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Abstract: New chiral sulfoxides (Rs,S)-3, (Ss,S)-3, (Rs,S)-4, and (Ss,S)-4 and known chiral sulfoxides (Rs)-
5, (Rs)-6, and (Rs)-7 were synthesized, and the stereochemistry of the new sulfoxides (Rs,S)-3 and (Rs,S)-4
was determined by X-ray crystallographic analysis. In their crystallographic structures, the intramolecular
nonbonded S---O close contacts were recognized. Analyses of several sulfoxide complexes including rac-
11 with N,N-dimethylacetamide (DMAC) or N-methyl-2-pyrrolidone (NMP) in a MeOH solution utilizing cold-
spray ionization mass spectrometry provided, for the first time, direct information for intermolecular
nonbonded S---O interactions between sulfoxides and amide (or lactam) in a solution. Highly diastereo-
selective and enantioselective Pummerer reactions based on the concept of intermolecular and intramo-
lecular nonbonded S---O interactions were performed by treatment of several chiral sulfoxides (Rs, S)-3,
(Ss, 5)-3, (Rs, S)-4, (Ss, S)-4, (Rs)-5, (Rs)-6, and (Rs)-7 with acetic anhydride and trimethylsilyl triflate
(TMSOTTf) in DMAC, NMP, N,N-dimethylformamide, and N-formylpiperidine. Mechanistic studies on these
facile stereoselective Pummerer reactions revealed the necessity for the amide/TMSOTf complex, such
as 26 or 27, to be an efficient activation reagent for Ac,O and a trapping reagent for the released acetate
ion, and that DMAC and NMP had a positive effect on this highly stereoselective chiral transfer reaction.

Introduction be unsatisfactory from the viewpoint of optical yield due to the
formation of an achiral sulfurane intermediateor a sulfonium

ion, 2, involving the resultant acetate i6.o resolve this issue,
some fascinating and elaborate methods have been explored,
such as using A© and 1,3-dicyclohexylcarbodiimide for
trapping the acetate ibror using ethoxy vinyl acetate without
the release of an acetate ib@-Methyl-O-tert-butyldimethyl-

silyl ketene acetal was also developed for highly stereoselective
silicon-induced Pummerer-type reactions by Kita et Elr-

Asymmetric Pummerer reactiohsywhich provide various
chiral a-substituted sulfides from the corresponding chiral
sulfoxides, have attracted considerable attraction in regard to
their value in the synthesis of natural products and biologically
active compoundsand in regard to their reaction mechanisis.
In general, asymmetric Pummerer reactions of chiral sulfoxides
with acetic anhydride (A€) under heating have turned out to
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aryl(substituted-methyl) sulfoxides bearing electron-withdrawing sulfoxides and an amide oxygen atom, especially after acety-
groups such as Gt and CONMe, when developed using lation of the sulfinyl moiety. However, to our knowledge, there

these well-established methods, have never exceeded 90% eéhas been no attempt to detect an intermolecular nonbonded
We have developed highly diastereoselective and enantioselecS:++O interaction between a sulfoxide compound and an amide

tive Pummerer reactions of the chiral sulfoxidBs,§-3, (Ss5,9-

3, (Rs,9-4, (S5,9-4, (R9)-5, (Rs)-6, and Rg)-7 based on the
concept of intermolecular and intramolecular nonbonded S

compound in a solution, possibly because there has been no
method for detecting such a weak chargharge attraction.
We have attempted detection of weak complexes (nonbonded

O interactions; this novel simple procedure and the related interactions) of several sulfoxides withN-dimethylacetamide

nonbonded S-0O interactions are herein described.
Results and Discussion

Various intramolecular nonbonded 1,4 and 1,5 types-of S
-O interactions (the S-O distances being shorter than the sum
(S+ 0= 3.32 A) of the van der Waals radii) in the sulfoxides
(e.g., compounds3—108 Figure 1), and numerous other
organosulfur compounésave been observed in their crystal
structures. Specifically, in molecular structl8® bearing the
1,5-type S--O interaction, the amide carbonyl oxygen atom is

(DMAC) or N-methyl-2-pyrrolidone (NMP) in a MeOH solution
by utilizing cold-spray ionization mass spectrometry (CSI-MS),
a variant of electrospray ionization (ESI) MS operating at low
temperature. This particular CSI-MS method allows facile and
precise characterization of labile organic species bearing non-
covalent bonding interactions such as hydrogen bonding,
chelation involving a metal ion, and electrostatic interactifns.
CSI-MS spectra of mixtures (1:1) of selected chiral sulfoxides
(Rs,9)-3, (Rs)-5, and Rg)-7 with an equimolecular amount of
either DMAC or NMP in MeOH at-10 °C were determined

seen to be close to the S atom on the opposite site of the oxideas follows. The corresponding molecular ion peaké 389

ion. In the amide moiety of crystalline structu@ean intramo-
lecular nonbonded 1,4-type-S0 interaction (2.723 A) that is
stronger than that (2.884 A) in the ester moiety can be
recognized, as represented in Figufé4Such an intramolecular
nonbonded S-O interaction in the crystalline state of the
sulfoxides bearing the C& or CONR: group may be possible
even in a solution, based on the information of similar
organosulfur and organoselenium compou?ds.

