBuLi proceed in the case of a small
substituent R, preferentially through transition states
(+s¢,S5)-TS-6-8. Although this transition state is not stabi-
lized by the nc—o*g,p, interaction, it is stabilized by benz-
ylic conjugation, electrostatic interactions, and the nc—c*gq
interaction, and it should have the least steric interaction
around the C,-S bond. With increasing steric size of RLi
and R, the interaction between the residue, the lithiumor-
ganyl, and the S-zerz-butyl group of (+sc¢,Ss)-TS-6-8 should
become more and more destabilizing and the benzylic con-
jugation will be reduced because of steric interactions be-
tween the Ph, /Bu, and R, groups. Thus, deprotonation
now occurs preferentially via transition states (—sc,Rg)-TS-
6-8 despite the increasing steric interaction between R,, and
tBu because this transition state is stabilized by the nc—
6*g,py Interaction and benzylic conjugation, the latter of
which is sterically unhindered.

Enantioselective Deprotonation of Sulfones and
Deuteriation of C,-Dialkyl-Substituted Lithium a-terz-
Butylsulfonyl Carbanion Salts

The reactions of the C,-phenyl-substituted sulfones 6-8
with RLi are characterized by a strong dependency of the
selectivity of deprotonation on the lithiumorganyl and the
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second C, substituent. It was therefore of interest to study
the selectivity of the deprotonation of sulfone (S)-10, the
C,, atom of which carries two alkyl groups (Scheme 11). The
experiments with (S)-10 were also carried out in a standard-
ized fashion for both the deprotonation and deuteriation.
Whereas the conditions for deprotonation were varied,
those of protonation were kept constant. Deprotonation
was performed in THF at —105 °C and the metalation time
Imet given in Table 8 was specifically selected to ensure both
complete deprotonation and maximum suppression of race-
mization (=1%) of the salt (P)-5 with the exceptions stated.
Solutions of the lithiumorganyl and CF;CO,D were added
under film-cooling to solutions of the sulfone and salt,
respectively, to establish a reaction temperature of —105 °C,
which was measured by using a fast responding digital ther-
mometer. The ee of the deuteriated sulfone (S)-[D]10 was
determined by '"H NMR spectroscopy in the presence of
Eu(hfc); by using the S-terz-butyl signal and the degree of
deuteriation of the sulfones was also determined by 'H
NMR spectroscopy.

-0 - Mé =6
/ Me “\rMe Me .X—Me
0 e \ 7 S D1oNI ©
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Scheme 11. Enantioselective synthesis and deuteriation of the salt
(P)-5.

Table 8. Deprotonation of sulfone (S)-10 with =99% ee in THF
with RLi and deuteriation of the salt (P)-5 with CF;CO,D.

Entry RLisolvent e Electrophile  Solvent Sulfone [D]10
[min] D content ee Conf.
%] %]

1 nBulLi, n-hexane 8 CF;CO,D THF =98 89 S
2 nBulLi, n-hexane 10 CF;CO.D THF =98 86 S
3 nBulLi, n-hexane 8 Me,OHBF, THF - 82 S
4 MeLi, ELO 8§ CFCO,D THF - -
5 PhLi, Et,O 15 CF;CO,D THF 24 84 S
6 fBulli, n-pentane 15  CF;CO,D THF 34 93 S
7 /BuLi, THF 15 CFCO,.D THF 67 ” s

[a] Time elapsed between the beginning of the addition of RLi and
the acid.

Deprotonation of (S)-10 with nBuLi gave the (P)-config-
ured salt (P)-5, the deuteriation of which afforded sulfone
(S)-[D]10 with 89% ee (Table 8, entry 1). The salt (P)-5 has
an activation free energy of racemization AG,,.} (268 K) of
12.9 kcalmol™! and a half-life of racemization 7,.,. of 3 h
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at —105 °C. Thus, racemization of (P)-5 at —105 °C within
S min is less than 2%. This is corroborated by the deproton-
ation of (S)-10 under the same conditions except that the
metalation time 7, was extended to 10 min, which gave
sulfone (S)-[D]10 with 86% ee (entry 2). These results show
that (1) both the deprotonation of the dialkyl-substituted
sulfone (S)-10 by nBuLi and the deuteriation of the salt
(P)-5 with CF3;CO,D are highly enantioselective and (2) the
whole sequence proceeds with retention of configuration.
Reaction of the salt (P)-5 with CF;CO,D could in principle
proceed by a prior coordination of the acid to the Li atom
followed by an intramolecular transfer of the D atom. This
could result in selectivity that is different to that of the
intermolecular reaction. Therefore the protonation of (P)-
5 with Me,O-HBF,, was studied, which is less capable of
coordinating to the Li atom. The two-step transformation
of (S)-10 with nBuLi and this acid gave sulfone (S)-[D]10
with 82% ee (entry 3). Surprisingly, deprotonation of sul-
fone (S)-10 with MeLi could not be achieved under the con-
ditions used (entry 4). Furthermore, deprotonation of (S)-
10 with PhLi was also very slow, as indicated by a conver-
sion of only 24% after a time ¢, of 15 min (entry 5). The
selectivity was, however, high and sulfone (S)-[D]10 with
84% ee and a D content of 24% was isolated. Similar re-
sults were obtained with rBuLi. Deprotonation of the sulf-
one was slow but the selectivity was higher (entry 6). Sulf-
one (S)-[D]10 with 93% ee and a D content of only 34%
was isolated. In this experiment a solution of /BuLi in n-
pentane was added to a solution of the sulfone in THF.
Although rBulLi is an aggregate in n-pentane, it is a mono-
mer in THF,3? which should be more reactive. Thus, the
question arose as to whether the metalation with mono-
meric tBuLi in THF is faster than with the monomer/aggre-
gate equilibrium mixture in THF/n-pentane. Indeed, depro-
tonation of sulfone (S)-10 with zBuLi in THF was faster
and gave sulfone (S)-[D]10 with 92% ee and a D content of
67% after a time e of 15 min (entry 7). The deproton-
ation of (S)-10 with /BuLi in n-pentane was much slower
than that of sulfone (R)-6 (cf. Table 5), which is perhaps
a reflection of the lower acidity of the dialkyl-substituted
sulfone.

Table 8 reveals that the deprotonation—deuteriation se-
quence starting with sulfone (S)-10 gave sulfone (S)-[D]10
irrespective of the lithiumorganyl used. Thus, deproton-
ation of (S)-10 preferentially gave the (P)-configured salt
(P)-5 with medium-to-high selectivity, the deuteriation of
which with CF;CO,D proceeded with high selectivity with
the formation of the (S)-configured sulfone (S)-[D]10. It is
proposed that sulfone (S)-10 and RLi engage in a complex-
ation similar to that of sulfones (R)-6-8 (see above) with
the formation of the (Ss)- and (Rg)-configured complexes
(S)-10-RLi (Scheme 12). The intramolecular proton trans-
fer preferentially proceeds through the transition states
(+s¢,Rg)-TS-10 and (+sc¢,Ss)-TS-10, the developing nega-
tive charge of which should also be stabilized by electro-
static interactions and n—oc*g,5, hyperconjugation. Within
the framework of these model considerations the alternative
transition states (ap,Ss)-TS-10 and (-sc,Rs)-TS-10 should
4601
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be higher in energy because of stabilization by the less ef-
ficient nc—oc*gq interaction. The deprotonation reactions of
the benzylic sulfones (R)-6-8 by RLi are characterized by a
selectivity reversal depending on the structure of the lith-
iumorganyl. The deprotonation of the dialkyl-substituted
sulfone (S)-10 with RLi lacks such a dependency. The
reason for the differing behavior of the two types of sul-
fones, dialkyl- and phenyl,alkyl-substituted, may be seen in
the lack of stabilization of the transition states (ap,Ss)-TS-
10 and (-sc,Rs)-TS-10 by benzylic conjugation, which
makes the transition states (+sc,Rg)-TS-10 and (+sc,Ss)-
TS-10 more stable irrespective of the size of R.
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Scheme 12. Rationalization of the enantioselective deprotonation
of sulfone (5)-10 (aggregation of RLi and the degree of its solvation
by THF are not considered; conformational descriptors refer to the
C,-S bond).

Enantioselective Deprotonation of Sulfones and
Deuteriation of C,-Alkyl,Aryl and C,-Dialkyl-Substituted
Lithium a-tert-Butylsulfonyl Carbanion Salts in the
Presence of Additives

In the Presence of HMPA

A key element of the reactivity—selectivity models de-
picted in Scheme 10 and Scheme 12 is the formation of a
complex between the sulfone and RLi. Thus, the deproton-
ation reactions of sulfones (R)-6 and (S)-10 with rBuLi and
nBuLi in the presence of HMPA were studied. In general,
HMPA acts a strong binding ligand for RLi, breaking up
aggregates and weakening any potential coordination of the
lithiumorganyl with basic substrates.* The action of
HMPA upon RLi establishes an equilibrium between
HMPA-coordinated RLi, which should have a low com-
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plexation ability towards sulfone, and THF-coordinated
RLi, which possesses a high complexation ability.?# In ad-
dition, the selectivity of the deuteriation of the salts 1 and
5 in the presence of HMPA was investigated. The reactions
of the salts 1 and 5 with HMPA in THF is expected to lead
to the establishment of equilibria between the correspond-
ing THF/HMPA-coordinated CIPs and HMPA-coordi-
nated SIPs.[1-38

Deprotonation of (R)-6 with tBuLi at —105 °C followed
by the deuteriation of the salt with CF;CO,D at the same
temperature had given after a metalation time of 35 min
sulfone (R)-[D]6 with 85% ee (cf. Table 5, entry 9). The ad-
dition of 2 equiv. of HMPA to the sulfone before treatment
with BuLi did not significantly influence the selectivity of
deprotonation (Table 9, entries 3 and 4). However, depro-
tonation of (R)-6 in the presence of 5 and 10 equiv. of
HMPA saw a significant decline in the selectivity of the de-
protonation reaction and sulfone (R)-[D]6 with only 84 and
66% ee, respectively, was isolated (entries 5 and 6). Control
experiments in which 2 and 10 equiv. of HMPA were added
after the completion of the deprotonation of the sulfone
and before the addition of CF;CO,D showed that the selec-
tivity of the deuteriation of the salt (M)-1 is not affected by
the presence of 2 or 10 equiv. of HMPA (entries 1 and 2).

Table 9. Deprotonation of sulfone (R)-6 with =99% ee with tBuLi/
n-pentane in THF and deuteriation of the salt (M)-1 with
CF;CO,D in the presence of HMPA at —105 °C.

Entry Additivel® [®] [min] Sulfone [D]6
D content [%] ee[%] Conf.

1 HMPA (2) 30 98 89 R
2 HMPA (10)! 30 =98 89 R
3 HMPA (2)19 10 =98 91 R
4 HMPA (2)19 35 9 87 R
5 HMPA (5) 10 =98 84 R
6 HMPA (10 30 =98 66 R

[a] Number of equiv. in parentheses. [b] Time elapsed between the
beginning of the addition of rBuLi and CF;CO,D. [c] Addition
before the addition of CF3CO,D. [d] Addition before the addition
of tBuLi.

Next the influence of the additive HMPA on the depro-
tonation of the dialkyl-substituted sulfone (S)-10 was inves-
tigated. In three otherwise identical experiments sulfone
(S)-10 was treated with nBuLi in THF in the presence of 1,
5, and 10 equiv. of HMPA followed by deuteriation with
CF;CO,D (Table 10, entries 2-4). In a last experiment sul-
fone (S)-10 was treated with nBuLi in THF and 10 equiv.
of HMPA were added before the addition of CF;CO,D (en-
try 1). Although HMPA had only a small influence on the
selectivity of the deuteriation of the salt (P)-5, it exerted a
strong influence on the selectivity of the deprotonation of
the sulfone. With increasing amounts of HMPA, the selec-
tivity of the deprotonation of sulfone (S)-10 strongly de-
creased.

In summary, although HMPA has a negligible influence
on the selectivity of the deuteriation of salts 1 and 5 with
CF;CO,D, it exerts a strong effect on the deprotonation
of the sulfones (R)-6 and (S)-10 with the lithiumorganyls
depending on the amount of HMPA added. The minor in-
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Table 10. Deprotonation of sulfone (S)-10 with =99% ee with
nBuLi/n-hexane in THF and deuteriation of the salt (P)-5 with
CF;CO;,D in the presence of HMPA and DMPU at —105 °C.

Entry Additivel! Imed® [min] Sulfone [D]10
D content [%] ee [%] Conf.

1 HMPA (10) 10 92 83 S
2 HMPA (1)1 10 =98 70 S
3 HMPA (5 10 =08 56 s
4 HMPA (10)1 10 =98 36 S
5 DMPU (4 8 =08 87 s
6  DMPU (4 8 =08 82 s

[a] Number of equiv. in parentheses. [b] Time elapsed between the
beginning of the addition of nBuLi and CF;CO,D. [c] Addition
before the addition of CF;CO,D. [d] Addition before the addition
of nBuLi.

fluence of HMPA on the deuteriation of 1 and 5 is not
surprising. The anions of the THF-coordinated CIPs and
the HMPA-coordinated SIPs have similar basic structural
features, which should be expressed in similar enantio-
selectivities in reactions with electrophiles.

