
D
A

LTO
N

FU
LL PA

PER

1218 J. Chem. Soc., Dalton Trans., 2001, 1218–1229 DOI: 10.1039/b009533h

This journal is © The Royal Society of Chemistry 2001

Synthesis, structure, and interconversion of chiral rhenium oxygen-
and sulfur-bound sulfoxide complexes of formula [(�5-C5H5)-
Re(NO)(PPh3)(OS(Me)R)]� X�; diastereoselective oxidations of
coordinated methyl alkyl sulfides†

Michael Otto,a Brian J. Boone,b Atta M. Arif b and J. A. Gladysz*a

a Institut für Organische Chemie, Universität Erlangen-Nürnberg, Henkestrasse 42,
91054 Erlangen, Germany

b Department of Chemistry, University of Utah, Salt Lake City, Utah 84112, USA

Received 28th November 2000, Accepted 13th February 2001
First published as an Advance Article on the web 23rd March 2001

Reactions of the chiral chlorobenzene complex [(η5-C5H5)Re(NO)(PPh3)(ClC6H5)]
�BF4

� (1� BF4
�) and alkyl

methyl sulfoxides O��S(Me)R (R = a, Me; b, Et; c, i-Pr or d, t-Bu), at �15 �C gave the oxygen-bound sulfoxide
complexes [(η5-C5H5)Re(NO)(PPh3)(O��S(Me)R)]� BF4

� (2a–2d�BF4
�; 94–56%). Above 0 �C, 2a–2d�BF4

�

rearrange to sulfur-bound linkage isomers [(η5-C5H5)Re(NO)(PPh3)(S(��O)(Me)R)]�BF4
� (3a–3d�BF4

�; 96–20%).
The triflate salts 2c,2d�TfO� and 3b,3c�TfO� are analogously prepared from (η5-C5H5)Re(NO)(PPh3)(OTf).
Complexes 2b–2d�X� and 3b–3d�X� can exist as two Re, S configurational diastereomers. Stereochemistry is
assigned from reactions of (S)- or (R)-1�BF4

� with enantiomerically enriched sulfoxides (R)-b–d, and a crystal
structure of (SReRS,RReSS)-2d�TfO��0.5CH2Cl2. Relative diastereomer stabilities, and the basis for the divergent
kinetic and thermodynamic oxygen/sulfur binding selectivities, are analysed. The alkyl methyl sulfide complexes
[(η5-C5H5)Re(NO)(PPh3)(S(Me)R)]� X� and dimethyldioxirane react (acetone, �20 �C) to give 3a–3d�X�.
Diastereoselectivities (3b–3d�X�) are fair to good. However, some overoxidation to Ph3P��O occurs, lowering yields.

Introduction
Many compounds with sulfur stereocenters occur naturally,
and others play important roles as chiral auxiliaries or catalysts
in asymmetric organic synthesis.1 Thus, the enantioselective
oxidation of organic sulfides to sulfoxides has received
considerable attention.2–6 We were attracted approximately a
decade ago to the potential use of chiral transition metal Lewis
acids as platforms for such oxidations. We noted the possibility
that the thermodynamic binding affinities of sulfur-bound
sulfoxide ligands might be lower than those of the correspond-
ing sulfides, due to the electronegative oxo (��O) moiety. Hence,
a successful stoichiometric oxidation of a metal sulfide complex
might be modified to run catalytically (e.g. the displacement
of a product ligand by an educt ligand would be energetically
favorable).

In our first efforts we studied the binding of methyl alkyl
sulfide ligands to the chiral rhenium Lewis acid [(η5-C5H5)-
Re(NO)(PPh3)]

� I, as well as an achiral sulfoxide ligand,
DMSO.7 The feasibility of sulfoxide/sulfide ligand exchange
was demonstrated,7 and later novel base-induced rearrange-
ments of coordinated DMSO 8 and diallyl or related sulfides
were explored.9 Importantly, lone pairs on atoms ligating to I
commonly show enhanced basicity or nucleophilicity.10 Thus,
we anticipated that rhenium-bound sulfides would react faster
than free sulfides with electrophilic oxidizing agents, another
important requirement for catalysis. Soon after we commenced
our studies the need for independently prepared authentic
samples of sulfoxide complexes became apparent.

In this paper we report high yield syntheses of oxygen- and
sulfur-bound methyl alkyl sulfoxide complexes of formula
[(η5-C5H5)Re(NO)(PPh3)(OS(Me)R)]�X�. The spectroscopic
and structural properties of these linkage isomers, each of

† Electronic supplementary information (ESI) available: preparative
and characterization data for complexes 2–5�X�, full crystallographic
data for (SReRS�RReSS)-2d�TfO��0.5CH2Cl2. See http://www.rsc.org/
suppdata/dt/b0/b009533h/

which can exist as two rhenium/sulfur configurational diastereo-
mers (R ≠ Me), are analysed in detail. Preliminary data on the
oxidation of the corresponding sulfide complexes are also
described. Very similar work with chiral ruthenium Lewis acids
was simultaneously undertaken by Schenk and co-workers.5,11

Their data have appeared before ours, aided by superior
oxidation chemistry as described in the Discussion section.

Results
1 Syntheses of sulfoxide complexes

The substitution-labile, racemic chlorobenzene complex [(η5-
C5H5)Re(NO)(PPh3)(ClC6H5)]

�BF4
� (1�BF4

�), which is a mix-
ture of several isomeric species, was generated at �45 �C in
chlorobenzene as previously described.12 As shown in Scheme
1, ca. two equivalents of the racemic sulfoxides O��S(Me)R
(R = a, Me; b, Et; c, i-Pr or d, t-Bu) were added. The samples
were kept at �15 �C for several hours. Low temperature pre-
cipitations gave 85–99 : 15–1 mixtures 13 of the oxygen-bound
sulfoxide complexes [(η5-C5H5)Re(NO)(PPh3)(O��S(MeR)]�-
BF4

� (2a–2d�BF4
�) and the sulfur-bound sulfoxide complexes

[(η5-C5H5)Re(NO)(PPh3)(S��O)(Me)R)]�BF4
� (3a–3d�BF4

�) as
orange powders in 56–94% yields. Both diastereomers of
2b–2d�BF4

� were detected.14 Ratios varied somewhat in differ-
ent experiments (Scheme 1 and footnotes), and configurations
were assigned as described below.

Analogous reactions were monitored by 31P NMR. In all
cases, the oxygen-bound complexes 2�BF4

� were the dominant
kinetic products. When 2a–2c�BF4

� were warmed to room
temperature clean isomerization to sulfur-bound complexes
3a–3c�BF4

� occurred. However, the sterically more congested
S-t-Bu species 2d�BF4

� gave mainly decomposition products,
and only modest yields of 3d�BF4

�. A second series of prepara-
tive reactions were conducted in which the samples were kept at
room temperature for several hours. Work-ups gave pure 3a–
3d�BF4

� as yellow powders in 86–96 (a–c) to 20% (d) yields, as
summarized in Scheme 1. Diastereomer ratios differed from
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Scheme 1 Syntheses of sulfoxide complexes.

those of 2b–2d�BF4
�,14b and possible reasons (apart from the

intrinsic variability of precipitative work-ups) are discussed
below. The DMSO complex 3a�BF4

� was prepared earlier
(from a dichloromethane complex similar to 1�BF4

�), and
full characterization, including a crystal structure, has been
reported.8

As summarized in the Experimental section and Table 1, 2a–
2d�BF4

� and 3b–3d�BF4
� were characterized by IR and NMR

(1H, 13C, 31P) spectroscopy. Microanalyses were obtained for
3b–3d�BF4

�. Oxygen-bound complexes 2�BF4
� gave lower IR

νNO values (1668–1685 cm�1) than the sulfur-bound complexes
3�BF4

� (1717–1722 cm�1). This suggests that the oxygen-bound
ligands have lower π acidities.16 The 31P NMR chemical shifts of
2�BF4

