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The rhenium(V) monooxo complexes (hg2g(O)CI (1) and [(hoz)Re(O)(OH)][OTf] (2) have been synthesized

and fully characterized (hoz 2-(2-hydroxyphenyl)-2-oxazoline). A single-crystal X-ray structure2dfas been
solved: space groug P1, a = 13.61(2) A,b = 14.76(2) A,c = 11.871(14) Ao = 93.69(4}, f = 99.43(4Y,

y = 108.44(43, Z = 4; the structure was refined to final residuRls= 0.0455 andr, = 0.1055.1 and2 catalyze
oxygen atom transfer from aryl sulfoxides to alkyl sulfides and oxygen-scrambling between sulfoxides to yield
sulfone and sulfide. Superior catalytic activity has been observed fioe to the availability of a coordination

site on the rhenium. The active form of the catalyst is a dioxo rhenium(VIl) intermediate, [Re¢@)] ™ (3). In

the presence of sulfidg is rapidly reduced to [Re(O)(hog) with sulfoxide as the sole organic product. The
transition state is very sensitive to electronic influences. A Hammett correlation plot with para-substituted thioanisole

derivatives gave a reaction constanof

—4.6 + 0.4, in agreement with an electrophilic oxygen transfer from

rhenium. The catalytic reaction features inhibition by sulfides at high concentrations. The equilibrium constants
for sulfide binding to comple® (cause of inhibition)K; (L mol~1), were determined for a few sulfides: b

(22 & 3), ELS (14 + 2), and'Bu,S (8 &= 2). Thermodynamic data, obtained from equilibrium measurements in
solution, show that the=SO bond in alkyl sulfoxides is stronger than in aryl sulfoxides. The=Rebond strength

in 3 was estimated to be about 20 kcal molThe high activity and oxygen electrophilicity of compl&xare
discussed and related to analogous molybdenum systems.

Introduction

One of the fundamental reactions in both chemistry and

biology is the transfer of an oxygen atom from a substrate to a

transition metal or vice versa (eq i)t Many valuable synthetic
methodologies in organic oxidation utilize transition-metal
catalysts, olefin epoxidation being the premier examipfeOn

the biological front, there is ample evidence to support the
involvement of oxygen atom transfer (OAT) in the reactions of
dimethyl sulfoxide (DMSO) reductase, sulfite oxidase, and
nitrate reductasé?!! In the active site of these enzymes,
molybdenum cycles between Mod?, and Md”", d°, which are
isoelectronic to Réand R&", respectively. Of particular interest

dized enzyme a dioxomolybdenum(VI), M@O)..*1213Many
model studies have employed DMSO in the oxidation of'Mo
(O) complexes and organic phosphanes in the reduction 8f-Mo
(O)2, Scheme 1417 Most of the known molybdenum model
systems either are ineffective catalysts for OAT reactions or
display sluggish kinetics. In addition, the formation of binuclear
MoV, eq 2, intervenes with catalysis. However, a number of
rhenium catalysts have been shown to transfer an oxygen atom
efficiently from a sulfoxide to an appropriate oxygen acceptor
suchastriphenylphosphite2°hypophosphorus acidsulfides?? 24
thiols 2>26 and disulfide€?® Even though some of the rhenium-

to us is the sulfite oxidase family, where the reduced state (12) “/g)C?MaSter J.; Enemark, J. Burr. Opin. Chem. Biol199§ 2, 201~

contains a monooxomolybdenum(l1V), M¢O), and the oxi-
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(V) catalysts act as Lewis acid%?’ others feature a metal-
centered oxygen transfer (an oxotransferase) mechadfism3
Thus, we anticipated that the oxidation of /@) complexes
by oxygen donors (such as sulfoxides or pyridiexide) and
the reduction of R¥'(O), by oxygen acceptors (such as
sulfides), Scheme 2, should parallel the chemistry of molyb-

Arias et al.

otherwise. The ligand 2-(zhydroxyphenyl)-2-oxazolirfé and the
rhenium complex Re(O)&OPPh)(Me,S)*! were prepared according
to previous literature methods.