The decreasing selectivity of the deprotonation of sul-
fones (R)-6 and (S)-10 with RLi in THF in the presence
of increasing amounts of HMPA may be rationalized by
proposing the involvement of two competing deprotonation
pathways of opposite selectivity (Scheme 13). The “cyclic
pathway” features a deprotonation of the sulfone with
THF-coordinated RLi, which proceeds via the six-mem-
bered cyclic transition states (—sc,Rg)-TS-6/(—sc,Ss)-TS-6
and (+sc,Rs)-TS-10/(+sc¢,Ss)-TS-10 (cf. Scheme 10 and
Scheme 12) to give the corresponding salts (M)-1 and (P)-
5, respectively. The “acyclic pathway” entails a deproton-

Me
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{BULi-THF (-sc¢,Rg)-TS®/(-sc,Sg)-TS® — (M)-1—= (R)-D-6
Ph 0
. +ts
HMPA:LinBu- kille S‘(‘) —(M)-5 —(R)-D-10
nBuLi-HMPA Me | Me
/ Me
(ap)-TS-10

(Sy-10 THF.-105°C

/

NBULITHE - (+sc,Rs) TS 1%(+sc, Sg)-T8 10— (P)-6 — (S)-D-10

B ,.0
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BULITHF — (-5¢.Rs)-TS7/(-5¢,S5)-TST —— (M)-2—= (R)-D-7

Scheme 13. Rationalization of the enantioselective deprotonation
of sulfones (R)-6, (S)-10, and (R)-7 in the presence of HMPA and
TMEDA (aggregation of RLi and the degree of its solvation by
THF and HMPA are not considered; conformational descriptors
refer to the C,—S bond).
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ation of the sulfone with HMPA-coordinated RLi, which
proceeds via the acyclic transition states (+sc)-TS-6 and
(ap)-TS-10 to yield preferentially the salts (P)-1 and (M)-
5, respectively, with the opposite configuration. The acyclic
transition states have a C,—S conformation that is similar
to that adopted by the sulfones (R)-6 and (S)-10 in the crys-
tal and solution. The developing negative charge of (+sc¢)-
TS-6 and (ap)-TS-10 should be stabilized by electrostatic
and nc—c*gpo interactions and (+s¢)-TS-6 also by benzylic
conjugation. On proceeding from (+sc)-TS-6 and (ap)-TS-
10 to the corresponding carbanions, C,—S bond rotation
has to occur in which only the methyl and benzyl group,
respectively, have to pass a O atom.

In the Presence of TMEDA and DMPU

Having observed a strong effect of HMPA on the selec-
tivity of the deprotonation of sulfones (R)-6 and (S)-10, the
influence of DMPU and TMEDA on the deprotonation of
sulfones (R)-7 and (S)-10 was studied (cf. Scheme 13). The
reaction of sulfone (S)-10 in THF with »BuLi in the pres-
ence of 4 equiv. of DMPU under the standard conditions
and the subsequent deuteriation of (P)-5 with CF;CO,D
gave, after a metalation time of 8 min, sulfone (S)-[D]10
with 82% ee (Table 10, entry 6). Similarly, deprotonation of
sulfone (5)-10 with nBuLi in THF followed by the addition
of 4 equiv. of DMPU after a metalation time of 8 min and
the subsequent deuteriation of the salt (P)-5 with
CF;CF;CO,D under the standard conditions afforded sul-
fone (S)-[D]10 with 87% ee (entry 5). Thus, although the
selectivity of the deprotonation of (S)-10 was slightly re-
duced in the presence of DMPU, this ligand had only a
small influence upon the selectivity of the deuteriation of
(P)-5. A different situation was encountered with TMEDA
in the case of sulfone (R)-7. The reaction of (R)-7 in THF
under the standard conditions with rBuLi in the presence
of 2 equiv. of TMEDA followed by the deuteriation of the
salt (M)-2 with CF;CF;CO,D under the standard condi-
tions gave after a metalation time of 20 min sulfone (R)-[D]-
7 with only 39% ee. Sulfone (R)-[D]7 with 91% ee was ob-
tained in a similar deprotonation—deuteriation experiment
with (R)-7 in which 2 equiv. of TMEDA were added to the
salt 2 before deuteriation. Thus, although 2 equiv. of
TMEDA strongly reduced the selectivity of the deproton-
ation of sulfone (R)-[D]7, its presence had no bearing upon
the selectivity of the deuteriation of the salt (M)-2. The salt
(M)-2 most likely forms monomeric and dimeric TMEDA-
coordinated CIPs, the selectivity of the deuteriation of
which should be similar to that of the THF-coordinated
CIPs because of a similar anion structure. The addition of
TMEDA to tBuLi in THF at low temperatures is expected
to establish an equilibrium between THF- and TMEDA-
coordinated /BuLi,34%-3 the latter having a reduced ability
for the complexation of sulfone 7. Thus, deprotonation of
7 with tBuLi/TMEDA could occur, as in the case of 6 in
the presence of HMPA, by an “acyclic pathway” via (+sc)-
TS-7 to give (P)-2 and by a “cyclic pathway” via (-sc¢,Rg)-
TS-7/(—sc,Ss)-TS-7 to yield (M)-2.
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Enantioselective Reactions of C,-Dialkyl- and C,-
Phenyl, Alkyl-Substituted Lithium a-Sulfonyl Carbanion
Salts with C-Electrophiles

The appropriate choice of lithiumorganyl as base allows
the highly enantioselective synthesis of the lithium salts 1-
3 and 5 from the corresponding enantiopure sulfones. The
salts showed high selectivity in their reactions with
CF;CO,D. These observations led to a study of the reac-
tions of the salts 1, 2, and 5 with carbon-based electrophiles
to see whether C-C bond formation occurs with a similar
high selectivity and the same stereochemical course as the
deuteriation. Only reactive electrophiles were studied and
used in excess because of the low reaction temperatures and
the short reaction times that are required to suppress the
racemization of the salt.

C,-Phenyl-Substituted Carbanions

Treatment of the methyl-substituted salt (P)-1, which was
generated with high selectivity by deprotonation of sulfone
(S)-6 with ¢BuLi, with 8 equiv. of allyl iodide at —105 °C
gave sulfone (R)-34 with 90% ee in 92% yield (Scheme 14
and Table 11, entry 1). The ee of (R)-34 was determined by
chiral HPLC using rac-34 as reference and its absolute con-
figuration was established by X-ray crystal structure analy-
sis (Figure 11).[2?1 Because 4% racemization of the salt (P)-
1 at —105 °C occurs within 15 min, the overall selectivity of
the deprotonation of sulfone (S)-5 and the allylation of the
salt is approximately 94 % ee. Formation of the (R)-config-
ured sulfone (R)-34 shows that allyl iodide attacks the
planar anionic C atom of salt (P)-1 with high selectivity syn
to the O atoms and anti to the tert-butyl group.

Ok~ 5
L *g tBuLi Me. ‘& T “THF RX Me .
S S e e Tl
Me* \—Me -105°C Me ‘Me e _105°C e
©re P (R-34:R= CH CH2
RX: ICH,CH=CH,, BrCH,C=CH Eg ;: : z g;gglMe
BrCH,C=CSiMes, BrCH,0CH,Ph 3 R o 3
- 2

Scheme 14. Enantioselective reaction of the phenyl-substituted salt
(P)-1 with allyl iodide, propargylic bromides, and benzyloxymethyl
bromide.

Figure 11. View of the crystal structure of sulfone (R)-34 with H
atoms omitted for clarity. Color code: C, black; S, yellow; O, red.

Similar treatment of the enantiomeric salt (M)-1, which
was synthesized by deprotonation of sulfone (S)-6 with
nBuLi instead of 7BuLi, with 8 equiv. of allyl iodide at
—105 °C afforded the (S)-configured sulfone (S)-34 with
59% ee in 90% yield (entry 2). Here, the low overall selectiv-
ity of the synthesis of sulfone (S)-34 from sulfone (5)-6 is
primarily due to the low selectivity of the deprotonation of
the latter.

Next the reactions of salt (P)-1 with propargyl bromide,
trimethylsilylpropargyl bromide, and benzyloxymethyl bro-
mide were studied. Treatment of the salt (P)-1, which was
obtained by deprotonation of sulfone (S)-6 with tBuLi, with
propargyl bromide at —105 °C gave the (R)-configured sul-
fone (R)-35 with 87% ee in 77% yield (entry 3). The ee was
determined by GC and 'H NMR spectroscopy in the pres-
ence of Eu(hfc); with rac-35 as reference. An X-ray crystal
structure analysis of (R)-35 secured the (R) configuration
of the sulfone (Figure 12).[2%]

Figure 12. View of the crystal structure of sulfone (R)-35 with H
atoms omitted for clarity. Color code: C, black; S, yellow; O, red;
H, grey.

Table 11. Enantioselective reactions of the salts (P)-1, (M)-1, (P)-2, (M)-2 and (P)-5 with C-electrophiles at —105 °C.

Entry Sulfone® Base Imer [min]®! Salt Electrophilel®! treac [min] @ Sulfone Yield [%]  ee [%0)]
1 (S)-6 BuLi 12 (P-1  CH,=CHCH.I (8) 20 (R)-34 ) 90
2 (S)-6 nBuLi 12 (My1 CH,=CHCH,I (8) 20 (S)-34 90 59
3 (S)-6 /BuLi 12 (P-1 CH=CCH,Br (4) 15 (R)-35 7 87
4 (S)-6 /BuLi 12 (P-1  Me;SiC=CCH,Br (4) 15 (S)-36 84 94
5 (S)-6 (BuLi 12 (P-1  PhCH,OCH.Br (8) 15 (R)-37 7 95
6 (S)-6 tBuLi 12 (P)-1 PhCHO (8) 15 (S,S)-38/(S,R)-38"! 65 94/95
7 (S)-6 /BuLi 12 (P-1  (MeCO)0 (3) 15 (5)-39 69 94
8 (R)-7 /BuLi 12 (M)2  Mel (8) 20 (R)-40/(R)[D]7 24/71 94/91
9 (R)-7 nBuLi 12 (P2 Mel (8) 20 (S)-40/(S)-[D]7 32/65 3328
10 (S)-10 nBuLi 10 (P-5 CH,=CHCH.I (5) 10 (R)-41 80 )
1 (S)-10 nBuLi 10 (P-5 PhCH,OCH,Br (5) 10 (S)-42 70 91

[a] Sulfone with =99% ee was used. [b] Time elapsed between the beginning of the addition of RLi and the electrophile. [c] Number of

equiv. in parentheses. [d] Time elapsed between the beginning of the addition of the electrophile and CF;CO,D. [e] Ratio 71:29.
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Treatment of the salt (P)-1, which was obtained by de-
protonation of sulfone (S)-6 with (BuLi, with trimethyl-
silylpropargyl bromide at —105 °C furnished the (R)-config-
ured sulfone (R)-36 with 94% ee in 84 % yield (entry 4). The
ee of the sulfone was determined by '"H NMR spectroscopy
in the presence of Eu(hfc); with rac-36 as reference. The
absolute configuration of (R)-36 was assigned by analogy
to that of (R)-35. It is not clear what caused the difference
in the overall selectivities of the synthesis of sulfones (R)-
35 and (R)-36. Finally, reaction of the salt (P)-1, which was
obtained by deprotonation of sulfone (5)-6 with rBuLi, with
benzyloxymethyl bromide at —105 °C afforded the (R)-con-
figured sulfone (R)-37 with 95% ee in 72% yield (entry 5).
The ee of the sulfone was determined by chiral GC and 'H
NMR spectroscopy in the presence of Eu(hfc); with rac-
37 as reference. The absolute configuration of (R)-37 was
assigned by analogy to that of (R)-35. Having observed
high selectivities in the alkylation of (P)-1 with alkyl ha-
lides, the reactivity of the salt towards carbonyl derivatives
was probed to obtain a somewhat more general picture. Re-
action of the salt (P)-1, which was obtained by deproton-
ation of sulfone (S)-6 with /BuLi, with benzaldehyde at
—105 °C gave two diastereomeric hydroxy sulfones, (S,S)-38
and (S,R)-38, the configurations of which were not deter-
mined, in a ratio of 71:29 in a combined yield of 65%
(Table 11, entry 6, Scheme 15). One diastereomer had an ee
of 94% and the other 95%. The ee values of the hydroxy
sulfones were determined by '"H NMR spectroscopy in the
presence of Eu(hfc); or Pirkle alcohol*® employing the ra-
cemic diastereomers as reference. The (S) configuration of
the hydroxy sulfones at the C, atom was assigned by anal-
ogy to that of (R)-35.

i Ok
C0E o Me,_ *&~ THF (S,R)-38
@H) 8~p —105°C S~o (5.5)-38
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M M o o _
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THF, ~105°C e Me
M
(539 °

Scheme 15. Enantioselective reaction of the salt (P)-1 with benzal-
dehyde and acetic anhydride.

In a further experiment the reaction of (P)-1 with acetic
anhydride was studied. Treatment of salt (P)-1, which was
obtained by deprotonation of sulfone (S)-6 with tBuLi, with
acetic anhydride at —105 °C gave the keto sulfone (S)-39
with 94% ee in 69% yield (entry 7). The ee of the sulfone
was determined by 'H NMR spectroscopy in the presence
of Eu(hfc); and by HPLC employing the racemic sulfone as
reference. The (S) configuration of the sulfone was assigned
by analogy to that of (R)-35.

Next the reactivity of the ethyl-substituted salt (A)-2
towards C-electrophiles was investigated. Treatment of the
salt (M)-2, which was obtained by deprotonation of sulfone
(R)-7 with tBuLi, with 8 equiv. of methyl iodide at —105 °C
followed by the addition of CF;CO,D after ¢, = 20 min
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and terminated after 20 min gave sulfone (R)-40 with 94%
ee in 24% yield and sulfone (R)-[D]7 with 91% ee in 71%
yield (Table 11, entry 8, Scheme 16). The ee of sulfone (R)-
40 was determined by chiral GC using the racemic sulfone
as reference. The absolute configuration of the sulfone was
determined by X-ray crystal structure analysis (Fig-
ure 13).221 Then the salt (P)-2 was prepared and treated
with methyl iodide. Treatment of (P)-2, which was obtained
from (S)-7 and ¢BuLi, with 8 equiv. of methyl iodide at
—105 °C after t,,.; = 35 min and a reaction time of 4 h gave
sulfone (S)-40 with 83% ee in 83% yield. Recrystallization
afforded (S)-40 with =98% ee in 48% yield. The ee of sul-
fone (S)-40 was determined by chiral GC using the racemic
sulfone as reference. In a final experiment the enantiomeric
salt (P)-2 was prepared by deprotonation of sulfone (R)-7
with nBuLi and treated with 8 equiv. of methyl iodide at
—105 °C followed by the addition of CF;CO,D after 7, =
20 min. This sequence afforded sulfone (S)-40 with 33% ee
in 32% yield and sulfone (S)-[D]7 with 28 % ee in 65% yield
(entry 9). The steric size of the C,-alkyl group of the C,-
phenyl-substituted salts 1-3 has a profound influence on
the rate of the reaction with C-electrophiles. For example,
although the methylation of the methyl-substituted salt 1
with 8 equiv. of methyl iodide at —105 °C was complete after
15 min, that of the ethyl-substituted salt 2 had only pro-
ceeded to an extent of 25%, and that of the neopentyl-sub-
stituted salt 3 had not occurred at all even after several
hours. This is corroborated by an increasing steric shielding
of the anionic C atom by the alkyl group on going from the
methyl to the ethyl to the neopentyl derivative as revealed
by the crystal structures of 1-3.I'l However, deuteriation of
the salts 1-3 with CF;CO,D in THF at —105 °C was fast in

all cases.
Me 0
s
THF Me }—S<g
B @ 5 L 1. Mel Me“ﬁ_Me
Me— .0 Bl e A8 THF e Me
e uLi R)-40
3‘3;0 e M }Me ~105°C &
-—Me +
Me | 2. CF3C0O,D 5 B
(M)Z THF S
(R17 _1050c  Me)}—S<g
Me"\_Me
Me
(R)}-D-7

Scheme 16. Reaction of the salt (M)-2 with methyl iodide.