� (δ 18.2–20.0) were markedly downfield from those of
3�BF4

� (δ 9.0–12.6). The cyclopentadienyl, SMe, and SR 1H
and 13C NMR resonances of 2�BF4

� were also downfield from
those of 3�BF4

�.
We sought similar data for selected triflate (O3SCF3) salts. As

summarized in Scheme 1, reactions of the triflate complex
(η5-C5H5)Re(NO)(PPh3)(OTf) 4 17 with sulfoxides c,d at 0 �C
gave 2c,2d�TfO� in 63–83% yields. The diastereomer ratios did
not match those of the analogous tetrafluoroborate salts, and
possible factors are discussed below. Reactions of 4 with b,c
at ambient temperature gave 3b,3c�TfO� in 75–93% yields.
NMR spectra were essentially identical with those of the tetra-
fluoroborate salts. However, IR spectra showed triflate anion
bands (1264 vs, 1224 m, 1154 s, 1031 s cm�1) in place of
tetrafluoroborate anion bands (1111 s, 1094 vs, 1055 vs, 998 s
cm�1). The absence of the latter allowed the νSO bands of sulfur-
bound complexes 3b,3c�TfO� to be located (1113–1121 s cm�1).
The wavenumbers were higher than those of the oxygen-
bound complexes 2c,2d�X� (885–891 m cm�1), in accord with
literature trends.18

2 Structures of sulfoxide complexes

We sought to assign configurations to the diastereomeric

oxygen- and sulfur-bound sulfoxide complexes. The chloro-
benzene complex 1�BF4

� is easily generated in enantiomerically
pure form, and undergoes substitution with retention of con-
figuration at rhenium,12 as verified crystallographically in the
case of diallyl sulfide.9a Thus, isopropyl methyl sulfoxide (c) that
was enriched in the R enantiomer (34% enantiomeric excess (ee)
or 67 : 33 R/S) was prepared by Kagan’s method.4a As shown in
Scheme 2 (top), it was added to (S)-1�BF4

� (1.3 : 1.0 mol ratio)
in an NMR tube at �45 �C. The sample was warmed to
�10 �C, and the formation of 2c�BF4

� monitored by 31P NMR.
At 93% conversion resonances at δ 18.2 and 18.9 were present in
a 68 : 32 ratio.13 Hence, they were assigned to (RReRS)-2c�BF4

�

and (RReSS)-2c�BF4
�,14b respectively. The sample was warmed

to 25 �C. When isomerization was 83% complete resonances at
δ 10.0 and 8.0 were present in a 78 : 22 ratio. These were
assigned to (SReSS)-3c�BF4

� and (SReRS)-3c�BF4
�.14b

The enriched isopropyl methyl sulfoxide was similarly added
to complex (R)-1�BF4

� (1.1 : 1.0 mol ratio), and the reaction
monitored by 31P NMR at �10 �C (Scheme 2, bottom). At 80%
conversion, resonances at δ 18.2 and 18.9 were present in a
30 : 70 ratio, and were assigned to (SReSS)-2c�BF4

� and (SReRS)-
2c�BF4

�, respectively. The sample was warmed to 25 �C. When
isomerization was 74% complete resonances at δ 10.0 and
8.0 were present in a 40 : 60 ratio, and were assigned to
(RReRS)-3c�BF4

� and (RReSS)-3c�BF4
�.14b Note that if isomeriz-

ation were complete the diastereomer ratios before and after
isomerization would (in the absence of processes involving
epimerization or dissociation/racemization) be identical. The
decrease in the percentage of the major diastereomer in
this experiment, coupled with the increase in the previous
experiment, could be a simple consequence of slightly faster
isomerizations of (RReRS)-2c�BF4

� and (SReSS)-2c�BF4
�.

In a similar experiment, t-butyl methyl sulfoxide (d) that was
enriched in the R enantiomer (38% ee or 69 : 31 R/S) 4a was
added to complex (S)-1�BF4

� (1.1 : 1.0 mol ratio) at �45 �C.
The formation of 2d�BF4

� was monitored by 31P NMR at 0 �C.
At 95% conversion resonances at δ 18.9 and 19.3 were present in
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Table 1 NMR Characterization of rhenium sulfoxide complexes a

Complex 1H NMR b 13C-{1H} NMR c 31P-{1H} NMR d

7.65–7.20 (m, 3C6H5)
5.48 (s, C5H5)
2.55 (s, SCH3)
2.44 (s, SC�H3)

e

Ph at: 133.6 (d, J = 11.1, o)
131.6 (d, J = 55.4, p)
131.2 (d, J = 2.0, i)
128.9 (d, J = 11.1, m)

91.6 (s, C5H5)
38.9 (s, SCH3)
36.4 (s, SC�H3)

e

20.0 e

7.60–7.22 (m, 3C6H5)
5.48 (s, C5H5)
3.03 (q, J = 7.2, SCH2)
2.52 (s, SCH3)
1.04 (t, J = 7.2, CH2CH3)

f

Ph at: 133.4 (d, J = 8.4, o)
131.9 (d, J = 54.1, i)
131.3 (d, J = 2.4, p)
129.1 (d, J = 11.0, m)

91.6 (s, C5H5)
44.1 (s, SCH2)
34.3 (s, SCH3)
5.2 (s, CH2CH3)

f

18.3 (s) f

7.60–7.22 (m, 3C6H5)
5.47 (s, C5H5)
3.40 (q, J = 6.9, SCH2)
2.49 (s, SCH3)
0.95 (t, J = 7.3, CH2CH3)

f

Ph at: 133.6 (d, J = 11.1, o)
131.8 (d, J = 54.3, i)
131.4 (d, J = 2.7, p)
129.0 (d, J = 10.5, m)

91.7 (d, J = 2.0, C5H5)
46.4 (s, SCH2)
32.2 (s, SCH3)
5.0 (s, CH2CH3)

f

18.6 (s) f

7.70–7.21 (m, 3C6H5)
5.46 (s, C5H5)
3.04 (h, J = 6.9, SCH)
2.46 (s, SCH3)
1.05 (d, J = 6.6, CHCH3)
0.82 (d, J = 6.9, CHC�H3)

f

Ph at: 133.61 (d, J = 11.1, o)
131.9 (d, J = 54.4, i)
131.4 (d, J = 2.0, p)
129.1 (d, J = 11.1, m)

91.80 (s, C5H5)
52.6 (s, SCH)
29.0 (s, SCH3)
14.8 (s, CHCH3)
13.9 (s, CHC�H3)

f

18.9 (s) f

7.70–7.21 (m, 3C6H5)
5.49 (s, C5H5)
3.03 (h, J = 7.0, SCH)
2.44 (s, SCH3)
1.04 (d, J = 6.9, CHCH3)
0.89 (d, J = 6.9, CHC�H3)

f

Ph at: 133.64 (d, J = 10.1, o)
132.1 (d, J = 54.4, i)
131.3 (d, J = 2.0, p)
129.0 (d, J = 11.1, m)

91.75 (s, C5H5)
50.2 (s, SCH)
30.2 (s, SCH3)
15.2 (s, CHCH3)
15.1 (s, CHC�H3)

f

18.2 (s) f

7.42–7.58 (m, 9H of 3C6H5)
7.22–7.35 (m, 6H of 3C6H5)
5.45 (s, C5H5)
2.47 (s, SCH3)
1.01 (s, CCH3)

f

Ph at: 133.5 (d, J = 11.1, o)
132.6 (d, J = 55.4, i)
131.7 (d, J = 2.0, p)
129.11 (d, J = 11.1, m)