Thus, we anticipated the possibility of an intermolecular
nonbonded S-O interaction between a sulfonium ion of
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Organomet. Chen200Q 611, 172. (e) Nagao, Y.; limori, H.; Nam, K. H.;
Sano, S.; Shiro, MChem. Pharm. Bull2001, 49, 1660. (f) Nagao, Y.;
limori, H.; Goto, S.; Hirata, T.; Sano, S.; Chuman, H.; Shiro, M.
Tetrahedron Lett2002 43, 1709. (g) Nagao, Y.; Honjo, T.; limori, H.;
Goto, S.; Sano, S.; Shiro, M.; Yamaguchi, K.; Sei, etrahedron Lett.
2004 45, 8757.

(10) (a) Komatsu, H.; lwaoka, M.; Tomoda, Shem. Commuri999 205. (b)
Iwaoka, M.; Komatsu, H.; Katsuda, T.; Tomoda, 5.Am. Chem. Soc.
2004 126, 5309.

due to [Rs,9-3---DMAC complex + H]* (for C1H2sN20sS

+ H) andm/z 411 due to [Rs,9-3---DMAC complex+ Na]"

(for CuiH26N203S + Na), m/z 401 due to [Rs,9-3---NMP
complex+ H]* (for CaaHoeN203S + H) and m/z 423 due to
[(Rs,9)-3:-*NMP complex+ NaJ" (for Cp:H2eN203S + Na),

m/z 314 due to [Rs)-5:--DMAC complex+ H]* (for CisHzs
NO;S + H), m/z 326 due to [Rs)-5--*NMP complex+ H]"

(for C16H23NO4S + H) and m/z 348 due to [Rs)-5--*NMP
complex+ NaJ* (for C1gH23NO4S + Na), vz 375 due to [Re)-
7---DMAC complex+ H]* (for CyoH26N203S + H) and m/z
397 due to [Rs)-7-*DMAC complex+ Na]* (for CooH26N203S

+ Na), andnvz 387 due to [Rs)-7-+*NMP complex+ H]* (for
Co1H26N203S + H) andmy/z 409 due to [Rs)-7--*NMP complex

-+ NaJ™ (for Ca1H26N205S + Na) on each respective CSI-MS
spectrum were clearly observed (Supporting Information). To
confirm the exclusive participation of the sulfinyl moiety in this
particular intermolecular nonbonded:-&® interaction, we
examined the CSI-MS determination of a known racemic ethyl
methyl sulfoxide,rac-11,'? as a molecule without aromatic,
amide, and ester groups, in the presence of DMAC or NMP
under the same conditions as those used for the determination
of several chiral sulfoxides. Thus, the corresponding molecular
ion peakm/z 202 due to ac-11---DMAC complex + Na)*

(11) Yamaguchi, KJ. Mass. Spectron2003 38, 473 and references therein.
(12) Bulman Page, P. C.; Graham, A. E.; Bethell, R.; Kevin ParkSyth.
Commun.1993 23, 1507.
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o Scheme 1. Asymmetric Pummerer Reaction Based on the Inter-
& e and Intramolecular Nonbonded S---O Interactions
Me™ ™~ 3
rac-11 Ar, | 4+
S

(for C7H17/NO,S + Na) or m/z 214 due to ac-11---NMP : ‘bj—x
complex+ Na)" (for CgH17NO.S + Na) was clearly recognized. chiral sulfoxide
Consequently, we propose that the CSI-MS detection method X=NHR, NR;, OR
can provide significant direct evidence for evaluation of the kAmide (DMAC, NMP etc.)
intermolecular nonbonded SO interaction in a solution. The
peaks assigned to [dimeric DMA& H (or Na)J*, [dimeric Ar ?;
NMP + H (or Na)[*, [dimeric (Rs,9)-3 + H]™, [dimeric (Rs)-5 ,Sj_
+ H]*, [dimeric (Rg)-7 + H]T, and [dimericrac-11 + Na]* T X
were also recognized on the CSI-MS charts of the corresponding R\r.oé'
sulfoxide and DMAC (or NMP). Although the sulfoxide itself N,
(compounds3, 4, 6, and 7) has an internal amide, the TMSOTY, Ac;0
participation of this amide in association with another identical K B
molecule of sulfoxide [‘dimerization” in MeOH (CSI-MS = TMSOAc, TiO

analysis)] should be negligible in an excess amount of amide |
solvent such as DMAC or NMP that has a stronger electron- Al o

S
. . . Int lecul R,
donating character than the amides having an electron- O Intoraci Fpo>—X

- ion|—=1 {oO
. . . Sl R ng Intramolecular
withdrawing a-sulfinyl group. Y SO Interaction
§+h
N

The molecular structure characteristics of sulfoxi@eslO

involving an intramolecular nonbondee- £ interaction in their ChiralR su,fuzne_type

crystalline structures and the possible intermolecular nonbonded intermediate

S+-+O interaction of chiral and achiral sulfoxide&s(9-3, (Rs)- .