Figure 13. View of the crystal structure of sulfone (S5)-40 with H
atoms omitted for clarity. Color code: C, black; S, yellow; O, red.
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C,-Dialkyl-Substituted Carbanion

Finally, having obtained information about the reactivity
and selectivity of the benzylic salts 1-3, which have a planar
anionic C atom, it was of interest to study the reactions of
the dialkyl-substituted salt 5, which most likely also has a
planar anionic C atom,!!! with C-electrophiles. Reaction of
the salt (P)-5, which was synthesized by deprotonation of
sulfone (S)-10 with nBuLi, with allyl iodide at —105 °C gave
sulfone (R)-41 with 92% ee in 80% yield (Scheme 17,
Table 12, entry 1). The ee of (R)-41 was determined by 'H
NMR spectroscopy in the presence of Eu(hfc); employing
the racemic sulfone as reference. The similar reaction of
(P)-5 with benzyloxymethyl bromide at —105 °C afforded
sulfone (S)-42 with 91% ee in 70% yield (entry 2). The ee
of (S)-42 was determined by '"H NMR spectroscopy in the
presence of Pr(tfc); using the racemic sulfone as reference.
The (S) configuration of (S)-42 was assured by X-ray crys-
tal structure analysis (Figure 14).?2 Because of the (S) con-
figuration of (S)-42, the (R) configuration was assigned to
(R)-41. These results reveal that the reactions of the salt
(P)-5 with alkyl halides at the most likely planar anionic C
atom! occur with a similarly high selectivity to the planar
salts (P)-1 and (M)-2, syn to the O atoms and anti to the

In a final series of experiments the reactivity of the salt
(P)-5 towards saturated and unsaturated aldehydes was in-
vestigated (Scheme 18). The reaction of (P)-5 with benzal-
dehyde at —105 °C proceeded with high enantioselectivity
but low diastereoselectivity and gave two diastereomeric hy-
droxy sulfones, (S,5)-43 and (S,R)-43, in a combined yield
of 84% (entry 3). The ratio of the two diastereomers was
60:40 and both had an ee of 92%. A similar situation was
encountered in the reaction of (P)-5 with p-methoxybenzal-
dehyde at —105 °C, which gave the two diastereomeric hy-
droxy sulfones (S,S)-44 and (S,R)-44 both with 95% ee in
a ratio of 50:50 in a combined yield of 70% (entry 4). X-
ray crystal structure analysis of (S,S)-44 and (S,R)-44 (Fig-
ures 15 and 16)?? showed their C, atoms to have the (S)
configuration. Thus, the (S) configuration was also assigned
to (S,5)-43, (S,R)-43, and all the hydroxy sulfones derived
from (P)-5 and the unsaturated aldehydes (see below). The
ee values for (S,S)-43, (S,R)-43, (S,S)-44, (S,R)-44, and the
hydroxy sulfones further derived from (P)-5 and the unsatu-
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|:‘Il’\:le S<o + Me-y S<o
Me \FMe P e h*Me
Me Me
(S,R)-43: R=Ph (S,9)-43: R=Ph
(S,R)-44: R = p-MeOCgHy (S,5)-44: R = p-MeOCgHy
(S,R)-45: R = CH=CHMe (8,9)-45: R = CH=CHMe
(S,R)-46: R = CH=CHPh (8,9)-46: R = CH=CHPh
(S,R)-47: R = CH=CMe, (S,9)-47: R = CH=CMe,
(S,R)-48: R = CMe=CHPh (8,5)-48: R = CMe=CHPh

Figure 14. View of the crystal structure of sulfone (S5)-42 with H
atoms omitted for clarity. Color code: C, black; S, yellow; O, red.

Scheme 18. Enantioselective reactions of the salt (P)-5 with alde-
hydes.

Table 12. Enantioselective reactions of the dialkyl-substituted salt (P)-5 with C-electrophiles.

Entry  Sulfone Base Imed® [min] Salt Electrophilel! trcac [min] Sulfone Yield [%0] ee [%o]
1 (510  sBuli 10 (PY5  CH,=CHCH.I (5 10 (R)-41 80 2

2 (S-10  nBuLi 10 (PY5  PhCH,OCH,Br (5) 10 (S)42 70 o1

3 (S-10  nBuLi 10 (PY5  PhCHO (5) 10 (5.5)-43/(S,R)-43¢ 84 92/92
4 (S-10  nBuli 10 (PY5  p-MeOCGH,CHO (5) 10 (S.5)-44/(S,R)-441 70 95095
5 (S-10  nBuli 10 (PY5  MeCH=CHCHO (5) 10 (5.5)-45/(S,R)-451 76 94/91
6 (S-10  nBuli 10 (PY5  PhCH=CHCHO (5) 10 (5.5)-46/(S,R)-46" 6 9391
7 (S-10  nBuli 10 (PY5  Me,C=CHCHO (5) 10 (S.S)-4T/(S.R)-47 81 90095
8 (S-10  nBuli 10 (PY5  PhCH=CMeCHO (5) 10 (S:S)-48/(S.R)-48"! 87 91/91

[a] Sulfone with =99%, ee was used. [b] Time elapsed between the beginning of the addition of RLi and the electrophile. [c] Number of
equiv. in parentheses. [d] Time elapsed between the beginning of the addition of the electrophile and CF;CO,D. [e] Ratio 60:40. [f] Ratio
50:50. [g] Ratio 65:35. [h] Ratio 55:45.
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rated aldehydes were determined by 'H NMR spectroscopy
in the presence of Eu(tfc); using the racemic diastereomers
as reference. The configurations of the diastereomeric hy-
droxy sulfones at the C atom bearing the hydroxy group
has, with the exception of (S,S)-44 and (S,R)-44, not been
determined.

The reaction of the salt (P)-5 with crotonaldehyde at
—105 °C furnished the hydroxy sulfones (S,S)-45 and (S, R)-
45 in a ratio of 50:50 and a combined yield of 76% (en-
try 5). The hydroxy sulfones had ee values of 94 and 91 %.
With cinnamaldehyde as electrophile (P)-5 gave at —105 °C
the hydroxy sulfones (S,5)-46 and (S,R)-46 in a ratio of
50:50 and a combined yield of 69% (entry 6). The hydroxy
sulfones had ee values of 93 and 91%. In both these reac-
tions of (P)-5, the formation of derivatives derived from
conjugate addition of the salt to the unsaturated aldehyde
was not observed. The reactions of (P)-5 with B-methylcro-
tonaldehyde and a-methylcinnamaldehyde at —105 °C also
proceeded with high enantioselectivity and low diastereo-
selectivity (entries 7 and 8). The ee values of (S,5)-47, (S,R)-
47, (S,5)-48, and (S,R)-48 ranged from 90 to 95%.

Stereochemical Course of the Reactions with Electrophiles

The attack of the electrophile at the C, atom of the salts
1-5 occurred with high selectivity syn to the O atoms and
anti to the tert-butyl group. The crystal structures of the
lithium S-zerz-butylsulfonyl carbanion salts show strong ste-
ric shielding of the C, atom of the anions by the S-tert-
butyl group and only a minor shielding by the Li-coordi-
nated O atoms. The monomeric and dimeric salts, which are
the dominating species in THF solution, are in this regard
similar. However, both sides of the C, atom of the dimeric
salts, being coordinated by four THF molecules, are se-
verely shielded and not accessible to electrophiles.l'! Thus,
of all the species that exist in THF solution the tetracoordi-

Figure 15. View of the crystal structure of sulfone (S,S)-44 with H
atoms omitted for clarity. Color code: C, black; S, yellow; O, red.

Figure 16. View of the crystal structure of sulfone (S,R)-44 with H
atoms omitted for clarity. Color code: C, black; S, yellow; O, red.
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nated dimeric lithium salt should have the lowest reactivity
and the di(tri)-coordinated monomeric salt should have the
highest reactivity.

Reactivity of CIPs and SIPs

The study of the reactivity of the CIPs of salts 1-3 with
alkyl halides in THF had revealed a significant influence of
the size of the C,-alkyl group upon the reaction rate. For
example, no ethylation of the C,-methyl-substituted CIP of
rac-1 with the formation of sulfone rac-40 occurred upon
treatment with ethyl iodide at —105°C (Scheme 19).
Quenching the mixture with CF;CO,D after 15 min gave
the fully deuteriated sulfone rac-[D]6 in quantitative yield.
Raising the temperature of the mixture of rac-1 and EtI to
—78 °C resulted after 30 min in the formation of rac-40 in
only 19% yield.

THF

Me ++° BuLi, THE  Me._ w07 ks “THE Et Me .0
~105° _ §~0 THE @(F §~0
e we e we (o
Me
racs rac1 rac-40

-105 °C, 15 min: 0% rac-40

— 78 °C, 30 min: 19% rac-40
[ o ] LiHMPA),
Me

(P)-1 4HMPA

M
Me ..0  1.BuLi THF B> 3 H
@ J—8<g -105°C THF (
W o -15¢ | THF - Me Me
e }Me 2. HMPA [
----Lis
(9)-6 Me Me., ++S:'O, 7 CTHF (R)- 40
0 ~105 °C, 1 h: 92% (R)-40, 91% ee
Me [ —Me
Me
(P

Scheme 19. Reactions of the CIPs and SIPs of the salt (P)-1 with
ethyl iodide.

NMR spectroscopy of rac-1 in THF in the presence of
HMPA had revealed the formation of THF/HMPA-sol-
vated CIPs and a HMPA-solvated SIP.!! It was therefore of
interest to see whether the SIP of (P)-1 would show a higher
reactivity in the ethylation. Treatment of the salt (P)-1
which was prepared by deprotonation of sulfone (S)-5 with
tBuLi at —105 °C in THF, with 13 equiv. of HMPA followed
by the addition of 4 equiv. of ethyl iodide gave after a reac-
tion time of 1 h sulfone (S)-40 with 91% ee in 92% yield.
This result impressively demonstrates that (1) the SIP of
(P)-1 has a significantly higher reactivity than the corre-
sponding CIP™*!I towards ethyl iodide and (2) both exhibit
a similar high enantioselectivity in their reactions with elec-
trophiles.

Conclusions

Enantiomerically highly enriched lithium S-zerz-butylsulf-
onyl carbanion salts carrying a phenyl and alkyl group or
two alkyl groups at the C, atom are accessible by enantiose-
lective deprotonation of the corresponding enantiopure sul-
fones with 7Buli and nBuLi, respectively, in THF at
—105 °C. The synthesis of racemic S-zerz-butyl sulfones and
4607
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their chromatographic resolution by chiral HPLC is an at-
tractive route for their attainment in enantiopure form.
There is evidence to suggest that the deprotonation of the
sulfone with the lithiumorganyl follows an intramolecular
pathway. The lithium S-zerz-butylsulfonyl carbanion salts,
which have a half-life of racemization of several hours at
—105 °C, are configurationally stable on the timescale of
their reactions with reactive electrophiles and structural in-
vestigation. The reactions of lithium S-ters-butylsulfonyl
carbanion salts with acids and C-electrophiles proceed with
high enantioselectivity syn to the O atoms, and the HMPA-
solvated SIP has a significantly higher reactivity than the
corresponding CIP. The conversion of the chiral sulfone
into the corresponding substituted chiral sulfone, which in-
volves the loss of stereogenicity at the a-stereogenic center
upon deprotonation and its re-establishment upon reaction
of the chiral a-sulfonyl carbanion with the electrophile, oc-
curs with high overall enantioselectivity.