91.82 (s, C5H5)
58.4 (s, CCH3)
27.3 (s, SCH3)
22.0 (s, CCH3)

f

19.3 (s) f

7.42–7.58 (m, 9H of 3C6H5)
7.22–7.35 (m, 6H of 3C6H5)
5.48 (s, C5H5)
2.45 (s, SCH3)
1.05 (s, CCH3)

f

Ph at: 133.6 (d, J = 11.1, o)
132.4 (d, J = 52.4, i)
131.5 (d, J = 2.0, p)
129.09 (d, J = 11.1, m)

91.77 (s, C5H5)
56.6 (s, CCH3)
29.0 (s, SCH3)
22.2 (s, CCH3)

f

18.9 (s) f

7.57–7.42 (m, 3C6H5)
5.67 (s, C5H5)
3.53 (s, SCH3)
3.31 (s, SC�H3)

g

Ph at: 133.9 (d, J = 11.0, o)
132.8 (d, J = 57.6, p)
132.1 (d, J = 2.2, i)
129.5 (d, J = 11.3, m)

94.4 (s, C5H5)
56.2 (s, SCH3)
52.8 (s, SC�H3)

g

9.3 (s) g
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Table 1 (Contd.)

Complex 1H NMR b 13C-{1H} NMR c 31P-{1H} NMR d

7.61–7.38 (m, 3C6H5)
5.68 (s, C5H5)
3.54 (m, SCHH�)
3.46 (dq, J = 7.1, SCHH�)
3.19 (s, SCH3)
1.25 (t, J = 7.2, CH2CH3)

Ph at: 133.9 (d, J = 11.0, o)
132.7 (d, J = 57.4, i)
132.0 (d, J = 2.6, p)
129.5 (d, J = 11.1, m)

94.1 (d, J = 1.1, C5H5)
61.0 (s, SCH2)
50.0 (s, SCH3)
6.91 (s, CH2CH3)

9.3 (s)

7.61–7.38 (m, 3C6H5)
5.66 (s, C5H5)
3.54 (m, SCHH�)
3.34 (dq, J = 7.4, SCHH�)
3.08 (s, SCH3)
1.19 (t, J = 7.2, CH2CH3)

Ph at: 134.0 (d, J = 10.9, o)
132.9 (d, J = 57.6, i)
132.1 (d, J = 2.6, p)
129.6 (d, J = 11.0, m)

94.4 (d, J = 1.0, C5H5)
61.6 (s, SCH2)
47.0 (s, SCH3)
6.94 (s, CH2CH3)

9.5 (s)

7.62–7.24 (m, 3C6H5)
5.62 (s, C5H5)
3.61 (h, J = 6.9, SCH)
2.29 (s, SCH3)
1.35 (d, J = 6.7, CHCH3)
1.31 (d, J = 6.7, CHC�H3)

Ph at: 134.3 (d, J = 10.7, o)
133.2 (d, J = 57.9, i)
132.3 (d, J = 2.7, p)
129.8 (d, J = 10.9, m)

94.9 (d, J = 1.1, C5H5)
68.5 (s, SCH)
37.2 (s, SCH3)
17.4 (s, CHCH3)
14.1 (s, CHC�H3)

8.0 (s)

7.62–7.24 (m, 3C6H5)
5.67 (s, C5H5)
3.49 (h, J = 6.7, SCH)
3.00 (s, SCH3)
1.38 (d, J = 6.7, CHCH3)
1.33 (d, J = 6.7, CHC�H3)

Ph at: 133.8 (d, J = 11.0, o)
132.6 (d, J = 57.9, i)
132.0 (d, J = 2.7, p)
129.4 (d, J = 11.2, m)

94.1 (d, J = 1.1, C5H5)
67.1 (s, SCH)
46.9 (s, SCH3)
16.9 (s, CHCH3)
15.8 (s, CHC�H3)

10.0 (s)

7.50–7.64 (m, 3C6H5)
6.02 (s, C5H5)
3.05 (s, SCH3)
2.08 (s, CCH3)

Ph at: 134.5 (d, J = 12.0, o)
132.3 (d, J = 2.7, p) h

129.8 (d, J = 11.2, m)
95.2 (d, J = 1.3, C5H5)
72.5 (s, CCH3)
46.1 (s, SCH3)
24.2 (s, CCH3)

12.6 (s)

a Spectra are recorded in CD2Cl2 at ambient probe temperature unless noted. b At 300 MHz (δ) and referenced to internal Si(CH3)4. All couplings
(Hz) are to 1H. c At 75 MHz and referenced to CD2Cl2 (δ 53.8). All couplings (Hz) are to 31P. Assignment of phenyl carbon resonances are made
as described in footnote c of Table 1 in ref. 15. d At 121 MHz and referenced to external 85% H3PO4. 

e Spectrum recorded at �40 �C.
f Spectrum recorded at �30 �C. g Data previously reported in Table 1 in ref. 7. h ipso carbon not observed.

a 66 : 34 ratio. Hence, they were assigned to (RReRS)-2d�BF4
�

and (RReSS)-2d�BF4
�, respectively. The enriched t-butyl methyl

sulfoxide was similarly added to (R)-1�BF4
�, and the sample

warmed to ambient temperature. At 67% conversion reson-
ances at δ 18.9 and 19.3 were present in a 29 : 71 ratio, and
assigned to (SReSS)-2d�BF4

� and (SReRS)-2d�BF4
�, respectively.

Consistent with data above, the preceding two samples under-
went only partial isomerization to 3d�BF4

�. This required heat-
ing to 60 �C, and gave concurrent decomposition. However, the
major diastereomers at the lowest conversions were opposite.
Thus, resonances could be assigned to (SReSS)- or (RReRS)-
3d�BF4

� (δ 11.0) and (SReRS)- or (RReSS)-3d�BF4
� (δ 10.9).14b

Finally, ethyl methyl sulfoxide (b) that was enriched in the R
enantiomer (69 : 31 R/S, 38% ee)4a was similarly added to com-
plex (S)-1�BF4

� (1.0 : 1.0 mol ratio) �45 �C. The formation of
2b�BF4

� was monitored by 31P NMR. At 77% conversion
(4.5 h, 0 �C) resonances at δ 19.1 and 18.9 were present in a
69 : 31 ratio,19a and assigned to (RReRS)-2b�BF4

� and (RReSS)-
2b�BF4

�, respectively. The sample was warmed to 25 �C. At
92% conversion the δ 9.8 and 9.6 resonances were present in a
67 : 33 ratio,19b and assigned to (SReSS)-3b�BF4

� and (SReRS)-
3b�BF4

�. This sequence was repeated with (R)-1�BF4
�. At 73%

conversion (4.2 h, 0 �C) resonances at δ 19.1 and 18.9 were
present in a 37 : 63 ratio, and assigned to (SReSS)-2b�BF4

� and
(SReRS)-2b�BF4

�, respectively.19c The sample was warmed to
25 �C. At 89% conversion resonances at δ 9.8 and 9.6 were
present in a 34 : 66 ratio,19d and assigned to (RReRS)-3b�BF4

�

and (RReSS)-3b�BF4
�. Plots of the concentrations of 1�BF4

�

and the various sulfoxide complex isomers versus time and
temperature for all of these experiments (or equivalent ones)
are given elsewhere.20

Configurations were assigned to diastereomers of the
triflate salts 2c,2d�TfO� and 3b,3c�TfO� based upon the
NMR relationships established for the tetrafluoroborate salts.
The racemic oxygen-bound t-butyl methyl sulfoxide complex
2d�TfO�, which was isolated as a 98 : 2 mixture of RReSS,SReRS/
RReRS,SReSS diastereomers (Scheme 1), was crystallized. This
gave the diastereomerically pure solvate (RReSS,SReRS)-
2d�TfO��0.5CH2Cl2 (confirmed by NMR as the major
diastereomer). X-Ray data were collected as summarized in the
Experimental section. Refinement gave the structures in Fig. 1.
Key bond lengths, bond angles, and torsion angles are summar-
ized in Table 2. The crystal structure confirms (1) the linkage
isomer assignment, (2) the configurational assignments made
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Scheme 2 Representative configurational assignments.

from reactions of non-racemic 1�BF4
� and sulfoxide d, and (3)

the literature configuration of non-racemic d (which has some-
times been a point of confusion).21

3 Reactions of sulfoxide complexes

Various reactions were conducted with the hope of clarifying
aspects of the preceding data. First, the oxygen-bound DMSO
complex 2a�BF4

� was dissolved in DMSO-d6 and the sample
monitored by 1H NMR. Rapid ligand exchange to give 2a�-d6

BF4
� took place, followed by a slower linkage isomerism to

3a�-d6 BF4
� (evident from the cyclopentadienyl resonances).