5, (Rg)-7, andrac-11 with DMAC or NMP in a MeOH solution Amide, H* pumﬁz‘r’;‘:’R:L”é‘i.on--

prompted us to investigate a novel approach to the asymmetric A o

Pummerer reactions. Thus, we envisioned a unique and simple ‘s—oH

design involving a chiral sulfurane-type intermediate that can A&X

be generated by treatment of chiral sulfoxides with,@e 0

TMSOT( (trimethylsilyl triflate) in amide and lactam solvents . .

such as DMAC,N,N-dimethylformamide (DMF), NMP N- crystallographic analysis ofR,9)-3 and RsS)-4; the crystal
formylpiperidine (NFP), etc. (vide infra), as illustrated in structures are s_h_own in Figure 2. In the represented crystalline
Scheme 1. structures, significant 1,4-type SO close contact [3.142(4) A

Scheme 2 represents a synthetic route for the new chiral for (RsS)-3 or 2.925(2) A for Rs,9-4] was recognized, as we

sulfoxides, Rs,9-3, (S59-3, (Rs,9-4, and Gs9-4, employed expected. Such a difference of the-® distances in these two
for the asymmetric Pummerer reactions. Namely, treatment of Sulfoxides may be due to the fact that the electron density of

thiols 12 and 13 with sodium hydride and then ethyl bromoac- the sulfur atom with the electron-withdrawingnitrophenyl

etate gave thioethers4 in 91% yield and15 in 96% yield, group in Rs,9-4 was lower than that of the sulfur atom with
respectively. Alkaline hydrolysis of4 with NaOH in HO— the electron-donating-tolyl group in Rs,9-3.

EtOH followed by oxidation with 30% O, in 1,1,1,3,3,3- First, to compare the new procedures (vide infra), the
hexafluoro-2-propanol (HFIP) afforded racemic sulfinyl car- Pummerer reactions oR§,9)-3, (S5,9-3, (Rs,9-4, and &,9-4
boxylic acid16in 97% yield. Dehydrative condensation 1 were attempted utilizing our reagent syst&thas summarized

with (9-a-methylbenzylamine in the presence of 1-ethyl-3-(3- in Table 1. Namely, the chiral sulfoxides were treated with@G\c
dimethylaminopropyl)carbodiimide hydrochloride (EBMCI) (2.0 mol equiv) in the presence of TMSOTf (2.0 mol eqéiv)

and 4-(dimethylamino)pyridine (DMAP) and then chromato- in CHzCl> at —40 or 0°C to give the corresponding-acetoxy
graphic separation of the resulting diastereomeric mixture on asulfides, R,9-19, (S,9-19, (R*,9-20, and §*,9-20, as dia-
silica gel column wittn-hexane-AcOEt furnished optically pure ~ stereomeric mixtures in 8389% yields but with low de (03
(Rs,9-3 and G&s,9-3 each in 44% yield. Carboxylic acidi7 20%) of each major diastereomer (Table 1). The stereochemistry
(89% yield) obtained by alkaline hydrolysis b5 was subjected ~ 0f (RS-19 and §5)-19 will be described later. These poor

to dehydrative amidation witt§-a-methylbenzylamine to give ~ diastereoselectivities can be attributed to racemization of the
amidel8in 85% yield. Oxidation ofl8 with 30% HO, in HFIP chiral sulfoxides involving an achiral sulfurane intermediate and
followed by chromatographic separation on a silica gel column the Pummerer products via enolization in the use of thgdAc

with n-hexane-AcOEt afforded pure chiral sulfoxideR¢,S)-4 TMSOTf reagent system in GEI (vide infra). The magnitude
and Gs,9-4 in 48% and 50% yields, respectively. Known chiral of the racemization is dependent upon the reaction time (entries
sulfoxides Rg)-5 and Rs)-6 were prepared by the previously 1 and 2 vs 3 and 4).

reported method¥.7° Chiral sulfoxide Rs)-7 was prepared by Subsequently, the asymmetric Pummerer reactionRgfH)4
dehydrative condensation of the carboxylic acid, which was with Ac,0 (2.0 mol equiv) and TMSOTf (2.0 mol equiv) were
obtained by alkaline hydrolysis oR§)-5, with benzylamine. investigated in detail in CyCl, and several aprotic dipolar
The stereochemistry of new chiral sulfoxideRg,§)-3, (Ss,9- solvents at room temperature, and the results are summarized

3, (Rs,9)-4, and &,9-4, was determined on the basis of X-ray in Table 2. Interestingly, when the electron-donation number

9724 J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006
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Scheme 2. Synthesis of New Chiral Sulfoxides? Table 1. Asymmetric Pummerer Reactions of Chiral Sulfoxides
Using Ac,0 and TMSOTf in CH,CI,