NMR spectra were obtained on Bruker AC200 and ARX400
spectrometers. UMvis spectra were recorded on a Shimadzu UV-2501
spectrophotometer. Stopped-flow kinetics were collected on an Applied
Photophysics SX.18MV stopped-flow reaction analyzer. Time profiles
were analyzed with KaleidaGraph 3.0 on a Macintosh or PC.

Kinetics Studies. All UV —vis time profiles were performed in
methylene chloride using quartz cells of 1.0 mm optical path length at
23.0+ 0.5°C. The formation of aryl sulfide products was monitored
at 260 nm. Extinction coefficients) of aryl sulfides in the UV are
about 4 times those of aryl sulfoxid&The kinetics of sulfoxide
oxidation was followed byH NMR in CD;CN, and initial rates were
computed over~10% conversion. Unless specified otherwise, all
reactions proceeded to completion and percent yields were determined
by 'H NMR. Stock solutions of the oxorhenium(V) catalysts were
prepared in either methylene chloride or acetonitrile and store@at
°C.

Synthesis of Chlorobis[2-(2-hydroxyphenyl)-2-oxazolinato]ox-
orhenium(V), (hoz),Re(O)Cl, 1 To 0.51 g (0.79 mmol) of Re(O)-
Cl3(OPPh)(Me;S) in 100 mL of absolute ethanol was added 0.28 g
(1.74 mmol) of free ligand 2-(zhydroxyphenyl)-2-oxazoline. The
solution was refluxed under argon for 4 h, cooled to room temperature,
and filtered, yielding a green solid, which was washed with 8 mL
portions of cold ether and one portion of ethanol. Recrystallization from
a 1:1 mixture of dichloromethane and pentane gave 0.23 g (49% yield)
of complex1. FT-IR (Nujol) in cnm*; 973 (Re=0), 1630 (G=N), 1606,
1586, 1544H NMR (400 MHz) in CDCly: 6 4.17-4.26 (m, 2H),
4.72 (m, 2H), 4.875.07 (m, 4H), 6.746.97 (m, 4H), 7.25 (t, 1H),
7.46 (t, 1H), 7.68 (d, 1H), 7.94 (d, 1H). EI/MSWz = 527 (MOL,"),
and 562 (MOLCI™) with correct rhenium 187/185 and chlorine 37/35

denum oxotransferases from a mechanistic standpoint whileisotope ratios.

bypassing the kinetic inertness inherent in molybdenum coor-
dination complexes.

ki
[M]"+XO <=M =0]™? + X (1)

LMo"(0) + LMo"' (O)z—kd> L(O)MoY—0—MoY(O)L (2)

In this report, we detail the use of a new class of oxorhenium-
(V) catalysts in oxygen-transfer reactions with sulfoxides. The
featured complex, bis[2-(zhydroxyphenyl)-2-oxazolinato]ox-
orhenium(V) trifluoromethanesulfonate, is a catalyst for the
oxidation of sulfides and sulfoxides. A variety of reagents are
known to effect the oxidation of sulfides to sulfoxidgsnd
sulfoxides to sulfone® OAT from aryl sulfoxides to alkyl
sulfides and sulfoxides as catalyzed by oxorhenium(V) oxazoline
complexes will be highlighted. A detailed mechanism for the