Thus, oxygen-bound sulfoxide ligands undergo facile exchange.
From previous studies of [(η5-C5H5)Re(NO)(PPh3)(L)]�

systems an associative mechanism would be expected.22 Only a
twofold excess of sulfoxide ligand is used under the prepar-
ative conditions in Scheme 1, but such exchange constitutes
a possible mechanism of sulfur epimerization and thereby
diastereomer interconversion.

To further probe this point, a chlorobenzene solution of the

oxygen-bound t-butyl methyl sulfoxide complex 2d�BF4
� (non-

racemic; 55 : 45 SReRS/SReSS) was treated with three equivalents
of DMSO at room temperature. The reaction was monitored
by 31P NMR. As shown in eqn. (1), the oxygen-bound DMSO

complex 2a�BF4
� formed. After 1 h (ca. 60% conversion) some

3a�BF4
� could be detected, and residual 2d�BF4

� continued to
react. Thus, degenerate ligand exchange should take place
under the preparative conditions in Scheme 1.

A Pyrex NMR tube was charged with an acetone-d6 solution
of complex 3a�BF4

� and an internal standard (Ph3SiMe),

(1)
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and photolysed at �70 �C using a Hannovia 450 W mercury
lamp. After 10 min, 3a�BF4

�, linkage isomer 2a�BF4
�, and

the previously characterized 23 acetone-d6 complex [(η5-
C5H5)Re(NO)(PPh3)(η

1-O��C(CD3)2)]
�BF4

� had formed in 83,
13, and 4% yields, as determined by 1H and 31P NMR. A second
photolysis was conducted for 13 minutes at ambient temper-
ature. This gave 3a�BF4

�, 2a�BF4
�, the acetone complex,

and various unidentified species in 35, 36, 15, and 14% yields.
Subsequent thermal (dark) reactions then occurred. First the
acetone complex converted into 2a�BF4

�. Then this isomerized

Fig. 1 Structure of the cation of the t-butyl methyl sulfoxide com-
plex (RReSS,SReRS)-[(η5-C5H5)Re(NO)(PPh3)(O��S(Me)t-Bu)]�TfO��0.5
CH2Cl2 ((RReSS,SReRS)-2d�TfO��0.5CH2Cl2): Top, numbering diagram.
Bottom, Newman-type projection with phenyl rings omitted.

Table 2 Selected bond lengths (Å), bond angles (deg), and torsion
angles (deg) in complex (RReSS,SReRS)-2d�TfO��0.5CH2Cl2

Re–P
Re–O2
Re–N
S1–O2
N–O1
P–C6
P–C12
P–C18

O2–Re–P
O2–Re–N
P–Re–N
Re–O2–S1
O2–S1–C24
O2–S1–C25
C24–S1–C25

C24–S1–O2–Re
C25–S1–O2–Re �
LP a–S1–O2–Re

2.383(2)
2.129(6)
1.781(8)
1.549(6)
1.16(1)
1.826(9)
1.826(9)
1.814(9)

81.2(2)
103.3(4)
91.0(3)

115.0(4)
103.1(5)
101.3(5)
103.0(6)

86.4(5)
167.2(5)
�40.2(4)

Re–C1
Re–C2
Re–C3
Re–C4
Re–C5
S1–C24
S1–C25

Re–N–O1
C1–C2–C3
C2–C3–C4
C3–C4–C5
C4–C5–C1
C5–C1–C2

P–Re–O2–S1
N–Re–O2–S1

2.23(1)
2.28(1)
2.33(1)
2.31(1)
2.23(1)
1.79(1)
1.84(1)

172.7(9)
108(1)
110(1)
107(1)
107(1)
108(1)

�157.2(3)
�68.2(4)

a LP = Lone pair.

to 3a�BF4
�. Other photoinduced and contrathermodynamic

linkage isomerizations of sulfur-bound DMSO complexes
have recently been reported.24

4 Syntheses and oxidations of sulfide complexes

As noted in the Introduction, the major impetus for the above
syntheses and structural assignments was to provide a solid
foundation for analysing oxidations of the corresponding
sulfide complexes, [(η5-C5H5)Re(NO)(PPh3)(S(Me)R)]�X�

(5a–5d�X�). The triflate salts 5a–5d�TfO� were synthesized
from the free sulfides and triflate complex 4 earlier, and the
tetrafluoroborate salt 5a�BF4

� was prepared via a dichloro-
methane complex.7 The new tetrafluoroborate salts 5b–
5d�BF4

� were similarly prepared from the chlorobenzene com-
plex 1�BF4

�, as shown in Scheme 3. Their 1H and 31P NMR
spectra were essentially identical to those of the triflates.7 Note
that 5b–5d�X� have both rhenium and sulfur stereocenters.
Variable temperature NMR experiments with 5a�TfO� and a
di(methallyl) sulfide complex established low sulfur inversion/
rotation barriers (9.4–9.8 kcal mol�1).7,9a Low temperature
NMR spectra of the unsymmetrical sulfide complexes 5b,
5c�TfO� showed decoalesence to two diastereomers (67 : 33
and 77 : 23). The major and minor have been assigned SReSS,
RReRS and SReRS,RReSS configurations, respectively, as illus-
trated by II and III in Scheme 3.7

Screening experiments were conducted with complex
5a�TfO� and several oxidizing agents. No reactions were
observed with pyridine N-oxide, trimethylamine N-oxide, and
the peracid MCPBA (m-chloroperbenzoic acid). Hydrogen
peroxide gave some DMSO complex 3a�TfO�, but dimethyl-
dioxirane 25 was more promising. This reagent had previously
been employed to oxidize ligands in organometallic com-
plexes.26 Accordingly, NMR tubes were charged with 5a–5d�X�

and cooled to �80 �C. Standardized acetone solutions of
dimethyldioxirane (3 equivalents) were added. The tubes were
transferred to 0 �C NMR probes and 31P spectra periodically
recorded. The bulkier sulfide complexes (and to a lesser extent
the triflate salts) reacted more slowly. Only in the case of
5d�X� did a substantial amount of educt remain after 3 h. As
summarized in Scheme 4, sulfoxide complexes 3a–3d�X�

formed in fair to good yields, and 3b–3d�X� with fair to
good diastereoselectivity. The major diastereomer always
corresponded to that which would be obtained by oxygen
atom transfer to the lone pair in II (Scheme 3). However,
variable amounts of the phosphine oxide Ph3P��O were also
generated.

Scheme 3 Representative syntheses of sulfide complexes and con-
figurational equilibria.
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Efforts were made to minimize and/or better understand
the origin of the phosphine oxide. After the educts 5a–5d�X�

were consumed the product ratios did not appear to change
with time. Reactions at higher temperatures gave greater pro-
portions of phosphine oxide. Only in rare instances has PPh3

been observed to dissociate from adducts of the chiral
rhenium Lewis acid I.27 In these cases it can be replaced by the
more basic phosphine P(p-MeC6H4)3.