SH (4 S._COEt >
P mol eq. >
R R S (oph—— T, S\l)LN(/s()Ph
oac M
R R

N
H CH,Cl,, temp., time
12: R =Me 14:R=Me 91%

13:R=NO, 15:R=NO;, 96% (Rs, )3, (Ss, $)-3: R =Me (R, 5)-19, (S, 5)-19: R =Me
o (As, 5)-4, (S, S)-4: R =NO, (R*, 5)-20, (S*, 5)-20: R =NO,
3
S._CO,H
14 _®o9 N enty  sufoxide  temp(°C) time (h) product yield“/de® (%)
Me’ 1 (Rs,9-3 —40 18 RS-19 87/0.5
16 97% 2 (59-3 —40 18 69-19 86/0.3
3 (Rs,9-4 0 5 R*,9-20 83/20
(d, V 4 (5,9-4 0 5 (&,9-20 89/2.8
- . — . 2 Total isolated yield of a mixture of diastereomet®etermined byH
’S/\)?\ H/,g'e J:S;" o H,/__(Me NMR (400 MHz, CDC} or CsDe) analysis.
/©/(R5) H(S) Ph =+ /©/(Ss) H(S) Ph Table 2. Solvent Effect on Asymmetric Pummerer Reaction of
R R (Rs, S)-4 _
3 -R= o 3 R= o » O H Me Ac,0 (2 mol eq.) (R*)O H Me
(s, 5)-3: R = Me 44% (Ss, 9)-3: R = Me 44% Q L Moot L
(Re, S)-4: R = NO, 48% (S, 5)-4: R = NO, 50% /@is\)LN(/Sﬁph __TMSOTr(2mol eq) O/S%N (S Ph
H solvent, r.t., time Hf oacH
O,N O.N
(c,e) (Rs, S)-4 (R, 9)-20

yieldt/dec (%)

O
s A\ Ky
H (S) entry solvent (EDN?) time (h) of (R*,S)-20
OoN

i 1 CH,Cl, () 1 85/28
18 85% 2 MeCN (14.1) 3 69/30
3 AcOEt (17.1) 0.5 84/16
‘ (d) 4 EtO (19.2) 5 79/28
5 DMF (26.6) 48 84/66
) S._COH 6 DMAC (27.8) 48 80/82
15 . . .
o N/©/ aEDN = —AH (kcal/mol): Complexation enthalpies of basic solvents
2 17 89% with SbCk in 1,2-dichloroethan&?® P Total isolated yield of a mixture of
. diastereomers. Determined byH NMR (400 MHz, CDC} or CgDe)
aReagents and conditions: (a) NaH, BrgHD,Et, THF; (b) NaOH, analysis.
H>0—EtOH; (c) 30% HO,, HFIP; (d) ©-a-methylbenzylamine, EDEICI,
DMAP, CHxCly; (e) silica gel columnif-hexane-AcOEt). Table 3. Diastereoselective Asymmetric Pummerer Reactions of

Chiral Sulfoxides in DMAC

_Q o H Me Ac,0 (2 mol eq.) o H, Me
+S\)LN(/‘S() on TMSOTH (3 mol 6q) SW)LH{S,()Ph
R (Rs or SS)H DMAC, r.t., time R OAc
(As, 5)-3, (S5, 5)-3: R=Me (R, 9)-19, (S, 5)-19:R=Me
(Rs, S)-4, (Ss, 5)-4: R=NO, (R*, 5)-20, (S*, S)-20: R = NO,
entry sulfoxide time (h) product yield?/de® (%)
31424 A 1 Rs9-3 6 RS-19 73194 (97:3)
(Rs. 5)-3 2 (5.9-3 6 (S9-19 79/96 (2:98)
3 (Rs,9-4 24 R*,9-20 82/84 (92:8)
4 (S9-4 24 (8,9-20 78/92 (4:969

aTotal isolated yield of a mixture of diastereomet®etermined byH
NMR (400 MHz, CDC} or CsDg) analysis.© Diastereomer ratio.

or (Ss,9-3 with Ac,0 (2.0 mol equiv) and TMSOTTf (3.0 mol
equiv) in DMAC at room temperatureifé h proceeded highly
diastereoselectively to afford-acetoxy sulfidesRS-19in 73%

yield with 94% de (entry 1 in Table 3) 06(3-19in 79% yield

with 96% de (entry 2 in Table 3), as we expected. A similar
(EDN) of the solvent was considered [e.g., ACOEt (EDN 17.1), treatment of Rs,9-4 and &5,9-4 in DMAC for 24 h gave
Et,O (EDN 19.2), DMF (EDN 26.6), and DMAC (EDN 27.8%, (R*,9-20 in 82% yield with 84% de (entry 3 in Table 3) or
the de% value of the major produdR*S-20 appeared to (5,9-20 in 78% yield with 92% de (entry 4 in Table 3),
increase in near-dependence upon the EDN, as shown in Tablgespectively. These excellent diastereoselectivities obtained in
2 (entries 3-6). DMAC (Table 3) contrast significantly with the disappointing

As shown in Table 3, treatment of chiral sulfoxidés,©)-3 results in CHCI, (Table 1).
Consequently, a range of amide and lactam solvents were

(13) Gutmann, VElectrochim. Actal97§ 21, 661. utilized in enantioselective reactions as follows. Chiral sulfoxides

2.925(2) A

(Rs. S)-4

Figure 2. Computer-generated drawings derived from the X-ray coordinates
of (Rs,9-3 and Rs,9)-4.