Experimental Section

General: All manipulations with the a-sulfonyl carbanion salts were
performed under dry argon using Schlenk and syringe techniques
in oven-dried glassware unless otherwise stated. Solvents were puri-
fied and dried prior to use by distillation from an appropriate dry-
ing agent under argon. Tetrahydrofuran (THF) was distilled from
potassium benzophenone ketyl. Hexamethylphosphoric triamide
(HMPA) was distilled from calcium hydride. Diethyl ether was dis-
tilled from sodium benzophenone ketyl. Starting materials were ob-
tained from commercial sources and used without further purifica-
tion unless otherwise stated. Solutions of n-butyllithium (#BuLi)
in n-hexane, fert-butyllithium (zBuLi) in n-pentane, phenyllithium
(PhLi) in diethyl ether, sec-butyllithium (sBuLi) in cyclohexane, n-
propyllithium (nPrLi) in n-pentane, sec-butyllithium in n-pentane,
methyllithium (MeLi) in diethyl ether, vinyllithium in diethyl ether
and trimethylsilylmethyllithium (Me;SiCH,Li) in n-pentane were
obtained from commercial sources and standardized by titration
with diphenylacetic acid.*?! Analytical thin-layer chromatography
(TLC) was performed on E. Merck precoated TLC plates (silica
gel 60 F,sy4, layer thickness 0.2 mm). Column chromatography was
performed with Merck silica gel 60 (70-230 mesh). Polarimetric
measurements at low temperatures were conducted with Perkin—
Elmer P141 and P241 instruments using a Colora Ultra-cryostat
KT 290 S, a Lauda TP 10 digital thermometer with a Pt 82 thermo-
sensor, and a Hellma (Miillheim) quartz glass polarimeter tube
(5 mL) equipped with a cooling jacket and evacuated quartz glass
windows. Melting points were determined by using a Biichi SMP-
20 apparatus. 'H and '>*C NMR spectra were recorded with Bruker
AM 400, Bruker WM 300, Bruker WM 250, Varian Unity 500,
Varian Inova 400, Varian VXR 300, and Varian Gemini 300 instru-
ments. 'H NMR chemical shifts of measurements in CDCl; are
reported in ppm relative to Me,Si (0 = 0.00 ppm) as internal stan-
dard. Splitting patterns are designated as follows: s, singlet; d,
doublet; dd, double doublet; t, triplet; q, quartet; quint, quintet;
sext, sextet; sept, septet; m, multiplet; br., broad; ps, pseudo in the
case that the apparent multiplicity is a result of the overlap of sev-
eral multiplets or additional couplings are not resolved because of
line-broadening; sh., shoulder; unsym., unsymmetrical; hn, hidden;
app., apparent. '3C NMR chemical shifts of measurements in
CDCl; are reported in ppm relative to MeySi (0 = 0.00 ppm) as
internal standard. Peaks in the '3C NMR spectra are denoted as
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“u” for carbons with zero of two attached protons and as “d” for
carbon atoms with one or three attached protons, as determined
from the attached proton test (APT) pulse sequence. The following
abbreviations are used to designate the peaks: br., broad; vbr., very
broad; t, triplet. Low-resolution mass spectra were recorded with
a Varian MAT 212 mass spectrometer. Only peaks of m/z = 80 and
an intensity of =5%, except decisive ones, are listed. IR spectra
were recorded with a Perkin—Elmer FT 1760 S and 1760 instru-
ments. Only peaks of ¥ = 800 cm™! are listed. The following ab-
breviations are used to designate the peaks: vs, very strong; s,
strong; m, medium; w, weak. GC analyses were performed with
a Carlo-Erba HRGC 5300 Mega-Series instrument. MPLC was
performed with a Kronwald Constakron 3 HPP instrument with a
Knauer detector of variable wavelength and a Bischoff RI detector
8110 using Kronwald FHPLC columns filled with IMPAQ RG
1020 Si (16.2 pm) and Merck LiChoprep Si 60 (15-25 pm). Polari-
metric measurements were performed with a Perkin—Elmer P241
instrument at approximately 22 °C unless otherwise stated using a
micro-tube (/ = 10 cm, V' = 1 mL). Specific rotations are given in
degem *dm 'g ! and concentration ¢ in 102 gem 3. Elemental
analyses were performed by the Institute of Organic Chemistry Mi-
croanalytical Laboratory.

General Procedure for the Enantioselective Synthesis of [rBu-
SO,C(R)(R?)|Li* and Their Reactions with Electrophiles (GP1):
An oven-dried long-necked Schlenk flask, which was equipped with
a Teflon™-coated magnetic stirring bar, was filled with argon. The
flask was charged with the sulfone and closed with a rubber sep-
tum, which was fitted with a thermoelement reaching to 1 cm above
the bottom of the flask. Temperatures were measured with a Kelvi-
mat type 4321 precision thermometer (Burster Prazisionsmeftech-
nik, Gernsbach, Germany), which had an accuracy of measurement
of 10 mK and a reproducibility of =2 mK. A Pt-100 thermocouple
of type 42943 (Burster Prizisionsmeftechnik, Gernsbach, Ger-
many) was used as the thermoelement, which was suitable for mea-
surements in the range of —200 to +500 °C. Then the flask was
evacuated three times and refilled with argon and charged with
THF (33 mL/mmol sulfone) with a syringe. The solution was co-
oled under argon to the given temperature either in a dry ice/
MeOH or liquid nitrogen/EtOH bath. Then the long-necked flask
was immersed just below the joint into the cooling bath and the
solution of RLi was added with a syringe under film-cooling (the
solution was allowed to run down the cooled long neck) to the
solution of the sulfone under rapid stirring. The solution of RLi
was added at such a rate that both efficient film-cooling and tem-
perature control were guaranteed. After the given metalation time,
the mixture was treated with a solution of the electrophile under
rapid stirring and film-cooling. Because of exothermic reactions,
efficient cooling is required to achieve temperature control. Deuter-
iation and quenching of the reaction mixture after a given reaction
time was carried out with a 2 M solution of CF;CO,D in THF
unless otherwise stated. Then diethyl ether (20 mL) was added and
the mixture was successively washed with saturated aqueous
NaHCOs, brine, and water. The organic phase was dried (MgSO,)
and concentrated in vacuo. A separate determination of the ee
value of the deuteriated sulfone in the presence of the non-deuter-
iated sulfone was not possible. Therefore the ee value of the reco-
vered sulfone was, in the case of incomplete deprotonation of the
sulfone, calculated by correction of the experimental ee value of
both sulfones by the degree of deuteriation.

General Procedure for the Enantioselective Synthesis of the Salt 5
and Its Polarimetric Measurement (GP2): Sulfone 10 (0.06 to
0.60 mmol) was dissolved in dry THF (5.0 mL) under argon in an
oven-dried and argon-filled Schlenk flask. nBuLi (1.05-1.10 mmol
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in n-hexane) was placed in the oven-dried and argon-filled long-
necked Schlenk flask. Then the solvent was removed in vacuo
whilst stirring and the residue was dried under high vacuum for
5 min. The flask was filled with argon and cooled to —90 °C. Then
dry THF (1.0 mL) was slowly added under film-cooling and stir-
ring. Stirring was continued at —90 °C until all of the oily nBuLi
had dissolved. Then the cold solution of #BuLi in THF was added
through a syringe whilst stirring and under argon to the homogen-
eous solution of the sulfone in THF at —105 °C under film-cooling.
At the same time the polarimeter together with the tube were made
ready for the measurement. The oven-dried and argon-filled tube
was closed with a septum, placed in the polarimeter, and connected
with the cryostat. Then a strong stream of dry nitrogen was directed
towards the windows of the tube, which was continued throughout
the measurement. The polarimeter compartment was closed and
the tube was cooled to the given temperature for 10 min. Then the
wavelength was adjusted and the setting was adjusted to zero. Then
the cold solution of the salt 5 (—105 °C) was rapidly (1 min) trans-
ferred to the cold tube through a cold (-100 °C) steel cannula with
application of argon pressure. The cannula was equipped with a
cooling jacket made of plastic tubing filled with liquid nitrogen/
EtOH. The tube compartment of the polarimeter was closed and
the measurement was started. At the end of the measurement the
salt solution was removed with a syringe and added to a solution
of CF;CO,D (4 equiv.) in THF (3 mL) unless otherwise stated.
Work-up gave the deuteriated sulfone, the D content of which was
determined by '"H MMR spectroscopy.

Special care was taken to address the following points. (1) nBulLi is
at —90 °C a viscous oil which dissolves only slowly in THF. (2) The
sulfone must be completely dissolved in THF at —105 °C before the
addition of the solution of nBuLi in THF. (3) The addition of THF
to nBuLi and the addition of the THF solution of nBuLi to the
THF solution of the sulfone must be carried out under efficient
film-cooling at —105 °C. (4) The solution of the salt in THF in the
polarimeter tube must be free of argon bubbles, clear, and homo-
geneous. (5) Fogging of the windows of the polarimeter tube must
be prevented. (6) The transfer of the cold solution of the salt to the
polarimeter tube has to occur as rapidly as possible under efficient
cooling of the cannula to —105 °C to avoid a warming of the solu-
tion (AT < 15 K).

Preparative Racemate Separation of Sulfones rac-6-10

Sulfone rac-6: Chiralcel OD, 250 mm X 50 mm; SD-1 pump. UV-
Prostar 320; RI detector Knaur; workstation Varian; n-hexane/
iPrOH, 95:5; 40 mLmin', 400 kPa; 254 nm + RI, 30 mgmL .
Sulfone rac-6 (270 mg) gave (S)-6 (131 mg, 48%) with =99% ee,
m.p. 138 °C, [a]p = —57.8 (¢ = 3.75, THF) and (R)-6 (117 mg, 44 %)
with =99% ee, m.p. 139 °C, [a]p = +57.6 (¢ = 3.0, THF).

Sulfone rac-7: Chiralcel OD, 250 mm X 50 mm; SD-1 pump. UV-
Prostar 320; RI detector Knaur; workstation Varian; n-hexane/
iPrOH, 98:2; 40 mLmin !, 400 kPa; 254 nm + RI, 25mgmL .
Sulfone rac-7 (130 mg) gave (S)-7 (62 mg, 48 %) with 99% ee, m.p.
120 °C, [a]p = —39.04 (¢ = 2.8, THF) and (R)-7 (62 mg, 48%) with
=99% ee, m.p. 120 °C, [a]p = +39.07 (¢ = 2.8, THF).

Sulfone rac-8: Chiralpack AD, 250 mm X 50 mm; SD-1 pump. UV-
Prostar 320; RI detector Knaur; workstation Varian; n-hexane/
iPrOH, 99.5:0.5; 50 mLmin !, 600 kPa; 254 nm + RI, 25 mgmL .
Sulfone rac-8 (34 mg) gave (S)-8 (15 mg, 44%) =99% ee, m.p.
119 °C, [a]p = —43.5 (¢ = 0.6, THF) and (R)-8 (14 mg, 41%) with
=99% ee, m.p. 120 °C, [a]p = +42.7 (¢ = 0.6, THF).

Sulfone rac-9: Chiralcel OD, 250 mm X 50 mm; SD-1 pump. UV-
Prostar 320; RI detector Knaur; workstation Varian; n-hexane/
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iPrOH, 99.5:0.5, 40 mLmin ', 400 kPa; 254 nm + RI, 25 mgmL .
Sulfone rac-9 (140 mg) gave (R)-9 (64 mg, 46%) with =99% ee,
m.p. 126 °C, [a]p = +44.9 (¢ = 1.75, THF) and (S)-9 (62 mg, 44 %)
with =99% ee, m.p. 126 °C, [a]p = —45.1 (¢ = 1.75, THF).

Sulfone rac-10: Chiralcel OD, 250 mm X 50 mm; SD-1 pump. UV-
Prostar 320; RI detector Knaur; workstation Varian; n-hexane/
iPrOH, 1000:1.5, 40 mLmin !, 400 kPa; 254 nm + RI, 25 mgmL!.
Sulfone rac-10 (80 mg) gave (S)-10 (35 mg, 44%) with =99% ee,
m.p. 82-83 °C, [a]p = +26.0 (¢ = 0.175, diethyl ether), [a]365 = +88.6
(c = 0.17, diethyl ether) and (R)-10 (37 mg, 46%) with =99% ee,
m.p. 82 °C, [a]p = -26.1 (¢ = 0.185, diethyl ether), [a]365 = —88.4 (¢
= 0.185, ether).

Synthesis of Lithium (M)-1-(tert-Butylsulfonyl)-1-phenylethan-1-ide
[(M)-1]: The cthanide salt was synthesized by deprotonation of
sulfone (R)-6 with rBuLi and deuteriation with CF;CO,D. Follow-
ing GP1, a solution of sulfone (R)-6 (219 mg, 0.97 mmol, =99 %
ee) in THF (30 mL) was treated at —105 °C with /BuLi (0.80 mL of
1.60 M in n-pentane, 1.17 mmol) over 5 min. After stirring the mix-
ture at —105 °C for 10 min, it was treated at —105 °C over 5 min
with CF;CO,D (1.0 mL of 2 M in THF, 2 mmol). Work-up afforded
sulfone (R)-[D]6 (95%) with =98% D content ['H NMR: § =
4.39 ppm (H,)] and 87% ee {'"H NMR [CDCls, 20 mol-% Eu(hfc)s]
and GC (permethyl-B-cyclodextrin)}, [a]p = +50.4 (¢ = 1.1, THF).

Synthesis of Lithium (A1)-1-(ters-Butylsulfonyl)-1-phenylpropan-1-
ide [(M)-2]: The propanide salt was synthesized by deprotonation
of sulfone (R)-7 with rBuLi and deuteriation with CF;CO,D. Fol-
lowing GP1, a solution of sulfone (R)-7 (202 mg, 0.84 mmol,
=99% ee) in THF (30 mL) was treated at —105 °C over 5 min with
tBuLi (0.66 mL of 1.52 M in n-pentane, 1.0 mmol). After stirring
the mixture at —105 °C for 20 min, it was treated at —105 °C over
Smin with CF;CO,D (I mL of 2™ in THE, 2 mmol). Work-up
afforded sulfone (R)-[D]7 (98 %) with =98% D content ['H NMR:
6 = 4.06 ppm (H,)] and 93% ee {'H NMR [300 MHz, 15 mol-%
Eu(hfc)s]}, [a]lp = +34.4 (¢ = 1.2, THF).

Synthesis of Lithium (M)-1-(tert-Butylsulfonyl)-1-phenylpropan-1-
ide [(M)-2]: The propanide salt was synthesized by deprotonation
of sulfone (R)-7 with BuL/TMEDA and deuteriation with
CF;CO;D. Following GP1, a mixture of sulfone (R)-7 (203 mg,
0.84 mmol, =99% ee) in THF (22 mL) and TMEDA (0.84 mL of
2™ in THE, 1.68 mmol) was treated at —105 °C over 5 min with
tBuLi (0.66 mL of 1.52 M in n-pentane, 1.10 mmol). After stirring
the mixture at —105 °C for 15 min, it was treated at —105 °C over
5 min with CF3CO,D (1 mL of 2 M in THE, 2 mmol). Diethyl ether
was added and the mixture was extracted with 2 M HCI. Work-up
according to GP1 afforded sulfone (R)-[D]7 (99%) with 93% D
content ['H NMR: 6 = 4.06 ppm (H,)] and 39% ee {'H NMR
[300 MHz, 15 mol-% Eu(hfc)s]}, [a]p = +12.9 (¢ = 1.5, THF).