27 Accordingly, the sul-
fide complex 5b�TfO� and the DMSO complex 3a�TfO�

were combined with an excess of P(p-MeC6H4)3 (15–20
equivalents) in acetone. No reactions were observed after sev-
eral hours at 50 �C. Finally, 3a�BF4

� and dimethyldioxirane
(3.0 equivalents) were combined in acetone at �80 �C. The
sample was monitored by 31P NMR at 0 �C. Phosphine oxide
formed at a rate similar to that in the oxidation of 5a�BF4

�.
Thus, a competitive overoxidation seems at present the best
explanation for phosphine oxide formation. No effort was
made to identify the corresponding rhenium-containing
product. Note that it might rapidly consume additional
oxidizing equivalents.

Discussion
1 Sulfoxide ligand binding selectivities

The data in Scheme 1 show that, regardless of the rhenium
electrophile employed, the sterically more accessible sulfoxide
oxygen is the kinetically preferred binding site. This trend
has precedent, but is seldom rigorously established from
preparative experiments alone. For example, a platinum com-
plex containing both oxygen- and sulfur-bound DMSO has
been carefully studied.28 NMR data show that the oxygen-
bound ligand exchanges much faster with free DMSO, and
exclude initial sulfur binding. Also, numerous complexes with
both oxygen- and sulfur-bound sulfoxide ligands have been
structurally characterized.29 The “cone angles” and other steric
properties of the two binding modes have been quantitatively
compared,18b,30 and by every criterion the oxygen-bound form is
less bulky.

In contrast to the linkage isomer ratios, the diastereomer
ratios of 2b–2d�X� cannot be so easily interpreted. Variables
include the precipitative work-ups (which can favor the less sol-
uble diastereomer), the degree of isomerization to 3b–3d�X�

(one diastereomer can react faster), and the facile exchange of
the oxygen-bound sulfoxide ligands with free sulfoxides (an
epimerization mechanism; eqn. (1)), all of which are condition-

Scheme 4 Oxidation of sulfide complexes.

dependent and probably contribute to the modest reproduc-
ibilities (Scheme 1). The large difference between 2d�BF4

� and
2d�TfO� (and 2c�BF4

� and 2c�TfO�) makes it very improbable
that ratios are under thermodynamic control. There also might
be a dependency upon the precursors, chlorobenzene complex
1�BF4

� and triflate complex 4. Based upon limited data (e.g.,
its slow racemization in benzene),17 substitution reactions of 4
are believed to proceed differently from other functional
equivalents of rhenium Lewis acid I.

Within detection limits (≈1%), complexes 2a–2c�X� com-
pletely isomerize to 3a–3c�X� in solution. Hence, the thermo-
dynamic binding affinities of the sulfoxide ligand sulfur atoms
are at least two orders of magnitude greater. Owing to the poor
mass balance, the direction of the equilibrium for the bulkier
S-t-Bu complexes 2d�X�/3d�X� is less obvious. However,
since no oxygen-bound isomer is detected under the conditions
of Scheme 4 (note some oxidations of 5d�TfO� are executed at
room temperature), the sulfur-bound isomer is likely more
stable. Each linkage isomerization is further characterized by
a kinetic and thermodynamic diastereoselectivity. We analyse
the latter below, in conjunction with the oxidations. Since
the diastereomer ratios for 3b,3c�X� are so close to 50 : 50
(Scheme 1), they likely (in view of other data given below)
represent kinetic ratios.

It is worth emphasizing that the isomerizations in Scheme 1
are conducted in the presence of an excess of sulfoxide.
Coupled with the facile exchange of the oxygen-bound ligands
with free sulfoxides, there is no requirement, under any mech-
anistic scenario, for the diastereomer ratios to match before and
after isomerization. The isomerizations involving non-racemic
educts (e.g. Scheme 2) are conducted with only slight excesses
of sulfoxide (0–25%). Here, close correspondences are
observed. Linkage isomerization could occur by at least three
mechanisms: (1) an intramolecular 1,2 migration of rhenium;
(2) a dissociation/recoordination process; (3) an associative
substitution when free sulfoxide is present. We have shown that
η2/η1 isomerizations of aldehyde complexes of I proceed via
intramolecular mechanisms,31 as well as higher energy processes
involving migrations between carbonyl donors and alkenes.32,33

Hence, we currently favor the first possibility.
Returning to the thermodynamics of linkage isomerization,

there are many metal fragments that preferentially give sulfur-
bound sulfoxide complexes, and many others that give oxygen-
bound sulfoxide complexes.18 Literature analyses are often cast
in terms of hard/soft acid/base theory. We prefer to focus upon
steric and electronic properties. The rhenium Lewis acid I is
quite bulky, but not so congested that the sulfur-bound isomers
become less stable. I is furthermore a strong π donor, and from
an electronic standpoint matches better with the stronger π
acceptor, the sulfur-bound sulfoxide. Linkage isomerizations
that dramatically illustrate the importance of such electronic
factors are shown in Scheme 5. The ruthenium Lewis acid

Scheme 5 Electronic effects in sulfoxide ligand linkage isomerization.
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[(H3N)5Ru]2� strongly favors sulfur-bound isomers, but a one
electron oxidation gives the weaker π donor and stronger σ
acceptor [(H3N)5Ru]3�, which strongly favors oxygen-bound
isomers.16a–e

2 Structural properties of sulfoxide complexes

The crystal structure of the oxygen-bound t-butyl methyl
sulfoxide complex (RReSS,SReRS)-2d�TfO� (Fig. 1) can be com-
pared to that of the sulfur-bound DMSO complex 3a�BF4

�

reported earlier.7 A partial view of the latter is given in Fig. 2.
To our knowledge, these are the only structurally characterized
oxygen- and sulfur-bound monosulfoxide complexes of the
same metal fragment in the literature. Many crystal struc-
tures of complexes with both oxygen- and sulfur-bound sulf-
oxide ligands have been determined,29,30 but the ligands always
possess electronically and sterically distinct coordination
environments.34

As observed for all adducts of the Lewis acid I, complex
(RReSS,SReRS)-2d�TfO� exhibits a formally octahedral geom-
etry at rhenium. However, the angles between the η1 ligands
(81.2(2), 103.3(4), 91.0(3)�) deviate somewhat more from 90�
than usual, especially in comparison to 3a�BF4

� and similar
dialkyl sulfide complexes.7,9a The rhenium–oxygen bond
(2.129(6) Å) is shorter than the rhenium–sulfur bond in
3a�BF4

� (2.395(3) Å), while the sulfur–oxygen bond (1.549(6)
Å) is longer than those in 3a�BF4

� (1.462(4) Å) and free DMSO
(1.513(5) Å).18b These trends have abundant precedent in struc-
tures of other sulfoxide complexes.18,29,34 Analogous distortions
from octahedral geometries and X��O bond lengthenings occur
upon σ coordination of ketones and aromatic aldehydes
to I.23,35

As illustrated by the bottom view in Fig. 1, complex
(RReSS,SReRS)-2d�TfO� adopts a rhenium–oxygen conform-
ation that directs the sulfur nearly anti to the bulky PPh3 ligand.
This is reflected by the P–Re–O–S torsion angle (�157.2(3)�).
Similar conformations are found in other adducts of I and
ligands with X–YABC groupings, such as alkoxides27a and alkyl
halides.36 Many experiments have shown that the interstice
between the cyclopentadienyl and nitrosyl ligands is the least
congested. Complex (RReSS,SReRS)-2d�TfO� also adopts an
oxygen–sulfur conformation that places the large t-butyl sub-
stituent nearly anti to the bulky rhenium, as indicated by the

Fig. 2 Top: structure of the cation of sulfur-bound DMSO complex
3a�BF4

� with phenyl rings omitted. Bottom: possible direction of
diastereomeric equilibrium for 3b–3d�BF4

�.