catalytic reactions will be presented based on extensive kinetics

Synthesis of Bis[2-(2hydroxyphenyl)-2-oxazolinato]aquo-ox-
orhenium(V) Trifluoromethanesulfonate, [(hoz),Re(O)(OH)][OT],
2.To 92 mg (0.16 mmol) of complekin 50 mL of CHCN was added
62 mg (0.24 mmol) of silver triflate. Afted h of refluxing, the white
AgCl which precipitated from the olive green solution was filtered off,
and the supernatant was evaporated, yielding 100 mg (95%) of dark
green crystals. FT-IR (Nujol) in cm: 984 (Re=0), 1643 (G=N),
1580, 15381H NMR (400 MHz) in acetonitrileds: 6 4.33 (g 8.00
Hz, 2H), 4.60 (q 11.51 Hz, 2H), 4.99 (g 9.60 Hz, 2H), 5.13 (q 7.59
Hz, 2H), 7.02 (d 8.21 Hz, 2H), 7.08 (t 8.00 Hz, 2H), 7.57 (t 7.20 Hz,
2), 7.91 (d 7.38 Hz, 2H)!*F NMR (400 MHz) in acetonitrileds: o
—79.86. EI/MS: m/z = 527 (MOL,"), and 676 (MOLOTf*") with
correct rhenium 187/185 isotope ratios.

X-ray Structure Determination of [(hoz).Re(O)(OH,)][OTf], 2.

A green crystal of catalyst was grown by slow evaporation of a
methylene chloride solution at10 °C. A suitable crystal of ap-
proximate dimensions 0.35 0.25 x 0.15 mm was mounted on a glass
fiber. X-ray intensity data were collected at 123(2) K on a modified
Picker diffractometer with graphite-monochromated Me kadiation.
Crystallographic data are summarized in Table 1. The crystal was
triclinic (space group®l). The unit cell was determined on the basis

and electronic studies. Our mechanistic findings reported herein ot 7807 reflections with 1.47 < 6 < 25.00. Crystal quality was
will be related to the molybdenum-dependent oxotransferases.monitored by recording three standard reflections approximately every

Experimental Section

Chemicals and Instrumentation. All solvents were either HPLC

97 reflections measured; no significant variation in intensity was shown.
Reflection data were corrected for Lorentz and polarization effects. A
semiempirical absorption correction was carried out ugirsgans. The

or spectrophotometric grade and used as received unless specifiedtructure was solved by Patterson and Fourier techniques. All non-

(26) Abu-Omar, M. M.; Khan, S. llnorg. Chem.1998 37, 4979-4985.

(27) Conry, R. R.; Mayer, J. Mnorg. Chem.199Q 29, 4862-4867.

(28) Reagents that oxidize sulfides to sulfoxides: 1 equiv of 3080,H
'BUOOH, NaClQ, NaOClI, dioxiranes, HN@and an AuCJ™ catalyst,
and peracids. March, Advanced Organic Chemistry: Reactions,
Mechanisms, and Structurdth ed.; Wiley: New York, 1992; pp
1201-1203.

(29) Reagents that oxidize sulfoxides to sulfones: KMn®odium
perborate, KHS@ March, JAdvanced Organic Chemistry: Reactions,
Mechanisms, and Structurdth ed.; Wiley: New York, 1992; pp
1201-1203.

hydrogen atoms were calculated at idealized positions and were included
in refinement as fixed contributors. The final difference Fourier map
was featureless, the largest peak (1.941%Meing adjacent to a
rhenium atom.

In situ Preparation of Bis[2-(2'-hydroxyphenyl)-2-oxazolinato]-
dioxorhenium(VII) Trifluoromethanesulfonate, [(hoz) .Re(O)][OTH],

(30) Hoveyda, H. R.; Rettig, S. J.; Orvig, Borg. Chem1992 31, 5408~
5416.

(31) Grove, D. E.; Wilkinson, GJ. Chem. Soc. A966 1224-1230.

(32) Vassell, K. A.; Espenson, J. thorg. Chem.1994 33, 5491-5498.
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Table 1. Crystallographic Data and Structure Refinement for
[(hoz):Re(O)(OH)][OTH], 2

empirical formula GoH1F3N2OsRES
fw 693.61

temp, K 123(2)

A A 0.71073 (Mo k)
cryst syst triclinic

space group P1

refins collected 7807

indep reflns 7807R(int) = 0.0000]
a A 13.61(2)

b, A 14.76(2)

c, A 11.871(14)

o, deg 93.69(4)