Synthesis of Lithium (A1)-1-(ters-Butylsulfonyl)-1-phenylpropan-1-
ide [(M)-2]: The propanide salt was synthesized by deprotonation
of sulfone (R)-7 with rBuLi and subsequent addition of TMEDA
and deuteriation with CF;CO,D. Following GP1, a mixture of sul-
fone (R)-7 (200 mg, 0.83 mmol, =99% ee) in THF (30 mL) was
treated at —105 °C over 5 min with /BuLi (0.66 mL of 1.50 M in n-
pentane, 1.08 mmol). After stirring the mixture at —105°C for
15min, it was treated at —105°C over 2min with TMEDA
(0.83 mL of 2 M in THF, 1.66 mmol). After stirring the mixture at
—105°C for 5min, it was treated at —105°C over 2 min with
CF5CO,D (1 mL of 2 M in THF, 2 mmol). Work-up afforded sulf-
one (R)-[D]7 (99 %) with =98% D content ['H NMR: J = 4.06 ppm
(Hy)] and 91% ee {'H NMR [300 MHz, 15 mol-% Eu(hfc);]}, [a]p
= +32.4 (¢ = 1.5, THF).
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(R)-(-)-|2-(tert-Butylsulfonyl)pent-4-en-2-yl|benzene [(R)-34]: Lith-
ium (P)-1-(tert-butylsulfonyl)-1-phenylethan-1-ide [(P)-1] was syn-
thesized by deprotonation of sulfone (S)-6 with rBuLi and treated
with allyl iodide. Following GPI, a solution of sulfone (S)-6
(1.025 g, 4.53 mmol, =99% ee) in THF (90 mL) was treated at
—105 °C over 10 min with a solution of rBuLi (3.8 mL of 1.52 M in
n-pentane, 5.93 mmol). After stirring the mixture at —105 °C for
15 min, it was treated at —105°C over 5 min with allyl iodide
(9.0 mL of 4 m in THEF, 36.0 mmol). After stirring the mixture at
—105 °C for 15 min, it was warmed to room temperature. Work-up
gave sulfone (R)-34 (1.175 g, 97%) with 90% ee {HPLC (n-hexane/
iPrOH, 98:2, 0.5 mLmin"!, UV 254 nm; Chiracel OD-H with OD):
tr = 20.49 min [(S)-34], tx = 21.33 min [(R)-34]}. GC (permethyl-
B-cyclodextrin, 140 °C; 100 kPa H,): tg [(S)-34] = 32.3 min, tR [(R)-
34] 32.9 = min {'H NMR [300 MHz, CDCls, 30 mol-% Eu(hfc)s]:
0 = 1.39 (S-rBu) [(5)-34], 1.41 ppm (S-rBu) [(R)-34]}, [a]p = —22.2
(¢ = 1.8, THF).

Sulfone (R)-34 (1.071 g) with 90% ee was heated at reflux for
20 min in n-hexane/EtOAc (20 mL, 8:1) and the solution was kept
for 2d at 2 °C. The resulting crystals were washed with cold n-
hexane (2 X 5mL) and dried to give sulfone (R)-34 (490 mg, 44 %),
[a]lp = —24.6 (¢ = 1.5, THF), m.p. 85-90 °C. Recrystallization from
n-hexane (8 mL) gave sulfone (R)-34 (231 mg, 21 %) with =99 % ee
as colorless plates and needles, m.p. 90-90.5 °C, [a]p = -24.7 (¢ =
1.7, THF). '"H NMR (300 MHz, CDCls): 6 = 1.09 (s, 9 H, S-7Bu),
1.90 (d, 7 = 0.7 Hz, 3 H, a-CH3), 2.89 (dd, /= 13.8, 7 = 8.7Hz, 1
H, CH,), 3.42 (ddm, J = 13.8, J = 4.7 Hz, 1 H, CH,), 5.04 (dm, J
=9.7Hz, 1 H, =CH,), 5.13 (dm, J = 17.1 Hz, 1 H, =CH,), 5.32
(dddd, J =17.1,J=9.7, J = 8.7, J = 47Hz, | H, =CH), 7.31-
7.42 (m, 3 H, m-, p-Ph), 7.67-7.73 (m, 2 H, 0-Ph) ppm. '*C NMR
(75 MHz, CDCl;): 6 = 20.6 (a-Me, d), 25.6 (S-tBu-CHj3, d), 40.7
(CH,, u), 66.7, 71.4 (S-tBu-CMe;, C,, u), 120.0 (u), 128.5, 128.8
(0-, m-Ph, d), 128.6 (p-Ph, d), 131.3 (d), 136.2 (i-Ph, u) ppm. IR
(KBr): ¥ = 3448 (w br., H,0), 3074 (w), 2988 (m), 2934 (m), 2873
(w), 2373 (w), 1980 (w), 1910 (w), 1854 (w), 1832 (w), 1655 (w),
1641 (w), 1582 (w), 1500 (m), 1482 (s), 1452 (s), 1421 (w), 1397
(m), 1383 (m), 1364 (w), 1290 (s), 1281 (s), 1269 (vs), 1215 (w),
1182 (m), 1111 (vs), 1084 (m), 1059 (s), 1029 (w), 1020 (w), 994
(W), 927 (s), 887 (w) cm™'. MS (EI, 70 eV): m/z (%) = 146 (14), 145
(100) [M — SO,rBu]*, 144 (11), 129 (15), 128 (12), 117 (31), 115
(13), 105 (13), 91 (23), 77 (10), 57 (25), 41 (30), 39 (13). C;5sH»,0,S
(266.40): calcd. C 67.63, H 8.32; found C 67.73, H 8.33.

Synthesis of Lithium (P)-1-(zert-Butylsulfonyl)-1-phenylethan-1-ide
[(P)-1]: The ethanide salt was synthesized by deprotonation of sulf-
one (S)-6 with tBuLi at —105°C and a metalation time 7, of
30 min, addition of 2equiv. of HMPA and deuteriation with
CF5;CO,D. Following GP1, a solution of sulfone (R)-6 (226 mg,
1.0 mmol, =99% ee) in THF (33 mL) was treated at —105 °C over
S min with /BuLi (0.9 mL of 1.5 M in n-pentane, 1.3 mmol). After
stirring the mixture at —105 °C for 25 min, it was first treated at
—105 °C with HMPA (2 mL of 1 m in THE, 2 mmol) and then after
over 5 min with CF;CO,D (1 mL of 2 M in THE, 2 mmol). Work-
up afforded sulfone (R)-[D]6 (99 %) with 98 % D content ['H NMR:
6 = 4.39 ppm (H,)] and 89% ee ("H NMR, GC, HPLC).

The ethanide salt (P)-1 was synthesized by deprotonation of sulf-
one (S5)-6 with /BuLi at —105°C and a metalation time f,. of
35 min, addition of 10 equiv. of HMPA before metalation and de-
uteriation with CF3CO,D. Following GP1, a solution of sulfone
(R)-6 (226 mg, 1.0 mmol, =99% ee) and HMPA (2.3 mL, 10 mmol)
in THF (33 mL) was treated at —105°C over 5 min with 7BuLi
(0.9 mL of 1.5 M in n-pentane, 1.3 mmol). After stirring the mixture
at —105 °C for 30 min, it was treated at —105 °C over 5 min with
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CF;CO,D (1 mL of 2 M in THF, 2 mmol). Work-up afforded sulf-
one (R)-[D]6 (99 %) with =98% D content ['H NMR: 6 = 4.39 ppm
(Hy)] and 66% ee ("H NMR, GC, HPLC), [a]¥ = -39.2 (¢ = 1.1,
THF).

The ethanide salt (P)-1 was synthesized by deprotonation of sulf-
one (S)-6 with (BuLi at —105°C and a metalation time 7, of
30 min, addition of 2 equiv. of HMPA before deuteriation with
CF;CO,D. Following GP1, a solution of sulfone (R)-6 (226 mg,
1.0 mmol, =99% ee) in THF (26 mL) was treated at —105 °C over
5 min with /BuLi (0.9 mL of 1.5 M in n-pentane, 1.3 mmol). After
stirring the mixture at —105 °C for 5 min, it was first treated at
—105 °C with HMPA (2 mL of 1 M in THF, 2 mmol) and then after
25 min over 5 min with CF;CO,D (1 mL of 2 M in THE, 2 mmol).
Work-up afforded sulfone (R)-[D]6 (99 %) with 98% D content ['H
NMR: 6 = 4.39 ppm (H,)] and 89% ee ('"H NMR, GC, HPLC),
[a]) = —-47.4 (¢ = 1.1, THF).

The ethanide salt (P)-1 was synthesized by deprotonation of sulf-
one (S)-6 with rBuLi at —105°C and a metalation time 7., of
30 min, addition of 10 equiv. of HMPA, and deuteriation with
CF;CO,D. Following GP1, a solution of sulfone (R)-6 (226 mg,
1.0 mmol, =99% ee) in THF (26 mL) was treated at —105 °C over
5 min with /BuLi (0.9 mL of 1.5 M in n-pentane, 1.3 mmol). After
stirring the mixture at —105 °C for 25 min, it was first treated at
—105 °C with HMPA (10 mL of 1M in THF, 10 mmol) and then
after 25 min over 5 min with CF;CO,D (I mL of 2™ in THF,
2 mmol). Work-up afforded sulfone (R)-[D]6 (99%) with =98% D
content ['H NMR: ¢ = 4.39 ppm (H,)] and 90% ee (‘H NMR, GC,
HPLC), [a]) = -51.7 (¢ = 1.0, THF).

(-)-[1-(Benzyloxy)-2-(tert-butylsulfonyl)propan-2-yl|benzene [(-)-37]:
Lithium (P)-1-(tert-butylsulfonyl)-1-phenylethan-1-ide [(P)-1] was
synthesized by deprotonation of sulfone (S)-6 with ¢BuLi at
—105°C and reaction with benzyloxymethyl bromide. Following
GP1, a solution of sulfone (R)-6 (226 mg, 1.0 mmol, =99% ee) in
THF (26 mL) was treated at —105°C over 5min with ¢BuLi
(0.9 mL of 1.5 M in n-pentane, 1.3 mmol). After stirring the mixture
at —105 °C for 5 min, it was treated at —105 °C with benzyloxy-
methyl bromide (2 mL of 1M in THF, 2.0 mmol) and then after
15 min over 5 min with CF;CO,D (1 mL of 2 M in THEF, 2 mmol).
Work-up and chromatography (n-hexane/EtOAc, 5:1) afforded sulf-
one 37 (250 mg, 72%) with 95% ee {'H NMR [300 MHz, CDCl;,
75 mol-% Eu(hfc)s]: 6 = 2.77 (Me) [(-)-37], 2.82 (Me) [(+)-37]}, R¢
= 0.17 (n-hexane/EtOAc, 5:1), [a]¥ = +8.80 (¢ = 0.9, THF). 'H
NMR (300 MHz, CDCl;): 6 = 1.07 (s, 9 H, S-tBu), 2.03 (s, 3 H,
CH;), 4.16 (d, /= 9.7Hz, 1 H, 0-CH,), 4.29 (d, J = 9.4 Hz, 1 H,
a-CH,), 4.50 (d, J = 12.1 Hz, 1 H, PhCH,), 4.59 (d, J = 12.4 Hz,
1 H, PhCH,), 7.20-7.38 (m, 8 H, Ph), 7.66-7.70 (m, 2 H, Ph) ppm.
13C NMR (75 MHz, CDCl;): § = 19.8 (d), 25.3 (d), 67.0, 72.5 (u),
72.6,73.8 (u), 127.7,127.7, 128.3, 128.4, 128.7, 128.8 (d, Ph), 135.5,
137.6 (u, i-Ph) ppm. IR (CHCl;): ¥ = 3089 (w), 3062 (w), 3026 (m),
2999 (m), 2976 (m), 2932 (m), 2871 (m), 1497 (m), 1480 (m), 1454
(s), 1396 (w), 1363 (m), 1281, 1214 (m), 1184 (m), 1148 (m), 1117,
1068, 1030 (m), 1018 (s), 925 (w)cmt. MS (70 eV): m/z (%) =
225 (13) [M — CH,OCH,Ph]*, 118 (16), 92 (10), 91 (100), 57 (17).
CyoH56058S (346.48): caled. C 69.33, H 7.56; found C 69.36, H 7.71.

(-)-(R)-[2-(tert-Butylsulfonyl)pent-4-yn-2-yl]benzene [(R)-35]: Lith-
ium (P)-1-(tert-butylsulfonyl)-1-phenylethan-1-ide [(P)-1] was syn-
thesized by deprotonation of sulfone (S)-6 with BuLi at —105 °C
and reaction with propargyl bromide. Following GP1, a solution
of sulfone (R)-6 (226 mg, 1.0 mmol, =99% ee) in THF (26 mL)
was treated at —105 °C over 5 min with rBuLi (0.9 mL of 1.5M in
n-pentane, 1.3 mmol). After stirring the mixture at —105°C for
Smin, it was treated at —105°C first with propargyl bromide

Eur. J. Org. Chem. 2010, 4588-4616



Synthesis of Lithium a-zert-Butylsulfonyl Carbanion Salts

Eur

(0.45 mL of 80% in toluene, 4.0 mmol) and then after 15 min over
Smin with CF;CO,D (I mL of 2™ in THE, 2 mmol). Work-up
and chromatography (petroleum ether/diethyl ether, 2:1) afforded
sulfone (R)-35 (204 mg, 77%) with 87% ee. '"H NMR [300 MHz,
CDCls, 75% Eu(hfc)s]: 0 = 2.86 (Me) [(R)-35], 2.90 ppm (Me) [(S)-
35]. GC (permethyl-B-cyclodextrin): g [(S)-35] = 35.8 min, 7 [(R)-
35] = 36.2 min. Recrystallization from cyclohexane/EtOAc gave
single crystals of the sulfone as colorless blocks, m.p. 145-150 °C,
Ry = 0.30 [petroleum ether (40-70)/Et,0, 2:1], [a]f) = -38.54 (¢ =
1.0, THF). '"H NMR (300 MHz, CDCls): 6 = 1.08 (s, 9 H, S-/Bu),
1.86 (t, J = 2.7Hz, 1 H, =CH), 2.07 (d, /. = 1.0 Hz, 3 H, CHj),
3.14 (dd, J = 16.8, J = 2.7Hz, | H, CH,), 3.54 (ddd, J = 16.8, J
=2.7,J=10Hz 1 H, CH,), 7.35-7.44 (m, 3 H, Ph), 7.69-7.74
(m, 2 H, Ph) ppm. '3C NMR (75 MHz, CDCl5): 6 = 21.2 (d), 25.4
(d), 27.4 (u), 66.8 (u), 70.9 (u), 71.9 (u), 78.5 (u), 128.5 (d), 128.7
(d), 128.9 (d) (Ph), 135.4 (u, i-Ph) ppm. IR (KBr): ¥ = 3430 (w),
3273 (s), 2999 (m), 2981 (m), 2935 (m), 1499 (w), 1480 (m), 1452
(m), 1384 (m), 1368 (w), 1275, 1212 (w), 1181 (m), 1115, 1084 (m),
1063 (s), 1031 (w), 927 (w), 881 (w) cm™'. MS (70 eV): m/z (%) =
143 (27) [M — SO,Bu]*, 128 (18), 57 (5). C;5H5,0,S (264.38):
calcd. C 68.15, H 7.62; found C 68.25, H 7.78.