Re–O–S–C25 torsion angle (167.2(5)�). Analogous features are
observed in the crystal structures of other adducts of I and
X–YABC ligands.8,27a,36,37

As noted earlier, complex 3a�BF4
� adopts an unusual

rhenium–sulfur conformation in which the oxygen and bulky
PPh3 ligand are nearly syn.7 This is reflected by the P–Re–S–O
torsion angle (�17.2(3)�). Normally the smallest group on the
ligating atom would give a �60 to �70� torsion angle, as illus-
trated by the sulfur lone pair positions in the sulfide complexes
II and III (Scheme 3). The contrasteric rhenium–sulfur con-
formation is one of two that would maximize back bonding
from the d orbital HOMO of I to the S��O acceptor orbital.7

This is in accord with the much higher IR νNO values of the
sulfur-bound complexes 3�X�.

Faller and Ma has reported the crystal structure of the
sulfur-bound ruthenium t-butyl methyl sulfoxide complex
(SRuSS,RRuRS)-[(η5-C5H5)Ru(CO)(PPh3)(S(��O)(Me)t-Bu)]�-
SbF6

� ((SRuSS,RRuRS)-6d�SbF6
�).6a A partial view is given in

Fig. 3. The ruthenium fragment is essentially isoelectronic
and isostructural with our rhenium fragment. The sulfoxide is
identical to that in (RReSS,SReRS)-2d�TfO�, while the bonding
mode is analogous to that of the DMSO in 3a�BF4

�. The
metal–sulfur conformation is similar to that of 3a�BF4

� (P–M–
S–O torsion angle �28.3�). Other important observations of
Faller and Ma are described in the following section.

3 Configurational equilbria

The above structural data provide starting points for models
that predict the relative stabilities of the diastereomers of 2b–
2d�X� and 3b–3d�X�. Although this represents a digres-
sion from what we could verify experimentally, we believe the
analysis belongs in the literature as an aid to future research.
First, we have reported the crystal structure of the alkoxide
complex (RReSC,SReRC)-(η5-C5H5)Re(NO)(PPh3)(OCH(Me)Ph)
((RReSC,SReRC)-7), an adduct of Lewis acid I and a ligand
of the type X–YABC.27a The atom β to rhenium (Y) has groups
(A, B, C) similar in relative sizes to those in (RReSS,SReRS)-2b–
2d�X�. As shown by VIII in Scheme 6, the alkoxide adopts a
similar conformation in the solid state, with approximately anti
P–Re–O–C and Re–O–C–Ph linkages.

Furthermore, the diastereomers of complex 7 equilibrate
by a mechanistically well defined PPh3 dissociation/β-hydride
elimination process.27a Complex (RReRC,SReSC)-7, shown in IX
with the same anti conformations found in crystalline (RReSC,-
SReRC)-7, proved to be less stable. This was ascribed to inter-

Fig. 3 Structures and diastereomeric equilibria for a ruthenium sulfur
bound t-butyl methyl sulfoxide complex. Phenyl rings are omitted from
the ORTEP.
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actions between the medium-sized cyclopentadienyl rhenium
ligand and the alkoxide methyl substituent. Although both
diastereomers would adopt an ensemble of conformations in
solution, this model successfully correlated all data, including
stability trends of related amido complexes.27b

The similar crystal structure of the oxygen-bound sulfoxide
complex (RReSS,SReRS)-2d�TfO� suggests that it should be
possible to extend this model to (RReSS,SReRS)-2b–2d�X� and
(RReRS,SReSS)-2b–2d�X�. As illustrated by X and XI in Scheme
6, the former should be more stable. Accordingly, with the
bulkier sulfoxides c and d the RReSS,SReRS diastereomer (X)
dominates under the conditions of Scheme 1. Under the con-
ditions of Scheme 2 the opposite diastereomer of 2c�BF4

�,
(RReRS)-2c�BF4

� or the enantiomer (SReSS)-2c�BF4
� appears to

isomerize slightly faster, consistent with a lower stability.
With respect to the relative diastereomer stabilities of the

sulfur-bound complexes 3b–3d�X�, consider first structures IV
and V in Fig. 2. Based upon data with equilibratible diastereo-
meric alkyl complexes of the type (η5-C5H5)Re(NO)(PPh3)-
(CHRR�),38 IV should be the more stable. However, closer
precedent is available from the Faller and Ma study. They
monitored the generation of 6d�SbF6

� (Fig. 3) from an ace-
tone complex by NMR. No oxygen-bound sulfoxide complex
was detected, and a 60 : 40 SRuSS,RRuRS/SRuRS,RRuSS kinetic
mixture formed. This system is configurationally labile at
ruthenium, and equilibrated to a 97 : 3 SRuSS,RRuRS/SRuRS,
RRuSS mixture in dichloromethane at room temperature. Care
was taken to ensure that the major component was crystal-
lographically characterized. Hence, analogous stability trends
can confidently be predicted for 3b–3d�X�.

These assignments allow another issue to be addressed.
Would the mechanism of isomerization of complexes 2b–
2d�X� to 3b–3d�X� favored above, intramolecular 1,2-
migration, with retention at rhenium and sulfur, correlate
a more stable diastereomer with a more stable diastereomer,
or a more stable diastereomer with a less stable diastereomer?
As can be visualized from the bottom structure in Fig. 1 or
X in Scheme 6, (RReSS,SReRS)-2d�TfO�, the more stable
diastereomer by the model in Scheme 6, would give the less
stable diastereomer of the linkage isomer (SReRS,RReSS)-
3d�TfO�.14b This might account for the lower isomerization
yields with t-butyl methyl sulfoxide.

4 Oxidation chemistry

Dimethyldioxirane often gives much cleaner reactions than
other oxygen atom transfer reagents.25 However, except at low
conversions, reactions with sulfide complexes 3a–3d�X� give
significant amounts of phosphine oxide by-product (Scheme 4).
Our data give no special insight into the origin of this material,
except for excluding phosphine dissociation. It appears to form
by a competitive overoxidation, possibly involving oxygen atom

Scheme 6 Relative stabilities of diastereomeric alkoxide and oxygen-
bound sulfoxide complexes of the rhenium Lewis acid I.

transfer to rhenium or the sulfoxide ligand oxygen.39 Some type
of internal elimination would then lead to phosphine oxide.

In closely related work, Schenk et al. used dimethyldioxirane
to oxidize a variety of sulfide complexes of bis(phosphine)
ruthenium Lewis acids [(η5-C5H5)Ru(PR2R�)2]

� to the corre-
sponding sulfoxide complexes.5a,b Fourfold excesses were gener-
ally employed, and yields were with only a few exceptions very
high. However, when adducts of the less electron rich carbonyl
monophosphine Lewis acid [(η5-C5H5)Ru(CO)(PPh3)]

� were
employed (giving homologs of the Faller complex (SRuSS,
RRuRS)-6d�SbF6

� above), yields were much lower.5b For
example, the isopropyl methyl sulfoxide complex [(η5-C5H5)-
Ru(CO)(PPh3)(S(��O)(Me)i-Pr)]�PF6

� (6c�PF6
�) was obtained

in 45% yield and as a 64 : 36 ratio of diastereomers. Large
excesses of dimethyldioxirane did not lead to improvements.