J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006 9725
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Table 4. Enantioselective Pummerer Reactions of Chiral Scheme 3. Attempt at Asymmetric Pummerer Reaction of (Rs)-24
Sulfoxides in DMAC, DMF, NMP, and NFP -
Ac,0 (2mol eq) @ o A ° p

Ac,0 (2 mol eq.)

O_ ," o J
v TMSOTF (3 mol eq. + S
58 N _TMSOTi @ moleq) | so Ay S~oEt TMSOTI (3 mol ea) Y OE
solvent, r.t., time H OAc OAc
Me Me' solvent, r.t., time Me

(Rs)-24 rac-25 12% (in DMAC)

(Rs)-5: X = OEt (R*)-21: X = OEt 15% (in NMP)
(Rs)-6: X = NMe, (R)-22: X = NMe,
(Rs)-7: X = NHBn (R)-23: X = NHBn 5253
(80 +0.45)
entry sulfoxide solvent time (h) product yield/ee (%) 8294 «—0208 8325 \ Me Me
Me Me i
1 (Ry)-5 DMAC 15 (R")-21 47/90 \ -0y Me (Ad +032 ; O.S' Me
2 (R9)-5 DMF 4 (RY)-21 76/90? Me- o+ Me-Si-OTf Me-Nt+  _
3 (Re)-5 NMP 4 R9)-21 80/92 Ve Me Ve oTf
4 (Ro)-6 DMAC 4 (R-22 58/82Z A DMAG [t 5 min
5 (Re)-7 DMAC 6 (R-23 46/93 83.02 Ag 3»5»;2
6 R)-7  NMP 4 R-23 61/95' (45 +0.32)
7 (Re)-7 NFP 4 R)-23 75/86 "DMAC/TMSOTf complex"
a|solated yield ? Determined by HPLC [CHIRALCEL ODn-hexane- 5238 Ag 333 ;
propan-2-ol (50:1)] analysis.Determined by HPLC [CHIRALCEL AD, + 5230 ( ; 71)
n-hexane-ethanol (6:1)] analysis! Determined by HPLC [CHIRALCEL 6203 Me o +-0'27) Me Me

OD, n-hexane-propan-2-ol (4:1)] analysis. \ HOH & Me-Si-OTf \ R it

{H Ne) Me {H o e
— -

H\ _n+ ot

’
H N'o* rt., 5 min

5

(5) iy M H M
H Me H Me
M *@'S‘rHto ) ; 7\|'\IMP N >\ \6314
¢ HL(S) 53.39 5285 53.80 (A5 30.29)
0“[’0 (AD +0.41) 27 :
Me "NMP/TMSOTf complex"
(S, 5)-19 Figure 4. Possible structures for DMAC/TMSOTf compl&6 and NMP/
TMSOTf complex27 based on theitH NMR analysis (400 MHz, CDG).
Me
S@a p entries 47 in Table 4). This stereoselective outcome was
(H)"'(*N thought to have resulted from intramolecular nonbonded 1,4
H H . . . . .
00 types of S--O interaction in the chiral sulfoxides and the
Me intermolecular nonbonded SO interaction between the chiral
(F-23 sulfoxides and DMAC (or NMP) (vide infra).

A chiral sulfoxide Rg)-24 without the-carbonyl group was
Figure 3. Computer-generated drawings derived from the X-ray coordinates synthesized by a method described in the literattifenen, this
of (§9-19.and R)-23 chiral compound $99% ee (HPLC analysis)] was similarly

(Re)-5, (Re)-6, and Rs)-7 were allowed to react with A© (2.0 _treated with AgO (2.0 mol equiv) and TMSOTf (3.0 mol equiy)

mol equiv) and TMSOTf (3.0 mol equiv) in an amide or a N DMAC or NMP gt room temperature for 40 or 45 h to give

lactam solvent (DMAC, DMF, NMP, or NFP) at room tem- & Pummerer reaction produds, as each racemate in 12% or

perature for 1.56 h. The experimental results are summarized 15% Yield (Scheme 3). The same reactionR){24 with Ac,0

in Table 4. In all cases, the highly enantioselective Pummerer (2-0 mol equiv) and TMSOTT (3.0 mol equiv) in GBI for 44

reaction proceeded to give known chieahicetoxy sulfidesR¥)- h resulted in recovery (50%) of the starting sulfoxide. Thus, in

21,1c-e3¢(R)-22,1c-¢3¢ and R)-23 in 82—95% ee. The results highly dlastgreo- and e_nannoselgcnve amllde-promoted Pum-

obtained using NMP were superior in both chemical yield and Merer reactions employing the chiral sulfoxides suctRas)-

ee to those obtained using DMAC and DMF (entries 3 and 6 3 (593, (Rs9-4, (59-4. (R5)-5, (Rs)-6, and Re)-7, the

vs entries 1, 2, and 5 in Table 4). existence of th@-carbonyl group in their molecules is thought
Fortunately, the stereochemistries of unstal§&)¢19 and to be essential. On the basis of the unsuccessful asymmetric