(-)-|4-(tert-Butylsulfonyl)-4-phenylpent-1-ynyl]trimethylsilane  [(-)-
36]: Lithium (P)-1-(zert-butylsulfonyl)-1-phenylethan-1-ide [(P)-1]
was synthesized by deprotonation of sulfone (S)-6 with /BuLi at
—105 °C and reaction with 3-(trimethylsilyl)propargyl bromide. Fol-
lowing GP1, a solution of sulfone (R)-6 (226 mg, 1.0 mmol, =99%
ee) in THF (26 mL) was treated at —105 °C over 5 min with rBuLi
(0.9 mL of 1.5 M in n-pentane, 1.3 mmol). After stirring the mixture
at —105 °C for 5 min, it was treated at —105 °C first with trimethyl-
silylpropargyl bromide (1 mL of 4 M in THF, 4.0 mmol) and then
after 30 min over 5 min with CF;CO,D (I mL of 2m in THE,
2 mmol). Work-up and chromatography (n-hexane/EtOAc, 3:1) af-
forded sulfone (R)-36 (283 mg, 84%) with 94% ee {'H NMR
[300 MHz, CDCl;, 75 mol-% Eu(hfc)s]: 6 = 3.01 (Me) [(-)-36],
3.06 ppm (Me) [(+)-37]}, m.p. 66-67 °C, Ry = 0.17 (n-hexane/
EtOAc, 5:1), [a]¥ = -45.53 (¢ = 1.1, THF). 'H NMR (300 MHz,
CDCl;): 0 = -0.05 [s, 9 H, Si(CH3)3], 1.14 (s, 9 H, S-¢Bu), 2.10 (d,
J=1.0Hz, 3 H, CH3), 3.14 (d, J = 16.8 Hz, 1 H, CH,), 3.63 (dd,
J=16.8,J=0.7Hz, 1 H, CH,), 7.37-7.47 (m, 3 H, Ph), 7.72-7.77
(m, 2 H, Ph) ppm. '*C NMR (75 MHz, CDCl;): 6 = 0.0 (d), 21.6
(d), 25.7 (d), 29.1 (u), 67.0 (u), 71.4 (u), 8§9.2 (u), 101.3 (u), 128.5
(d), 128.9 (d), 129.1 (d) (Ph), 135.9 (u) ppm. IR (KBr): ¥ = 3074
(w), 3058 (w), 3001 (m), 2990 (m), 2963 (m), 2951 (m), 2898 (m),
2181 (m), 1498 (m), 1482 (m), 1446 (m), 1396 (w), 1383 (m), 1366
(w), 1272 (s), 1254 (s), 1216 (w), 1185 (m), 1157 (w), 1114 (s), 1080
(m), 1072 (m), 1060 (s), 1041 (s), 1030 (m) cm™'. MS (70 €V): m/z
(%) = 215 (16) [M — SO,Bu]*, 73 (100), 57 (17). C;3H»30,SSi
(336.56): caled. C 64.24, H 8.39; found C 64.06, H 8.43.

(-)-2-(tert-Butylsulfonyl)-1,2-diphenylpropan-1-ol [(-)-38]: Lithium
(P)-1-(tert-butylsulfonyl)-1-phenylethan-1-ide [(P)-1] was synthe-
sized by deprotonation of sulfone (S)-6 with /BuLi at —105 °C and
reaction with benzaldehyde. Following GP1, a solution of sulfone
(R)-6 (226 mg, 1.0 mmol, =99% ee) in THF (26 mL) was treated
at —105 °C over 5 min with /BuLi (0.9 mL of 1.5M in n-pentane,
1.3 mmol). After stirring the mixture at —105 °C for 5 min, it was
treated at —105 °C first with benzaldehyde (2 mL of 4 M in THF,
8.0 mmol) and then after 15 min over 5 min with CF;CO,D (1 mL
of 2 M in THEF, 2 mmol). The mixture was washed first with satu-
rated aqueous NaHCO; (10 mL) and then with saturated aqueous
Na,SO; (2 X20 mL). Work-up according to GP1 and purification
by chromatography gave a mixture of alcohols 38A and 38B
(266 mg, 80%) in a ratio of 63:21. Separation of the diastereomeric
alcohols (70 mg) by MPLC (n-hexane/EtOAc, 5:1) gave dia-
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stereomer (-)-38A (51 mg) with 94% ee {'H NMR (300 MHz,
CDCls, 5 equiv. of Pirkle alcohol): 6 = 6.06, 6.07 (CHOH), 4.15,
4.16 ppm (OH); 'H NMR [30 MHz, CDCl;, 7 mol-% Eu(hfc);]: &
= 1.31, 1.36, (S-tBu), 2.72, 2.48 ppm (Me); HPLC (Chiralcel OD-
H, n-hexane/iPrOH, 9:1, UV, 254 nm): tg = 24.6, 25.9 min} and
diastereomer (-)-38B (15 mg) with 95% ee {'H NMR (300 MHz,
CDCls, 5 equiv. of Pirkle alcohol): 6 = 5.68, 5.70 (CHOH), 4.63,
4.65 (OH) ppm; '"H NMR [300 MHz, CDCl;, 7% Eu(hfc)s]: 6 =
2.02, 2.04 ppm (Me)} as colorless solids.

(-)-38A: R; = 0.40 (n-hexane/EtOAc, 3:1), m.p. 98 °C. 'H NMR
(300 MHz, CDCls): 0 = 1.13 (s, 9 H, S-tBu), 1.99 (s, 3 H, CHj),
420 (d, J = 1.3Hz, 1 H, OH), 6.14 [br. s, 1| H, CH(OH)], 6.95-
7.10 (m, 6 H, m-, p-Ph), 7.26-7.35 (m, 4 H, 0-Ph) ppm. '*C NMR
(75 MHz, CDCl;): 6 = 14.4 (d), 25.7 (d), 69.1, 75.9 (u), 71.1 (d),
125.4 (d), 127.1 (d), 127.5 (d), 128.4 (d), 129.0 (d), 129.7 (d) (Ph),
134.4 (u), 137.0 (u) (i-Ph) ppm. MS (70 eV): m/z (%) = 332 (0.1)
[M]*, 211 (5), 133 (4), 105 (21), 77 (8), 57 (9). C19H»403S (332.46):
caled. C 68.64, H 7.28; found C 68.56, H 7.38.

(-)-38B: R; = 0.44 (n-hexane/EtOAc, 3:1), m.p. 160 °C. '"H NMR
(300 MHz, CDCl5): 6 = 1.15 (s, 9 H, S-rBu), 1.67 (s, 3 H, CHj),
4.65(d, J=1.7Hz, 1 H, OH), 5.74 [d, J = 1.3 Hz, | H, CH(OH)],
6.95-7.10 (m, 6 H, m-, p-Ph), 7.26-7.35 (m, 4 H, o-Ph) ppm. '3C
NMR (75 MHz, CDCls): ¢ = 20.5 (d), 25.9 (d), 69.1, 74.1 (u), 78.5
(d), 123.6 (d), 124.7 (d), 126.4 (d), 127.5 (d), 128.0 (d), 128.3 (d),
129.1 (d), 129.4 (d) (Ph), 130.4 (u), 132.6 (u) (i-Ph) ppm.

(-)-3-(tert-Butylsulfonyl)-3-phenylbutan-2-one [(—)-39]: Lithium (P)-
1-(tert-butylsulfonyl)-1-phenylethan-1-ide [(P)-1] was synthesized
by deprotonation of sulfone (S)-6 with /BuLi at —105 °C and reac-
tion with acetic anhydride. Following GP1, a solution of sulfone
(R)-6 (226 mg, 1.0 mmol, =99% ee) in THF (26 mL) was treated
at —105 °C over 5 min with BuLi (0.9 mL of 1.5M in n-pentane,
1.3 mmol). After stirring the mixture at —105 °C for 5 min, it was
treated at —105 °C first with acetic anhydride (0.3 mL, 3.0 mmol)
and then after 30 min over 5 min with CF;CO,D (1 mL of 2™ in
THE, 2 mmol). Work-up and purification by chromatography (n-
hexane/EtOAc/THE, 8:1:0.1) have ketone 39 (184 mg, 69%) with
94% ee {"H NMR [300 MHz, CDCls, 30 mol-% Eu(hfc);]: 6 = 2.63,
2.65 ppm (CH3); HPLC (Chiralcel OD-H, n-hexane/iPrOH, 98:2,
UV 254 nm): 1z = 20.9, 23.8 min} as a colorless solid, m.p. 107—
110 °C, R; = 0.06 (n-hexane/EtOAc/THEF, 8:1:0.1), [a]¥) = -78.1 (¢
= 1.1, THF). '"H NMR (300 MHz, CDCl;): 6 = 1.16 (s, 9 H, S-
tBu), 2.16 (s, 3 H, CH3), 2.44 (s, 3 H, CH;), 7.38-7.43 (m, 3 H,
Ph), 7.59-7.64 (m, 2 H, Ph) ppm. '3C NMR (75 MHz, CDCl,): ¢
=20.6 (d), 25.6 (d), 28.3 (d), 69.2 (u), 82.7 (u), 128.5 (d), 129.4 (d),
129.7 (d), 133.2 (u), 201.4 (u) ppm. IR (KBr): v = 3423 (w), 3064
(w), 3004 (m), 2977 (m), 2936 (w), 2875 (w), 1719 (vs), 1601 (w),
1582 (w), 1498 (m), 1479 (m), 1468 (s), 1450 (s), 1398 (m), 1383
(m), 1364 (m), 1351 (m), 1284 (s), 1175 (s), 1113 (vs), 1102 (s), 1069
(s), 1057 (s), 1034 (m), 1020 (m), 1003 (m), 958 (m), 932 (m), 835
(m), 802 (s) cm™'. GC-MS (EI, 70 eV): m/z (%o) = 268 (4) [M]*, 189
(41), 148 (18), 147 (100), 129 (29), 57 (23). C;5H5,05S (268.37):
caled. C 62.66, H 7.51; found C 62.46, H 7.46.

(R)-|2-(tert-Butylsulfonyl)butan-2-yl]benzene [(R)-40]: Lithium (P)-
1-(tert-butylsulfonyl)-1-phenylethan-1-ide [(P)-1] was synthesized
by deprotonation of sulfone (S)-6 with /BuLi at —105 °C and reac-
tion with ethyl iodide in the presence of 10 equiv. of HMPA (¢, =
1 h, —105 °C). Following GP1, a solution of sulfone (S5)-6 (226 mg,
1.0 mmol, =99% ee) in THF (29 mL) was treated at —105 °C over
S min with /BuLi (0.9 mL of 1.5 M in n-pentane, 1.3 mmol). After
stirring the mixture at —105 °C for 5 min, it was treated at —105 °C
first with HMPA (13 mL of 1 M in THF, 10 mmol), then with Etl
(1 mL of 4 M in THF, 4 mmol), and then after 1 h over 5 min with
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CF5;CO,D (1 mL of 2™ in THF, 2 mmol). Work-up gave sulfone
(R)-40 (234 mg, 92%) with 91% ee {GC (permethyl-p-cyclodex-
trin): g [(R)-40] = 57.4 min, tx [(S)-40] = 58.0 min}, m.p. 115 °C,
[a]¥ = +28.8 (¢ = 0.9, THF).

(R)-|2-(tert-Butylsulfonyl)-2-methylpent-4-enyl]benzene [(R)-41]:
Lithium (P)-1-(zert-butylsulfonyl)-1-phenylpropan-2-ide [(P)-5] was
synthesized by deprotonation of sulfone (S)-10 with nBuLi at
—105 °C and reaction with allyl iodide. Following GP1, a solution
of sulfone (5)-10 (400 mg, 1.67 mmol, =99% ee) in THF (20 mL)
was treated at —105 °C over 5 min with #nBuLi (2.1 mL of 1.5 M in
n-hexane, 3.1 mmol). After stirring the mixture at —105°C for
S min, it was treated at —105 °C first with a solution of allyl iodide
(0.2mL, 3.7mmol) in THF (1 mL) and then after 10 min over
Smin with a solution of CF;CO,D (0.3 mL, 3.4 mmol) in THF
(1 mL). Work-up and purification first by chromatography (n-hex-
ane/EtOAc, 4:1) and then by MPLC (cyclohexane/EtOAc, 8:1) gave
sulfone (R)-41 (368 mg, 80%) with 91% ee {'H NMR [300 MHz,
41 mol-% Eu(hfc);, CDCl;): 0 = 4.05 (s) and 4.03 (d, J = 11.8 Hz)/
4.12 ppm (d, J = 11.8 Hz) (PhCH,)} as a colorless oil, Ry = 0.41
(n-hexane/EtOAc, 2:1), [a]sgs = +13.0 (¢ = 2.00, Et,0). '"H NMR
(300 MHz, CDCl): 6 = 1.40 (s, 3 H, CH3), 1.60 (s, 9 H, tBu-CHs),
2.54 (ddt, J =1.4,J=6.7, J =153 Hz, 1 H, CH,CH=CH,), 2.66
(ddt, J=7.0,J =14, J=153Hz, 1 H, CH,CH=CH,), 3.29 (s, 2
H, CH,Ph), 5.02 (dq, J = 17.1, J = 1.8 Hz, 1 H, CH,CH=CH,),
5.09 (dq, J = 10.2, J = 2.0 Hz, 1 H, CH,CH=CH,), 5.93 (m, 1 H,
CH,CH=CH,), 7.21-7.24 (m, 2 H, m-Ph), 2.24-7.32 (m, 3 H, p-,
0-Ph) ppm. *C NMR (75 MHz, CDCl5): § = 21.0 (a-CH3), 26.4
(rBu-CH3), 39.4 (CH,), 40.9 (CH,), 66.6 (1Bu-C), 72.1 (C,), 118.6
(CH,CH=CH,), 127.1 (p-Ph), 128.2, 131.2 (o-, m-Ph), 133.2
(CH,CH=CH,), 135.4 (i-Ph) ppm. IR (CH,ClL,): ¥ = 2980 (m),
1640 (w), 1600 (w), 1460 (m), 1280 (s), 1180 (w), 1100 (s), 920 (m),
800 (w) cm'. MS (EI, 70 eV): m/z (%) = 159 (25), 117 (15), 105
(13), 91 (100), 81 (44), 65 (10), 57 (82), 55 (23), 41 (28). C;sH240,S
(280.41): calcd. C 68.53, H 8.63; found C 68.05, H 8.67.