Since oxidations of both Schenk’s ruthenium carbonyl and
our rhenium nitrosyl systems are plagued by side-reactions the
relative diastereoselectivities become less meaningful. A few
comparisons are made in the ESI. Some of Schenk’s best
data are summarized in Scheme 7.5a,b The commercially avail-

able chiral diphosphine chiraphos, (2S,3S)-2,3-bis(diphenyl-
phosphino)butane, enables the highly diastereoselective
oxidation of a number of sulfide ligands. Subsequent reactions
with iodide liberate non-racemic sulfoxides, and the chiral
ruthenium fragment can be recycled. A number of supporting
crystal structures and mechanistic experiments were executed,
and advanced applications in organic synthesis developed.5,40

Conclusion
The coordination chemistry of sulfoxides has been extended by
use of a chiral rhenium Lewis acid (I) that gives divergent
kinetic and thermodynamic selectivities for oxygen- and sulfur-
bound linkage isomers. This has enabled the first structural
characterization of linkage isomers of identical metal frag-
ments. The configurational stability of the rhenium Lewis acid
is an advantage with respect to assigning the configurations of
rhenium/sulfur diastereomers, but a disadvantage with respect
to assigning relative diastereomer stabilities. Other literature
data, including equilibrations of related ruthenium sulfoxide
complexes, allow qualitative but not quantitative predictions.
Dimethyldioxirane oxidations of the corresponding rhenium
sulfide complexes also give sulfur-bound sulfoxide complexes.
Several general attributes of transition metal sulfide and sulf-
oxide complexes give grounds for optimism that new enantio-
selective sulfide oxidation catalysts might be developed. How-
ever, for adducts of I, competing overoxidation of the sulfoxide
complexes to Ph3P��O is a problem. Diastereoselectivities are
reasonable, but from every preparative standpoint a chiral
bis(phosphine) ruthenium Lewis acid developed by Schenk is
superior. Nonetheless, these data should be of immense use in

Scheme 7 Oxidation of chiral ruthenium sulfoxide complexes.
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the future design and development of new transition metal-
based strategies for enantioselective oxidations of sulfides to
sulfoxides.

Experimental
General methods

Most details are routine and fully described in the ESI.† Racemic
and enantiomerically enriched sulfoxides O��S(Me)R were pre-
pared by published methods.4a,41 Dimethyldioxirane was gener-
ated in acetone by a literature procedure and standardized with
PPh3.

42 HBF4�OEt2 (Aldrich) was standardized as previously
described.43

Preparations

[(�5-C5H5)Re(NO)(PPh3)(O��S(Me)R)]�BF4
� (2�BF4

�) (R �
Me a, Et b, i-Pr c or t-Bu d). A Schlenk flask was charged
with (η5-C5H5)Re(NO)(PPh3)(CH3) 8 44 (0.446 g, 0.798 mmol)
and C6H5Cl (4 mL) and cooled to �45 �C (CH3CN/CO2). Then
HBF4�OEt2 (0.105 mL, 0.819 mmol) was added with stirring to
generate [(η5-C5H5)Re(NO)(PPh3)(ClC6H5)]

�BF4
� (1�BF4

�).12

After 10 min O��SMe2 (0.127 g, 1.63 mmol) was added. After 15
min the �45 �C bath was replaced by a �15 �C bath (ethylene
glycol/CO2). After 1 h an orange precipitate began to form.
After an additional 0.5 h diethyl ether was added. The precipi-
tate was collected by filtration, washed with ether (2 × 10 mL),
and dried in vacuo to give an orange powder that was a 90 : 10
2a�/3a�BF4

� mixture (0.475 g, 0.670 mmol, 84%).45 IR: νNO

1685 vs, νSO 891 m cm�1.46 Complexes 2b–2d�BF4
� were

prepared by analogous procedures as detailed in the ESI.45 IR:
νNO 1668/1670/1670 vs, νSO 888/889/886 m.46 NMR: Table 1.

[(�5-C5H5)Re(NO)(PPh3)(O��S(Me)R)]�TfO� (2�TfO�)
(R � i-Pr c or t-Bu d). A Schlenk flask was charged with (η5-
C5H5)Re(NO)(PPh3)(OTf) 4 17 (0.471 g, 0.680 mmol), C6H5Cl
(6 mL), O��S(Me)i-Pr (0.116 g, 1.10 mmol), and a stir bar. The
sample was stirred for 5 h at 0 �C. The precipitate was collected
by filtration, washed with C6H5Cl (3 × 5 mL) and ether (2 × 10
mL), and dried in vacuo to give an orange powder that was a
85 : 15 2c�/3c�TfO� mixture (0.345 g, 0.431 mmol, 63%).45 IR:
νNO 1674 vs, νSO 890 m cm�1.46,47 Complex 4 (0.523 g, 0.755
mmol), C6H5Cl (3 mL), and O��S(Me)t-Bu (0.117 g, 0.973
mmol) were combined in an analogous procedure. A similar
work-up gave 2d�TfO� as an orange powder (0.512 g, 0.630
mmol, 83%), mp 104–106 �C (decomp.).45 IR: νNO 1671 vs, νSO

885 s cm�1.46,47

[(�5-C5H5)Re(NO)(PPh3)(S(��O)(Me)R)]�BF4
� (3�BF4

�)
(R � Et b, i-Pr c or t-Bu d). A Schlenk flask was charged with
complex 8 (0.377 g, 0.675 mmol) and C6H5Cl (3 mL) and cooled
to �45 �C. Then HBF4�OEt2 (0.0870 mL, 0.679 mmol) was
added with stirring to generate 1�BF4

�. After 10 min,
O��S(Me)Et (0.0790 g, 0.879 mmol) was added. After 15 min
the cold bath was removed. After 1 h a red-orange precipitate
began to form, which slowly became yellow. After an additional
11 h ether was added. The precipitate was collected by
filtration, washed with ether (2 × 10 mL), and dried in vacuo to
give 3b�BF4

� as a yellow powder (0.452 g, 0.625 mmol, 93%),
mp 123–124 �C (decomp.) 45 Calc. for C26H28BF4NO2PReS: C,
43.22; H, 3.91. Found: C, 43.25; H, 3.92%. IR: νNO 1722 vs
cm�1.46 Complexes 3c,3d�BF4

� were prepared by analogous
procedures as detailed in the ESI. 3c�BF4

�: mp 94–97 �C
(decomp.). 45 Calc. for C27H30BF4NO2PReS: C, 44.03; H, 4.11.
Found: C, 44.29; H, 4.09%. IR: νNO 1717 vs cm�1.46 3d�BF4

�:
mp 152–153 �C (decomp.). 45 Calc. for C28H32BF4NO2PReS: C,
44.80; H, 4.30. Found: C, 44.62; H, 4.28%. IR: νNO 1720 vs
cm�1.46 NMR: Table 1.