S, deg 99.43(4)

y, deg 108.44(4)

z 4

vV, A3 2213(5)

p(calcd), g cm® 2.082

w, mnmt 5.666

F(000), e 1344

6 range, deg 1.4725.00

cryst size, mm 0.3% 0.25x 0.15
abs correction empirical

max. and min. transm 1.00 and 0.66
refinement meth full-matrix least-squaresrFsf
data/restraints/params 7807/0/631
GOF onF? 1.038

Rindices | > 20(1)]? R1=0.0455, wR2= 0.1055
Rindices (all dat&) R1=0.0786, wR2=0.1230

*R1= 3 [IFol = IFell/XIFol, WR2 = (ZW(|Fol — [Fel)3WIFol?)*2

3.To 9 mg (13umol) of catalyst2 in 0.6 mL of CD;CN was added 3
mg (28 umol) of 4-picoline N-oxide. The solution turned almost
instantly from green to red/brown. In rigorously dried solvéns stable
for days at—10 °C. *H NMR (200 MHz) in CD;CN: ¢ 4.20 (t, H),
4.66 (t, 2H), 4.96:5.06 (m, 4H), 7.027.23 (m, 4H), 7.48 (t, 1H),
7.72 (t, 1H), 7.88 (d, 1H), 7.92 (d, 1H). FAB/MS (NBA-matrixjw'z
=543 (MO,L,"), 527 (MOL;"), and 381 (MQL ) with correct rhenium
187/185 isotope ratios.

Stopped-Flow Kinetics with 3 under Non-Steady-State Condi-
tions. Solutions of the dioxorhenium(VIl) compleX were prepared
by adding a stoichiometric amount of 4-picolifeoxide (5.0x 10~*
M) to 2 (5.0 x 104 M) in acetonitrile at 25°C. The reaction was
followed to completion by UW-vis at 500 nm, where3 absorbs
exclusively3® Solutions of3 prepared in this way were used within 1
h of preparation, even though only slight decomposition was detected
after several hours. The dioxorhenium(VIl) was then reduced in situ
with excess substituted thioanisole, (gkG)SCH; (4.0 x 10-3to 0.090
M), to achieve pseudo-first-order conditions; the decay of the absor-

bance at 500 nm was monitored by stopped-flow. Plots of the pseudo-

first-order rate constantky) versus [(XGH4)SCHs] were linear, and
their slopes afforded second-order rate constants for the different
derivatives of thioanisole.

Results

X-ray Molecular Structure of [(hoz) ;Re(O)(HO)][OTf],
2. The single-crystal X-ray structure ¢ contains isolated

Inorganic Chemistry, Vol. 40, No. 9, 2002187

not taken because all other spectroscopic data is consistent with
the bromide analogue, (heRe(O)Br, which has been structur-
ally characterized?

Two independent molecules with virtually identical param-
eters are present in the asymmetric unit cell. The=Ralistance
of 1.679(7) A is typical for monooxo rhenium(V) complex@s.
The observed ReO distance for the bound water is 2.272(7)
A, which is in the range observed for other aquo rhenium
complexes$®37 Crystallographic tables containing (1) positional
and equivalent isotropic thermal parameters, (2) bond lengths,
and (3) bond angles are provided in the Supporting Information.

Oxidation of Sulfides with Sulfoxides.Complexesl and2
catalyze the oxidation of alkyl sulfides with aryl sulfoxides, eq
3. The progress of the reaction was followed at 260 nm, where
the aryl sulfide product absorbs. Kinetics were collected using
catalytic amounts of rhenium, excess alkyl sulfide, and limiting
aryl sulfoxide. Under these conditions, the data fits pseudo-
first-order kinetics, eq 4. Two representative time-profiles are
shown in Figure S1 for the formation of diphenyl sulfide from
the oxidation of dimethyl sulfide by diphenyl sulfoxide. As
evident from Figure S1 (Supporting Information), cataly/ss
less reactive than cataly® Table 2. This observation is
consistent with a mechanism in which an open coordination
site on the catalyst is required. The dependence of the kinetics
on the oxidizing sulfoxide was probed for both catalysend
2, Table 2. For both catalysts an electron-donating substituent
(a methyl in place of a phenyl) increases the reaction rate. PhS-
(O)Me is a better nucleophile than 30, and, thus, it is a
better ligand for rhenium. The sulfoxide coordinates to rhenium
via oxygen, followed by an oxygen-transfer reaction producing
dioxorhenium(VIl) and sulfide.