(S)-(+)- and (R)-(-)-[3-(Benzyloxy)-2-(tert-butylsulfonyl)-2-methyl-
propyllbenzene [(S)-42 and (R)-42]: Compounds (S)-42 and (R)-42
were synthesized from lithium (P)- and (M)-2-(tert-butylsulfonyl)-
1-phenylpropan-2-ide [(P)-5 and (M)-5] by reaction with benzyl-
oxymethyl bromide. Following GP1, a solution of sulfone (S)-10
(200 mg, 0.83 mmol, =99% ee) in THF (20 mL) was treated at
—105°C over 5Smin with nBuLi (1.08 mL of 1.37 M in n-hexane,
1.49 mmol). After stirring the mixture at —105 °C for 5 min, it was
treated at —105 °C first with a solution of benzyloxymethyl bromide
(0.6 mL, 4.15mmol) and then after 20 min over 5min with
CF;CO,D (1 mL of 2™ in THF, 2 mmol). Work-up and purifica-
tion first by chromatography (n-hexane/EtOAc, 4:1) and then by
MPLC (cyclohexane/EtOAc, 8:1) gave sulfone (S)-42 (209 mg,
70%) with 91% ee {'H NMR [300 MHz, 69 mol-% Pr(thfc)s,
CDClL;): 0 = 4.32, 4.41 ppm (PhCH,)} as colorless needles, Ry =
0.54 (n-hexane/EtOAc, 2:1), [a]lp = +39.59 (¢ = 0.99, CH,Cl,), m.p.
68 °C. '"H NMR (300 MHz, CDCls): § = 1.25 (s, 3 H, CH3), 1.54
(s, 9 H, rBu-CHs;), 3.15 (d, / = 13.1 Hz, 1 H, CH,Ph), 3.35(d, J =
11.1 Hz, 1 H, CH,Ph), 3.58 (d, J/ = 12.8 Hz, 1 H, CH,OCH,Ph),
3.77 (d, J = 11.1 Hz, 1 H, CH,OCH,Ph), 449 (d, J = 11.4Hz, 1
H, OCH,Ph), 4.56 (d, J = 11.4 Hz, 1 H, OCH,Ph), 7.16-7.40 (m,
10 H, Ph) ppm. 13C NMR (75 MHz, CDCls): 6 = 17.3 (CH3), 25.2
(tert-Butyl-CH3), 37.2 (CH,Ph), 67.1 (tBu-C), 69.8 (CH,OCH,Ph),
73.1 (OCH,Ph), 73.5 (C,), 126.9, 128.0, 128.1, 128.2, 128.5, 131.0
(0-, m-, p-Ph), 135.5, 136.9 (i-Ph) ppm. IR (KBr): ¥ = 3450 (m),
2980 (w), 2880 (w), 1750 (w), 1630 (w), 1600 (w), 1500 (m), 1475
(m), 1455 (m), 1370 (m), 1275 (s), 1140 (w), 1100 (s), 1020 (m) cm 1.
MS (EL, 70 eV): mi/z (%) = 132 (15), 131 (44), 92 (11), 91 (100), 57
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(25). Cy Ha505S (360.52): caled. C 69.96, H 7.83; found C 69.92,
H7.72.

Following the above procedure, sulfone (R)-10 (200 mg, 0.83 mmol)
gave at —95 °C sulfone (R)-42 (313 mg, 87%) with 84 ee, [a]p =
—35.05 (¢ = 0.53, CH,Cl,).

(1R,2S)- and (1S,25)-2-(tert-Butylsulfonyl)-2-methyl-1,3-diphenyl-
propan-1-ol [(1R,2S5)-43 and (1S,25)-43|: Lithium (P)-2-(tert-butyl-
sulfonyl)-1-phenylpropan-2-ide [(P)-5] was synthesized by depro-
tonation of sulfone (S)-10 with nBuLi and reaction with benzalde-
hyde: According to GP1, a solution of rBuLi (3.040 mmol) in THF
(12 mL) was treated at —105 °C over 5 min with a solution of sul-
fone (S5)-10 (242 mg, 1.007 mmol, =99% ee) in THF (I mL). After
stirring the mixture at —105 °C for 3 min, it was treated at —105 °C
first with a solution of benzaldehyde (318 mg, 3.00 mmol) in THF
(1 mL) and then after 10 min with a solution of CF;CO,D (0.2 mL,
2.6 mmol) in THF (1 mL). Work-up and MPLC (n-hexane/EtOAc,
8:1) gave a mixture of alcohols (25)-43A with =95% ee and (29)-
43B with =95% ee (292 mg, 84%) in a ratio of 3:2 as a heavy oil,
which crystallized upon standing, m.p. 75 °C, Ry = 0.22 (n-hexane/
EtOAc, 4:1), [a]3ls = +49.4 (¢ = 1.92, THF), 'H NMR [250 MHz,
25mol-% Eu(hfc);, CDCl;]: major diastereomer: o = 1.79,
1.83 ppm (S-tBu); minor diastereomer: 0 = 2.05, 2.08 ppm (S-/Bu);
major diastereomer: 6 = 2.32, 2.42 ppm (Me); minor diastereomer:
0 =2.28, 2.35 ppm (Me).

(2S)-43A: "H NMR (400 MHz. CDCly): § = 1.46 (s, 3 H, a-CH,),
1.53 (s, 9 H, /Bu-CH3), 3.28 (d, /= 13.5 Hz, | H, CH,), 3.4 (d, J =
13.5Hz, 1 H, CH,), 4.52[s, 1 H, CH(Ph)OH], 4.85 (d, /= 7.4 Hz, 1
H, OH), 6.98-7.46 (m, 10 H, Ph)ppm. 3C NMR (100 MHz,
CDCly): 6 = 17.9 (0-CHs), 25.9 (1Bu-CHs), 39.5 (CH.), 68.7 (tBu-
), 77.5 (C,), 127.2 (p-Ph), 127.7 (Ph), 127.9 (Ph), 128.2 (Ph), 128.3
(Ph), 128.4 (Ph), 128.5 (Ph), 128.8 (Ph), 131.1 (Ph), 131.7 (Ph-C),
134.9 (Ph), 138.9 (i-Ph) ppm.

(25)-43B: 'H NMR (400 MHz, CDCLy): 6 = 1.20 (s, 3 H, a-CH,),
1.62 (s, 9 H, rBu-CHs), 3.22 (d, J = 15.4 Hz, | H, CH,), 3.74 (d, J =
15.4 Hz, 1 H, CH,), 5.48 [s, | H, CH(Ph)OH], 4.81 (d, /= 7.4 Hz, 1
H, OH), 6.98-7.46 (m, 10 H, Ph)ppm. '*C NMR (100 MHz.
CDCI13): 6 = 21.1 (a-CH3), 26.3 (1Bu-CHs), 33.8 (CH.,), 68.4 (tBu-
C), 76.6 (Cy), 126.6 (p-Ph), 135.9 (i-Ph), 138.0 (i-Ph) ppm.

(2S)-43A1(25)-43B: TR (KBr): ¥ = 3600-3200 (br s, OH), 3080,
3070, 3000 (w), 2975, 2940, 2880 (w), 1600 (w), 1490, 1450 (m),
1265 (s), 1103 (s), 1080, 1060, 1040 (m), 910, 890 (w), 760, 700, 630
(m) em . MS (EL 70 eV): mlz (%) = 346 (7) [M]*, 240 (24), 225
(58), 208 (20), 207 (18), 193 (11), 184 (45), 167 (52), 117 (13), 115
(18), 107 (68), 105 (98), 92 (22), 91 (100), 79 (34), 77 (36), 71 (30),
65 (21), 57 (100), 43 (16), 41 (53), 39 (24). C2oHs405S (346.5): caled.
C 69.33, H 7.56; found C 69.37, H 7.60.

(2S,3R,E)- and (2S,3S,E)-2-(tert-Butylsulfonyl)-2-methyl-1-phen-
ylhex-4-en-3-ol [(2S5,3S,E)-45 and (28,3R,E)-45]: The hexenols were
synthesized from lithium (P)-(zert-butylsulfonyl)-1-phenylpropan-
2-ide [(P)-5] by reaction with but-2-enal. Following GP1, a solution
of sulfone (S)-10 (600 mg, 2.5 mmol, =99% ee) in THF (50 mL)
was treated at —105 °C over 5 min with nBuLi (3.3 mL of 1.4 M in
n-hexane, 4.5 mmol). After stirring the mixture at —105°C for
5 min, it was treated at —105 °C first with a solution of but-2-enal
(1.05 mL, 12.5 mmol) and then after 10 min over 5 min with a solu-
tion of CF;CO,D (0.4 mL, 5.0 mmol) in THF (1 mL). Work-up
and purification by chromatography (n-hexane/EtOAc, 2:1) gave a
mixture of the diastereomeric alcohols (548 mg, 76%) in a ratio of
1:1. Separation by MPLC (cyclohexane/EtOAc, 2:1) gave dia-
stereomer (25)-45A (270 mg, 38%) with 94% ee {'H NMR
[300 MHz, 70 mol-% Eu(tfc);, CDCl3): 6 = 1.72, 1.76 ppm (tBu)}
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and diastereomer (25)-45B (267 mg, 37%) with 90% ee {'"H NMR
[300 MHz, 68 mol-% Eu(tfc);, CDCl;]: 6 = 7.62, 7.65 ppm (Ph)}
both as colorless needles.

(28)-45A: [a]p = ~30.67 (¢ = 0.70, CH,CL,), m.p. 118 °C. '"H NMR
(300 MHz, CDCLy): 6 = 1.42 (s, 3 H, 0-CHs), 1.59 (s, 9 H, /Bu-
CH,), 1.62 (dd, J= 6.7, J= 1.2 Hz, 3 H, CH,), 3.29 (d, J = 13.9 Hz,
1 H, CH,), 3.49 (d, J = 13.9 Hz, | H, CH,), 3.78 (d, J = 4.0 Hz, 1
H, OH), 4.54 (dd, J = 7.7, J = 4.0 Hz, | H, CHOH), 5.26 (dd, J =
7.7, J = 40Hz, 1 H, CHCHCH,), 5.72 (m, 1 H, CHCHCHy,),
7.23-7.34 (m, 5 H, Ph) ppm. '*C NMR (75 MHz, CDCly): 5 = 17.8
(a-CHs), 19.9 (CH,CHCH), 26.1 (tBu-CHs), 36.41 (CH,), 68.1
(Bu-C), 76.16 (CHOH), 76.62 (C,), 127.0 (p-Ph), 128.1 (m-Ph),
128.3, 131.0 (C=C), 131.7 (0-Ph), 135.6 (Ph) ppm.

(28)-45B: [a]p = +21.54 (¢ = 0.65, CH,Cl,), m.p. 116 °C. '"H NMR
(300 MHz, CDCls): 6 = 1.34 (s, 3 H, a-CH3), 1.59 (s, 9 H, ¢Bu-
CHs), 1.69 (dd, J = 6.4, /= 1.7 Hz, 3 H, CH3), 3.12 (d, J = 12.1 Hz,
1 H, CH,), 3.78 (t, J = 9.4 Hz, | H, CHOH), 3.81 (d, J = 12.4 Hz,
1 H, CH»), 390 (d, J = 94Hz, 1 H, CHOH), 525 (m, 1 H,
CHCHCH,), 590 (m, 1 H, CHCHCH;), 7.26-7.42 (m, 5 H,
Ph) ppm. 3C NMR (75 MHz, CDCl,): 6 = 17.8 (a-CH3), 19.4
(CH;CHCH), 25.7 (tBu-CHs), 39.1 (CH,), 68.1 (Bu-C), 75.8 (C,),
77.3 (CHOH), 127.3 (p-Ph), 128.3 (m-Ph), 129.1, 129.5 (C=C),
131.3 (0-Ph), 134.7 (Ph) ppm. IR (KBr): v = 3456 (w), 3054 (m),
3030 (m), 2962 (m), 2938 (m), 2883 (w), 1951 (w), 1750 (w), 1603
(m), 1456 (m), 1447 (m), 1397 (m), 1365 (s), 1266 (s), 1125 (s), 1089
(s), 967 (s) cm™'. MS (EL 70 eV): m/z (%) = 240 (14), 189 (20), 184
(18), 167 (23), 143 (18), 119 (23), 91 (100), 71 (14), 57 (37), 43 (13),
41 (23). C17Ha605S (310.45): caled. C 65.77, H 8.44; found C 65.91,
H 8.44.

Synthesis of Lithium (P)-(+)-2-(tert-Butylsulfonyl)-1-phenylpropan-
2-ide [(P)-5] and Polarimetric Investigation of the Racemization at
-86 °C: Following GP1, a solution of sulfone (S)-10 (166 mg,
0.69 mmol, =99% ee) in THF (7.5 mL) was treated at —105 °C over
5 min with nBuLi (0.48 mL of 1.6 M in n-hexane, 0.77 mmol). After
stirring the mixture at —105 °C for 5 min, the solution (5 mL) was
transferred under argon pressure through a cold (-100 °C) cannula
to the polarimeter tube kept at —86.2 °C by a thermostat (¢ =
0.087 mol 1°1). The polarimeter was closed (¢ = 0). The optical rota-
tion of a = 0.334° {[a]5§¢ = 16.0 (¢ = 2.08, THF)} at 4 = 546 nm
fell over 20 min to 0° (Table 13; ¢ = 0.086 mol L', Tiype = —86.2 °C,
A = 546 nm, ay = 0.334°, measurement time 4.4 X 7.,). Treatment
of the salt rac-5 with CF3CO,D gave sulfone rac-10 (96 mg, 93 %)
with =98% D content.