(R)-23 were clarified by their X-ray crystallographic analyses; Pummerer reaction ofR)-24, which probably included an
the crystal structures are shown in Figure 3. On the basis of theintermolecular nonbonded-80 (amide solvents) interaction
structure of §9-19, the stereochemistry of its diastereomer [Cf- CSI-MS of a mixture ofrac-11 and DMAC (or NMP)], a
(R9-19 was also precisely determined. fairly strong intramolecular nonbonded-8 (ester or amide
Although the absolute configuration of the newly formed group) interaction should play an important role [e.g., restriction
chiral carbon atomR* or ) of (R, S)-20, (St,9-20, and R)- of the free rotation of the C}¥€OX group (Scheme 1 and Figure
21 has not yet been determined, it is expected to be identical to 6)] in the highly stereoselective Pummerer reactions in an amide
the corresponding sulfinyl chirality because the sulfinyl chirality Solvent. o . .
of (Rs,9-3, (S59-3, (Rs9-4, and 6s,9-4 explicitly reflects TMSOTT (Lewis acid) instantly reacted exothermically with
the corresponding diastereomer ratio mode of the Pummerer@ €quimolecular amount of DMAC (Lewis base) or NMP
products (all entries in Tables—B), and the same chirality (Lewis base) at room temperature to give the corresponding
(Rs—R or Ss—9) has been transferred frorR{S-3, (Ss,9)-3 complex,26 or 27, as a colorless oil or a colorless hygroscopic

(Rs)-6, and Rs)-7 to the corresponding})-19, (S9)-19, (R- (14) (a) Mikolajczyk, M.; Perlikowska, WJ. Org. Chem1998 63, 9716. (b)
22, and R)-23, respectively (entries 1 and 2 in Table 3 and Alexandre, C.; Belkadi, O.; Maignan, Gynthesi1992 547.
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Table 5. Asymmetric Pummerer Reactions of (Rs)-5 with/without Scheme 5. Investigation of Racemization of Chiral Pummerer
26 or 27 Product (R*)-21 and Chiral Sulfoxide (Rs)-5
o9 ] 0 o
+'S\)L reagent (3 mol eq.) s (R" Ac,0 (2 mol eq.)
/@/ OEt ;‘\Cz(') iz mol :q» /©/ T onlE SH%I;OB TMSOT! (3 mol eq) S\H\oa
Me solvent, temp., time Mg C
(ReyS (921 Me,[ j 1% oo CH,Cly, rt,35h Me/[ ) OAc
rac-21
(R)-21 85%, 0% ee
yield#/ee® (%) g > 0 g > o)
entry reagent solvent temp (°C) time of (R%-21 +3 \)LOEI TMSOTf (3 mol eq.) fs \)LOEt
1 26 DMAC r.t. 4h 47/89 >99 % ee CH,Cly, rt,35h A5
2 27 NMP r.t. 4n 83/91 Me (Rg)-5 Me (As)
3 27 CH.Cl, r.t. 5 min 85/72 70%, 98% ee
4 TMSOTf CHCI, r.t. 35h 61/0 o
5  none DMAC 110 48h 46/72 +s\j\
_ _ s OEt
alsolated yield? Determined by HPLC [CHIRALCEL ODp-hexane- G o rac-5
ropan-2-ol (50:1)] analysis. ), ) Ac,O (2moleq) Me %. 0%
prop. (50:1)] analy: +s' S Sy 37%, 0% ee
powder in a quantitative yield, respectivélThese complex /©/ >99 % ee CH,Cly, rt, 1h o
structures could be rationalized by comparing tHeirNMR Me (Rs)-5 S\gl\oa
chemical shifts with those of DMAC or NMP itself in CD&,l Me OAc

rac-21

as shown in Figure 4. The amide carbonyl moietyedulfinyl 61%, 0% ee

amides [e.g.,Rs)-7] should less coordinated to TMSOTTf than
that of DMAC in excess DMAC. We experienced previously
the interesting chemoselective Pummerer reactions in DMF to
prove that the amide carbonyl group of DMF can more
predominantly coordinated to TMSOTTf than that of a sulfoxide

! ato
substrate like compour@®™ This may be because the nucleo- iy reaction time (5 min) and the high chemical yield (85%)

philicity qf DMF’. DMAC, gnd NMPis stropger th"?m that_of of (R¥)-21(72% ee) are very similar to those of the experiment
thea-sulflnyl amides bearing an electron-withdrawing sulfinyl [reaction time (5 min) and 74% ee and 99% yield B} 21]
group (w?e suhpra). ity of th | q in Figure 5 (vide infra).