ReV cat.

PhS(O)R+ R,S—— PhSR + R,SO (3)
(R" = Ph or Me and R= alkyl)
Abs = Abs, + {Abs, — Abs_}e ' (4)

Since 2 is clearly the superior catalyst, henceforth it was
employed in all the kinetics investigations. The reaction rate
for the oxidation of dimethyl sulfide with diphenyl sulfoxide
showed first-order dependence on {80] and catalyst, Figure
S2 (Supporting Information). However, the dependence on
dimethyl sulfide was more conglomerate. The rate increases to
a maximum as sulfide concentration increases and declines at
yet higher sulfide concentrations. In order to further investigate
this unusual dependence on dimethyl sulfide, we employed
bulkier alkyl sulfides, namely, diethyl and tB+t-butyl sulfides,
Figure 2. Initial rate method was utilized to avoid mixed second-
order kinetics at lower sulfide concentrations. The inhibition
by substrate is less pronounced as the bulkiness of the R group
increases from Me t&Bu. These findings are consistent with a

molecules with octahedral geometry about the rhenium, Figure mechanism in which the sulfide competes for coordination on
1. Although the complex shows no signs of decomposition when the rhenium with diphenyl sulfoxide, Scheme 3. The steady-
exposed to air and moisture, it is hygroscopic; thus, the X-ray state rate law for the mechanism in Scheme 3 is shown in eq 5.

data contains a water molecule in place of the weakly coordinat-

Since PRSO was the limiting reagent and initial rates were

ing triflate anion. The phenoxide oxygens bind trans with respect jeasured prior to significant formation of £ the terms with
to each other, as do the oxazoline nitrogens. This is in contrast|pp,s] in the denominator of eq 5 drop out, and the rate law

to the chloride precursor compleixin which the phenoxide
oxygens bind cis to each other. An X-ray structurelofvas

(33) Abu-Omar, M. M.; McPherson, L. D.; Arias, J.; au, V. M.Angew.
Chem., Int. Ed200Q 39, 4310-4313.

(34) Shuter, E.; Hoveyda, H. R.; Karunaratne, V.; Rettig, S. J.; Orvig, C.
Inorg. Chem.1996 35, 368-372.

simplifies to that in eq 6. Nonlinear-least-squares fitting of the

(35) Nugent, W. A.; Mayer, J. MMetal-Ligand Multiple BondsWiley
Interscience: New York, 1988; pp 17476.

(36) Ciani, G.; Giusto, D.; Manassero, M.; Sansoni, M.Chem. Soc.,
Dalton Trans.1975 2156-2161.

(37) Muller, U. Acta Crystallogr. (C)1984 40, 571-572.
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Figure 1. ORTEP molecular structure representation of [((Be)O)(OH)][OTf], 2. The triflate counterion is not shown. Selected bond distances
(A) and angles (deg): Re(0(3) = 1.679(7), Re(1)>0O(2) = 1.983(7), Re(1yO(1) = 1.987(7), Re(130(4) = 2.272(7), Re(13N(1) = 2.035-

(8), Re(1)-N(2) = 2.064(8), O(3}-Re(1)-0(4) = 178.3(3), O(2-Re(1)-0(3) = 100.4(3), O(3)-Re(1)-N(1) = 101.1(3), O(4}-Re(1)}-O(1) =
79.0(3), N(2-Re(1)-0(4) = 79.7(3).