Table 13. Time-dependence of the optical rotation of the salt (P)-5
at —86 °C.

¢ [min] a[°] Inay/a ¢t [min] a[°] Inay/a
1 0.270 0.213 9 0.049 1.919
2 0.216 0.435 10 0.040 2.122
3 0.171 0.669 11 0.035 2.256
4 0.139 0.876 12 0.027 2.515
5 0.112 1.093 13 0.023 2.677
6 0.093 1.279 14 0.020 2.815
7 0.072 1.534 15 0.015 3.103
8 0.061 1.700 16 0.012 3.326

Analysis of the data according to first-order kinetics gave ko
(187K) = (3.42£0.2) 10357}, 7,, (187 K) = 3.4=0.2 min, and
AGH g7 = 12.9+0.1 kcalmol 1.

Synthesis of Lithium (P)-(+)-2-(tert-Butylsulfonyl)-1-phenylpropan-
2-ide:4DMPU [(P)-5-4DMPU] and Polarimetric Investigation of the
Racemization at —77 °C: Following GP1, a solution of sulfone (S)-
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10 (183 mg, 0.76 mmol, =99% ee) and DMPU (391 mg,
3.05 mmol) in THF (7 mL) was treated at —105 °C over 5 min with
nBuLi (0.51 mL of 1.6 M in n-hexane, 0.81 mmol). After stirring the
mixture at —105 °C for 5 min, the solution (5 mL) was transferred
under argon pressure through a cold (-100 °C) cannula to the pola-
rimeter tube kept at —76.5°C by a thermostat (Table 14; ¢ =
0.095 molL!, Tyype = —76.5°C, 4 = 546 nm, a, = 0.683°, measure-
ment time 6.8 X 7,,). Treatment of salt rac-5 with CF;CO,D gave
sulfone rac-10 (96 mg, 93%) with =98% D content.

Table 14. Time-dependence of the optical rotation of the salt
(P)-5-4DMPU at —77 °C.

¢t [min] a[°] Inagla t [min] a[°] Inay/a
0.5 0.611 0.111 4.0 0.049 2.635
1.0 0.360 0.640 4.5 0.036 2.943
1.5 0.259 0.970 5.0 0.026 3.268
2.0 0.186 0.876 5.5 0.019 3.582
2.5 0.133 1.301 6.0 0.013 3.962
3.0 0.096 1.962 6.5 0.010 4.224
35 0.067 2.322 7.00 0.007 4.581

Analysis of the data according to first-order kinetics gave ki,
(187K) = (1.11 £0.1) X102 s7! and 7., (187 K) = 1.0 = 0.1 min.

Synthesis of Lithium (P)-(+)-2-(tert-Butylsulfonyl)-1-phenylpropan-
2-ide"dDMPU [(P)-5:4DMPU]J and Polarimetric Investigation of the
Racemization at —80 °C: Following GP1, a solution of sulfone (S)-
10 (187 mg, 0.778 mmol, =99% ee¢) and DMPU (400 mg,
3.12 mmol) in THF (7 mL) was treated at —105 °C over 5 min with
nBuLi (0.54 mL of 1.6 M in n-hexane, 0.86 mmol). After stirring the
mixture at —105 °C for 5 min, the solution (5 mL) was transferred
under argon pressure through a cold (-100 °C) cannula to the pola-
rimeter tube kept at —80.0 °C (Table 15; ¢ = 0.097 mol L}, Tyype =
-80.0 °C, 4 = 546 nm, aq = 1.078°, measurement time 7.1 X 7.,).
Treatment of salt rac-5 with CF;CO,D gave sulfone rac-10 (96 mg,
93%) with =98% D content.

Table 15. Time-dependence of the optical rotation of the salt
(P)-5-4DMPU at -80 °C.

¢ [min] a[°] Inagla ¢ [min] a [°] Inagl/a
0.5 0.946 0.131 8.0 0.073 2.692
1.0 0.804 0.293 9.0 0.054 2.994
2.0 0.569 0.639 10.0 0.037 3.372
3.0 0.395 1.003 11.0 0.027 3.387
4.0 0.279 1.352 12.0 0.019 4.038
5.0 0.200 1.685 13.0 0.014 4.344
6.0 0.143 2.020 14.0 0.010 4.680
7.0 0.102 2.358 15.0 0.007 5.037

Analysis of the data according to first-order kinetics gave ki,
(193K) = (5.56 £0.2) X103 s7! and 7, (193 K) = 2.1=0.1 min.

Synthesis of Lithium (P)-(+)-2-(tert-Butylsulfonyl)-1-phenylpropan-
2-ide"4dDMPU [(P)-5-4DMPU]J and Polarimetric Investigation of the
Racemization at —82 °C: Following GP1, a solution of sulfone (S)-
10 (156 mg, 0.65mmol, =99% ee¢) and DMPU (333 mg,
2.60 mmol) in THF (7 mL) was treated at —105 °C over 5 min with
nBuLi (0.44 mL of 1.6 M in n-hexane, 0.70 mmol). After stirring the
mixture at —105 °C for 5 min, the solution (5 mL) was transferred
under argon pressure through a cold (100 °C) cannula into the
polarimeter tube kept at —81.5°C (Table 16; ¢ = 0.081 molL!,
Tiwe = —81.5°C, 1 = 546 nm, a, = 0.507°, measurement time
5.6 X1,,). Treatment of the salt rac-5 with CF;CO,D gave sulfone
rac-10 (96 mg, 93 %) with =98% D content.
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Table 16. Time-dependence of the optical rotation of the salt
(P)-5-4DMPU at -82 °C.

¢ [min] a[°] Inagla ¢ [min] a[°] Inag/a
0.5 0.452 0.115 8.0 0.056 2.203
1.0 0.399 0.240 9.0 0.043 2.467
2.0 0.297 0.535 10.0 0.033 2.732
3.0 0.224 0.817 11.0 0.025 3.010
4.0 0.168 1.105 12.0 0.019 3.284
5.0 0.126 1.392 13.0 0.014 3.589
6.0 0.097 1.654 14.0 0.011 3.831
7.0 0.073 1.938

Analysis of the data according to first-order kinetics gave ko
(192K) = (4.59=0.2) X103 s7! and 71, (192 K) = 2.5+0.1 min.

Synthesis of Lithium (P)-(+)-2-(tert-Butylsulfonyl)-1-phenylpropan-
2-ide:4DMPU (P-5-4DMPU) and Polarimetric Investigation of the
Racemization at -84 °C: Following GP1, a solution of sulfone (S)-
10 (151 mg, 0.627 mmol, =99% ee¢) and DMPU (322 mg,
2.508 mmol) in THF (7 mL) was treated at —105 °C over 5 min with
nBuLi (0.42 mL of 1.6 M in n-hexane, 0.67 mmol). After stirring the
mixture at —105 °C for 5 min, the solution (5 mL) was transferred
under argon pressure through a cold (-100 °C) cannula into the
polarimeter tube kept at —83.5°C (Table 17; ¢ = 0.078 molL!,
Twbe = —83.5°C, 1 = 546 nm, a, = 0.543°, measurement time
5.8 X1,). Treatment of the salt rac-5 with CF;CO,D gave sulfone
rac-10 (96 mg, 93 %) with =98% D content.

Table 17. Time-dependence of the optical rotation of the salt
(P)-5-4DMPU at -84 °C.

¢ [min] a [°] Inay/a ¢ [min] a[°] In ap/a
1 0.463 0.159 10 0.099 1.702
2 0.394 0.321 12 0.070 2.049
3 0.331 0.495 14 0.050 2.385
4 0.276 0.677 16 0.034 2.771
5 0.231 0.855 18 0.024 3.119
6 0.195 1.024 20 0.017 3.464
8 0.140 1.355 23 0.010 3.995

Analysis of the data according to first-order kinetics gave ki,
(190 K) = (291 £0.2) X 103 s ! and 74, (190 K) = 4.0 £ 0.2 min.

Synthesis of Lithium (P)-(+)-2-(tert-Butylsulfonyl)-1-phenylpropan-
2-ide"4dDMPU [(P)-5:4DMPU]J and Polarimetric Investigation of the
Racemization at —87 °C: Following GP1, a solution of sulfone (S)-
10 (152mg, 0.630 mmol, =99% ee¢) and DMPU (323 mg,
2.520 mmol) in THF (7 mL) was treated at —105 °C over 5 min with
nBuLi (0.42 mL of 1.6 M in n-hexane, 0.67 mmol). After stirring the
mixture at —105 °C for 5 min, the solution (5 mL) was transferred
under argon pressure through a cold (—100 °C) cannula into the
polarimeter tube kept at —86.5°C (Table 18; ¢ = 0.079 molL!,

Table 18. Time-dependence of the optical rotation of the salt
(P)-5-4DMPU at -87 °C.

¢ [min] a [°] Inay/a ¢ [min] a [°] Inay/a
1 0.950 0.071 20 0.137 2.007
3 0.780 0.268 21 0.122 2.124
5 0.624 0.491 24 0.091 2.417
7 0.516 0.681 25 0.082 2.521
10 0.378 0.969 28 0.060 2.833
12 0.306 1.204 30 0.050 3.016
14 0.250 1.406 33 0.037 3.317
17 0.187 1.696 36 0.026 3.669
4614 WWW.EUIjoc.org
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Tive = —86.5°C, 1 = 546 nm, a, = 1.020°, measurement time
5.3 X 1,). Treatment of the salt rac-5 with CF;CO,D gave sulfone
rac-10 (96 mg, 93%) with =98% D content.

Analysis of the data according to first-order kinetics gave k.
(187 K) = (1.70£0.1) X 103 s7! and 7, (187 K) = 6.8 =0.3 min.

Synthesis of Lithium (P)-(+)-2-(tert-Butylsulfonyl)-1-phenylpropan-
2-ide'4DMPU [(P)-5-4DMPU] and Polarimetric Investigation of the
Racemization at -89 °C: Following GP1, a solution of sulfone (S)-
10 (158 mg, 0.659 mmol, =99% ee) and DMPU (328 mg,
2.635 mmol) in THF (7 mL) was treated at —105 °C over 5 min with
nBuLi (0.45 mL of 1.6 M in n-hexane, 0.72 mmol). After stirring the
mixture at —105 °C for 5 min, the solution (5 mL) was transferred
under argon pressure through a cold (—100 °C) cannula into the
polarimeter tube kept at —88.5°C (Table 19; ¢ = 0.082 molL!,
Tibe = —88.5°C, 1 = 546 nm, ay, = 1.174°, measurement time
5.3 X 1y,). Treatment of the salt rac-5 with CF;CO,D gave sulfone
rac-10 (96 mg, 93 %) with =98% D content.

Table 19. Time-dependence of the optical rotation of the salt
(P)-5-4DMPU at -89 °C.

¢ [min] a[°] Inagl/a ¢ [min] a[°] Inagla
2 1.020 0.141 25 0.137 2.148
5 0.780 0.409 28 0.122 2.264
7 0.624 0.632 30 0.091 2.557
10 0.516 0.822 35 0.082 2.661
13 0.378 1.133 40 0.060 2.974
15 0.306 1.345 45 0.050 3.156
20 0.250 1.547 50 0.037 3.457
24 0.187 1.837 55 0.026 3.810

Analysis of the data according to first-order kinetics gave ki,
(185K) = (1.14=0.1) X 103 s '3 and 7, (185 K) = 10.2 = 0.9 min.

Determination of the Activation Parameters for the Racemization of
(P)-5-4DMPU: To determine of the temperature dependence of k.
only those data were considered for which complete deprotonation
of the sulfone (S)-10 was demonstrated by deuteriation of the salt
(P)-5 (Tables 20 and 21).

Table 20. Temperature of the solution of the salt (P)-5-4DMPU in
the tube and temperature of the cryostat in the measurement of the
optical rotations.[!

Ty [°C] -78.0 -81.5 -83.0
Tube [°C] -76.5 -80.0 -81.5

[a] Error of measurement: £0.3 K.

-85.0
-83.5

-88.0
-86.5

-90.0
-88.5

Table 21. Rate constants for the racemization of the salt
(P)-5-4DMPU at different temperatures.

T [°C] T'[103K " Krae [103s71] log (kI'T)
-76.5 5.085 11.1 —4.248
-80.0 5.177 5.56 —4.536
-81.5 5.218 4.59 —4.624
-83.5 5.273 291 -4.814
-86.5 5.358 1.70 —5.041
-88.5 5.416 1.14 -5.210

Analysis of the data gave the Eyring equation (k.,J/7) = —2894,
T+10.46 and the activation  parameters AHY =
13.2+0.2kcalmol™!, AS* = 0.7*lcalmol 'K, AGhHgy =
13.0+0.2 kcalmol !, and AG¥9; = 13.10 = 0.05 kcalmol .

Supporting Information (see also the footnote on the first page of
this article): Experimental procedures and characterization data for
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(S)-12, (R)-12, (S)-13, (R)-13, (S)-14, (R)-14, (S)-6, (R)-6, (S)-16,
(R)-17, (R)-7, (R)-18, (R)-19, (S)-17, (S)-7, rac-21, (S)-22, (S)-21,
(5)-20, rac-20, (R)-20, (S)-23, (R)-24, (R)-8, (R)-25, (S)-25, (S)-28,
(R)-29, (R)-9, (R)-31, (S)-31, (S5)-32, (R)-32, (5)-10, (R)-10, rac-33,
(R)-30, (S5)-30, (5)-32, (R)-32, 49, 50, rac-10, rac-6, rac-7, (S)-40,
rac-40, (25,35)-47, (2S,3R)-47, (1R,2S)-44, (15,25)-47, (3R,45)-46,
and (35,45)-46; scheme describing the synthesis of rac-6-9, 59, and
50; experimental procedures for the synthesis and reactions of the
salts (M)-1, (P)-1, (M)-2, (P)-2, rac-2, (P)-3, (M)-3, rac-4, and (P)-
5; tables containing the racemization data for (P)-1 and (M)-2,
tables containing the crystal data and experimental details of the
structure determination of (R)-9, (S)-10, rac-33, (R)-34, (R)-35, (S)-
40, (S)-42, (S,R)-44, and (S,S)-44.
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