Tocon frm the actl\(|ty oft € comp exeban _27t° AC0, Interestingly, the Pummerer reaction BgJ-5 with Ac20 (2.0
the following acetylation reactions were examined. Treatment mol equiv) in DMAC, even without the use of TMSOTF, under
of I-menthol28 with Ac,0 in the presence_cﬁ‘e or27in C'Hz- heating at 110°C f(;r 48 h gave R*)-21 [46% yield ;Ni'[h
Cl, smoothly gave acetoxy compou@® in excellent yield, recovery (13%) ofR-5] in 72% ee (entry 5 in Table 5). Hence,
as we expected (Scheme 4). DMAC and NMP should greatly benefit this highly stereose-

intermolecular nonbonded SO interaction (just like an inter-
molecular G-S coordination) between the resulting acetox-
ysulfonium intermediate and the NMP released by acetylation
of (Rs)-5 with 27. The reaction results of entry 3 involving the

Scheme 4. Acetylation of Menthol 28 with Ac,O in the Presence lective chiral transfer reaction based on the intermolecular
of 26 or 27 nonbonded S-O interaction, as described above. On the other
Me Me hand, treatment oRs)-5 with TMSOTf (3 mol equiv) and AgO
26 or 27 (3 mol eq.) (2 mol equiv) in CHCI, at room temperature gave a racemic
on Ac0 (2 mol eq) one product,21 (0% ee), in 61% vyield (entry 4 in Table 5). This
i CHyCly, r.t., 30 min H outcome seemed to be due to racemization of the chiral product
Me” ™ Me Me™Me (R¥)-21 and/or the starting chiral sulfoxiddrg)-5.
2 29 91% (using 26) Then, we investigated some important reactions in order to

86% (using 27) . ; . .
inspect the racemization reaction d®*}-21 and Rs)-5 as

Thus, treatment ofRs)-5 with Ac,O (2.0 mol equiv) and a  follows (Scheme 5). The chiral produd®{-21 (91% ee) was
3 mol equiv 0f26 or 27 in DMAC, NMP, or CH,Cl, gave the readily racemized by its treatment with a mixture of,@cand
product R*)-21in 47—85% yields with 72-91% ee, as shown  TMSOTf to affordrac-21 in 85% recovery and 0% ee. This
in Table 5 (entries 43). The results of entries 1 and 2 in Table racemization is likely attributable to the fact th&*)-21 is
5 were almost the same as those for entries 1 and 3 in Table 4 enolized with TMSOTT (strong Lewis acid) in the presence of
Hence, in the facile Pummerer reactions employing@and Ac20. Treatment ofRs)-5 (>99% ee) with TMSOTT alone in
TMSOTf in an amide solvent, the amide/TMSOTf complex such CH:Cl> gave the starting chiral sulfoxiddR§)-5 (98% ee) in
as26 or 27 generated in situ must become a real active species 70% recovery. Hence, TMSOTf is not responsible for the
for Ac,O and a trapping reagent for the released acetate ion.racemization ofRs)-5. However, whenRs)-5 (>99% ee) was
The stereochemical outcome (72% ee) of entry 3 employing treated with a mixture of A® and TMSOTf in CHCI; for 1
27 even in CHCl, can be understood in terms of the h,rac-5(0% ee) andac-21(0% ee) were obtained in 37% and
61% yields, respectively. In particular, facile racemization of

(15) Djuric, S. W.J. Org. Chem1984 49, 1311. i i i
(16) Ishihara, K.; Kubota, M.; Kurihara, H.; Yamamoto, HOrg. Chem1996 the chiral Pummerer reaction pI’OdUCt should be a serious
61, 4560. problem.

(17) Rigaku 1998 PROCESS-AUTO: Automatic data acquisition and processing In the reactions (Table 1, entry 4 in Table 5. and Scheme 5)
package for imaging plate diffractometeéRigaku Corporation: Tokyo. ! !

(18) Sheldrick, G. MSHELXS97, Program for the solution of crystal structures ~ Without the use of any amide solvent or compound, the existence

University of Gdtingen: Gdtingen, Germany, 1997. i Q)i i
(19) Sheldrick, G. MSHELXL97 University of Gdtingen: Gatingen, Germany, of _the mtermolecular_ nonbonded 3) interaction b(_etween the
1997. chiral acetoxysulfonium intermediate and the amide should be
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100

90 86% ee 87%ee 88% eelngg’/o ee
o v o 1.5h,
80 74% ee, 30 min, 1h, 1.25h, 47%2
70 5 min 81%a 76%a 740/03
] 60 99%*2
50
)
@ 40
R
30
20 1 h, 19% ee, 99%°2
10 a
3.5h, 0% ee, 61% .
0 77
0 15 30 6.0 9.0 12.0 DMAC
alone

DMAC (mol eq.) —

Figure 5. Effect of DMAC on the asymmetric Pummerer reactioRd)¢
5—(R*)-21] in CHxCl,. 3solated yield.

impossible. Therefore, racemization d&lsf-5 may be caused
by formation of the achiral diacetoxy sulfuratieon the basis
of participation of the acetate ion obtained from a possible
equilibrium condition, as shown in eg?34a
TMSOAc +~ OTf == TMSOTf + AcO~ (1)
Furthermore, the effect of DMAC on the asymmetric Pum-
merer reactions ofs)-5 was examined by using A© (2 mol
equiv) and TMSOTT (3 mol equiv) in the presence of different
mol equivs of DMAC in CHCI, at room temperature. The
results are graphically illustrated in Figure 5. They reveal a clear
trend toward higher %ee value for production Bf)-21 as the
amount of DMAC increases. Interestingly, when an equimo-
lecular amount (each 3 mol equiv) of TMSOTf and DMAC in
the presence of AO (2 mol equiv) was employed, the reaction
proceeded to completion within 5 min to furnidR}-21in 99%
yield with 74% ee. This result strongly supports the likelihood
that there is rapid and quantitative generation of the active
species26 (vide supra, entry 1 in Table 5), which makes an
important contribution to acetylation of the sulfinyl group and