[(�5-C5H5)Re(NO)(PPh3)(S(��O)(Me)R)]�TfO� (3�TfO�)
(R � Et b or i-Pr c). Complex 4 (0.634 g, 0.916 mmol), C6H5Cl

(5 mL), and O��S(Me)Et (0.173 g, 1.878 mmol) were com-
bined in a procedure analogous to that given for 2c�TfO�. The
sample was stirred for 5 h at room temperature. A similar
work-up gave 3b�TfO� as a yellow powder (0.670 g, 0.854
mmol, 93%), mp 116–117 �C (decomp.). 45 IR: νNO 1722 vs,
νSO 1113 s cm�1. 46,47 Complex 4 (0.531 g, 0.767 mmol),
C6H5Cl (8 mL), and O��S(Me)i-Pr (0.147 g, 1.39 mmol)
were combined in an analogous procedure. A similar work-up
gave 3c�TfO� as a yellow powder (0.458 g, 0.573 mmol, 75%),
mp 138–139 �C (decomp.). 45 IR: νNO 1716 vs, νSO 1119 s
cm�1.46,47

Non-racemic complexes. The following are representative,
and additional experiments are detailed elsewhere (NMR shifts:
see text).20 A. A NMR tube was charged with complex (S)-8
(0.0262 g, 0.0469 mmol)44 and C6H5Cl (0.7 mL) and cooled to
�45 �C. Then HBF4�OEt2 (0.0063 mL, 0.049 mmol) was added
to generate (S)-1�BF4

�.12 After 10 min (R)-O��S(Me)i-Pr
(0.0065 g, 0.061 mmol, 34% ee) was added. The tube was trans-
ferred to a �10 �C NMR probe and 31P NMR spectra were
recorded (20 min intervals, 5 h). The tube was kept at �20 �C
overnight, giving 2c�BF4

� as a 68 : 32 RReRS/SReSS mixture
(93% conversion). The tube was transferred to a 25 �C NMR
probe and 31P NMR spectra were recorded (30 min intervals,
5 h). This gave 3c�BF4

� as a 78 : 22 SReSS/RReRS mixture (83%
isomerization). B. Complex (R)-8 (0.0231 g, 0.0414 mmol),
C6H5Cl (0.7 mL), HBF4�OEt2 (0.0060 mL, 0.047 mmol) and
(R)-O��S(Me)i-Pr (0.0047 g, 0.044 mmol, 34% ee) were com-
bined as in experiment A. Then 31P NMR spectra were recorded
at �10 �C (20 min intervals, 5 h). After this time, 2c�BF4

� had
formed as a 70 : 30 SReRS/SReSS mixture (80% conversion). The
probe was warmed to 25 �C and spectra were recorded (30 min
intervals, 5 h). After this time, 3c�BF4

� was present as a 60 : 40
RReSS/RReRS mixture (74% isomerization). C. Complex (S)-8
(0.0207 g, 0.0371 mmol), C6H5Cl (0.7 mL), HBF4�OEt2 (0.0050
mL, 0.039 mmol), and (R)-O��S(Me)t-Bu (0.0048 g, 0.040
mmol, 38% ee) were combined as in experiment A. Then 31P
NMR spectra were recorded at 20 min intervals for 5 h. D.
Complex (R)-8 (0.0219 g, 0.0392 mmol), C6H5Cl (0.7 mL),
HBF4�OEt2 (0.0055 mL, 0.043 mmol), and (R)-O��S(Me)t-Bu
(0.0102 g, 0.0848 mmol, 38% ee) were combined and monitored
as in experiment C.

Substitutions. The following is representative, and additional
examples are detailed elsewhere.20 A NMR tube was charged
with complex 2a�BF4

� (0.0197 g, 0.0278 mmol) and DMSO-d6

(0.6 mL, 0.66 g, 8.5 mmol) and transferred to a 22 �C NMR
probe. Data: see text.

Photolyses. An E. J. Young NMR tube was charged with
complex 3a�BF4

� (0.0070 g, 0.0099 mol), acetone-d6 (0.7 mL),
and Ph3SiMe (0.0017 g, 0.0062 mmol). The tube was irradiated
for 10 min at �70 �C with a 450 W Hannovia medium pressure
mercury lamp. The tube was transferred to a �65 �C NMR
probe and 31P and 1H NMR spectra were recorded. A second
tube was charged with 3a�BF4

� (0.0064 g, 0.0090 mol),
acetone-d6 (0.6 mL), and Ph3SiMe (0.0027 g, 0.0098 mmol),
irradiated for 13 min at ambient temperature, and transferred
to a 22 �C NMR probe. Data: see text.

[(�5-C5H5)Re(NO)(PPh3)(S(Me)R)]�BF4
� (5�BF4

�) (R � Et
b, i-Pr c or t-Bu d). A Schlenk flask was charged with complex
8 (0.352 g, 0.630 mmol) and C6H5Cl (3 mL) and cooled to
�45 �C. Then HBF4OEt2 (0.0850 mL, 0.663 mmol) was added
with stirring. After 10 min, S(Me)Et (0.144 g, 1.89 mmol) was
added. After 15 min the cold bath was removed. After 2 h a
yellow precipitate began to form. After 3 h more ether was
added. The precipitate was collected by filtration, washed with
ether (2 × 10 mL), and dried in vacuo to give 5b�BF4

� as a
yellow powder (0.414 g, 0.585 mmol, 93%), mp 191–193 �C
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(decomp.). Calc. for C26H28BF4NOPReS: C, 44.20; H, 3.99.
Found: C, 43.96; H, 3.91%. IR: νNO 1700 vs cm�1.46,47 Com-
plexes 5c,5d�BF4

� were prepared by analogous procedures as
detailed in the ESI. 5c�BF4

� (77%): mp 138–139 �C (decomp.).
Calc. for C27H30BF4NOPReS: C, 45.00; H, 4.20. Found: C,
45.27; H, 4.34%. IR: νNO 1700 vs cm�1.46,47 5d�BF4

� (94%):
mp 184–185 �C (decomp.). Calc. for C28H32BF4NOPReS: C,
45.78; H, 4.39. Found: C, 45.65; H, 4.35%. IR: νNO 1700 vs
cm�1.46,47

Oxidations. A. The following is representative for sulfide
complexes. A NMR tube was charged with complex 5c�BF4

�

(0.0092 g, 0.012 mmol) and cooled to �80 �C. An acetone solu-
tion of dimethyldioxirane (0.80 mL, 0.037 mmol) was added.
The tube was transferred to a 0 �C NMR probe, and 31P NMR
spectra were recorded (20 min intervals, 3 h). Data: Scheme 4.
B. A NMR tube was charged with 3a�TfO� (0.0063 g, 0.0082
mmol) and acetone (0.3 mL) and cooled to �80 �C. An acetone
solution of dimethyldioxirane (0.60 mL, 0.028 mmol) was
added. The tube was transferred to a 0 �C NMR probe and 31P
NMR spectra were recorded (20 min intervals, 3 h).

Crystallography

An orange prism of complex (RReSS,SReRS)-2d�TfO��0.5
CH2Cl2 was obtained by vapor diffusion of hexane into a
CH2Cl2 solution of 2d�TfO�. Data were collected as summar-
ized in Table 3. Cell constants were obtained from 25 reflections
with 15 < 2θ < 25�. The space group was determined from the
lack of systematic absences and subsequent least-squares
refinement. Lorentz, polarization, and empirical absorption
(Ψ scans) corrections were applied. The structure was solved by
standard heavy-atom techniques with the SDP/VAX package.48

Non-hydrogen atoms were refined with anisotropic thermal
parameters, except for the carbon, fluorine, and oxygen atoms
of the triflate anion. The triflate exhibited static disorder and
was refined isotropically with 1 : 1 occupancy. The CH2Cl2,
located near the inversion center (edge), was also disordered.
All non-CH2Cl2 hydrogen atom positions were calculated and
added to the structure factor calculations. Scattering factors,
and ∆f and ∆f� values, were taken from the literature.49

CCDC reference number 151132.
See http://www.rsc.org/suppdata/dt/b0/b009533h/ for crystal-

lographic data in CIF or other electronic format.
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Table 3 Summary of crystallographic data for (RReSS,SReRS)-
2d�TfO��0.5CH2Cl2

Chemical formula
Formula weight
Crystal system
Space group
a/Å
b/Å
c/Å
α/�
β/�
γ/�
V/Å3

Z
T/�C
Reflections measured
Total no. of unique data
No. of observed data, I > 3σ(I)
µ/cm�1

R
Rw

C29.5H33ClF3NO5PReS2

855.343
Triclinic
P1̄ (no. 2)
10.758(2)
11.121(2)
14.558(3)
102.47(2)
102.42(2)
77.26(2)
1632.79
2
�125
5429
5118
4506
40.80
0.043
0.053
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