molecular amounts of DMAC with respect to TMSOTTf pro-
ceeded more slowly than when equimolecular amounts were
used. These results suggested that an excess amount of TMSOTf
may disturb acetylation of the sulfinyl group by its coordination
to the Si atom. An excess amount of DMAC may also disturb
acetylation of the sulfinyl group by coordination of DMAC to
the Si atom of the DMAC/TMSOTf comple®6 generated in
situ. However, excess DMAC and the DMAC released from
26 by its acetylation of Rs)-5 participate in an intermolecular
nonbonded 8-0O interaction and an intermolecular coordination
O—S interaction between the"&tom of the starting sulfinyl
compound and the acetoxysulfonium intermediate and the O
atom of DMAC, as shown in Figure 6.

Through the asymmetric Pummerer reactions (e.g., entries 1
and 2 in Table 5), we realized that the amide/TMSOTf complex
in the corresponding amide solvent does not readily promote
racemization of the chiral product probably due to deactivation
of the Lewis acidity of the original TMS group by exchange of
TfO™~ for the amide. Thus, solvent amide silylation in situ should
be very important in order to prevent this particular asymmetric
Pummerer reaction from racemizing the chiral product and the
starting chiral sulfoxide.

Finally, we propose a plausible mechanism of the highly
stereoselective Pummerer reaction in an amide or lactam solvent
involving intermolecular and intramolecular nonbondee¢ S
interactions and solvent amide silylation, as shown in Figure 6.
The solvent amide or lactam instantly coordinates to TMSOTf
to generate an amide (or lactam)/TMSOTf compfeand also
approaches to thetSatom of a chiral sulfoxide substrate to
form the structure® and C bearing the intermolecular and
intramolecular nonbonded S0 interactions. However, structure
B (see the X-ray structures in Figure 2) should be more stable
than structureC since the steric repulsion between the aryl group
and the carbonyl group i€ is absent inB. Then, acetylation
of the sulfinyl oxygen atom oB with Ac,O in the presence of
the real active specie®\ affords a chiral sulfurane-type

trapping of the released acetate ion, as shown in Figure 6. Theintermediate D, in which fairly strong and tight coordination

Pummerer reactions oR§)-5 with Ac,O using greater or smaller

ol

of the amide or lactam to the"&tom of acetoxysulfonium must

R Me,
Yo Me-Si-OAc Me
r-Nm  Mé AO TfOH O)=o
Me | Me Ar,,é+ H ot wl
R /\/S'I\ - ‘\4}-& r"'S+
()/—O L {0 . ‘ \'O X antiperiplanar '.’;‘C@.X
R'=N+_ o /3 Me rR. % proton abstraction 5 o)
A 0Tt 3G Yo 0
A Me‘ﬁ R.foSR.. D j,\i-/+ E
— _ ) H|’ ‘Rll
0 "chiral sulfurane-type .
Ar,,,é+ /S,l Os— intermediate” rigid ylide fixed by
e A, Loy = S---O interactions
DR -5
O W
TMSOTF RY_Oa- >> R\r_(')(s-
_ "5*‘ '.' +
R__0O% _.N__ B N9 (o
Y. RTUR g Nge f Ve Me \
NS
AN ) oA
OA Qoo ~
D At oM Mg H
Ar - X ‘7 A PSR
S/'ﬁ( ./: ? X 24 e X
O  R_OY p_85° R0 °
\l\ir+ ?\1/+ N \rlxii/+
R "R" R R R” R R "R"
"cyclic mode" "sliding mode" "intimate ion-pair
mode"

Figure 6. Possible mechanism of the highly stereoselective Pummerer reaction with TMSOTf aBdrAan amide or lactam solvent.

9728 J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006



Highly Stereoselective Asymmetric Pummerer Reactions ARTICLES

be possible. Antiperiplanar-mode abstractif the methylene based on the concept of inter- and intramolecular nonbonded
a-hydrogen atom with a base (e.g., TfDin intermediateD S+--O interactions and the solvent amide silylation with TM-
would generate a rigid ylide intermediate fixed by both SOTH.

nonbonded 8-O interactions. Stereoselective 1,2-acetoxy trans-  acknowledgment. This work was supported in part by a

fer in E may proceed via three kinds of plausible modes based gyant-in-Aid for Scientific Research (B) (2) (14370723 and

on the Oae-proposed cyclic and/or sliding mélemd/or the  15390008) from the Japan Society for the Promotion of Science.
Kita-proposed intimate ion-pair moghedto furnish the desired

chiral Pummerer product.

In conclusion, we have presented the first evidence for the
intermolecular nonbonded:- S0 interactions between several
sulfoxides and DMAC (or NMP) in a solution by utilizing the
CSI-MS analytical method and have demonstrated a novel
simple procedure for highly stereoselective Pummerer reactionsJA056649R

Supporting Information Available: Experimental procedures;
characterization of the products; X-ray data (CIF); and CSI-
MS experiments including CSI mass spectral charts. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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