Table 2. Rate of Oxygen Atom Transfer to M as a Function of The oxo ligands of comple8 are readily accessible to the
Catalyst and Oxidant (Eq 3) substrate such that M® is slightly more reactive thaiBu,S.
PhS(O)R Re(V) cat. ky/st d[PhS]
PhS(O)Ph 1 (9.2+£0.2)x 10°° ——— = {kk_k;[Ph,SO][R,S][Re}} { k_,k [Ph,SO] +
PhS(0)Me 1 (6.2+ 0.7)x 10 dt
PhS(O)Ph 2 1.8x 1073®b k_ k_,[Ph,S] + k_,k[R,S][Ph,S] + k;k_,[R,S] +
PhS(O)Me 2 6.7 x 10°3b

i kak[RSI} (5)
aConditions: [PhS(O)R = 1.0 x 1072 M, [Me;S] = 2.0 x 1072

M, [Re] = 20 x 1074 M in CH,Cl, at 23°C. P Errors in exponential d[PhZS]

fit are negligible (1 x 10 9). —gq — (k[Ph,SOI[R;S][Rel} A (ky/ks)[Ph,SO] +

3010°¢ — [R,S] + K [R,SI} (6)

Thermodynamics of Oxygen Atom Transfer. According
to gas-phase data, aryl sulfoxide=® bonds are stronger than
alkyl ones by 3 kcal mol1.38:39|n other words, the reaction
described in eq 3 should be favored in the opposite direction to
what was observed in this study. However, it is a well-known
fact that gas-phase data should be applied to solution studies
with caution. Thus, we were prompted to determine the
thermodynamics for a couple of reactions from equilibrium
measurements in solution employing cata®sVia 'H NMR,

2010°

V. /molL's?

" 1.010°

the equilibrium constants for reactions 7 and 8 were evaluated
in CDsCN at 25°C to be 140 and 24, respectively. Typical
0.010° : ' . ' : conditions for the NMR equilibrium studies were as follows:
0.00 0.1n 0.20 0.30 [Ph,SO] = 0.30 M, [M&S] or [PhSMe]= 0.30 M, and §] =
[RSR]/ mol L 7.4 x 108 M. These equilibrium values translate im@° of

_ 1 i 1 i
Figure 2. Plot of V; versus [RSR] for MgS (circles), EAS (squares), 8 2.?1_kc.al .mOL for reaction 7 a?]d—l.Q kcﬁl mo(’; fogﬁeagtlon
and'BuS (triangles) illustrating the effects of steric hindrance on the 8- TNIS IS In sharp contrast to the gas-phase dataand+1
reducing sulfide. Conditions: [RSR} 1.3 x 103t0 2.3 x 101 M, kcal mol™* for reactions 7 and 8, respectivé§/ Therefore, in
[Ph,SO]=1.2x 103 M, [2] = 1.8 x 104 M in CH,Cl, at 23°C and solution aryl sulfoxides are better oxidants than their alkyl

1.0 mm optical path length. The solid lines are nonlinear least-squarescounterparts.
regressions for eq 6, and the determined rate constants are summarized

in Table 3. AG°/kcal mol?

this work gas phasgg
initial-rate data to eq 6 (Figure 2) yields the constadaiKs, PbSO+ MesS = PhS + Me,SO 7 —29 130
andks for the different alkyl sulfides, Table 3. Itis worth noting  pp,s0+ PhSMe= PhS+ PhS(O)Me (8) —1.9 +1.0
that, within experimental error, the different substrates give the _ ) _
samek; value, which is characterized by 80O and not 5, From the reactions th&tis capable of catalyzing (egs 3, 7,

Scheme 3. Furthermoré&; is dependent on the alkyl sulfide ~ @nd 8), the thermodynamics of the ¥#e"! couple in CHCN
and decreases as the steric hindrance incre@es, is a worse

. - . . . (38) Jenks, W. S.; Matsunaga, N.; Gordon, 3M.0rg. Chem.1996 61,
ligand than MeS. Perhaps most surprising is the mild steric 1275-1283.

sensitivity displayed by the oxidation stelg, in Scheme 3. (39) Holm, R. H.; Donahue, J. Polyhedron1993 12, 571-589.
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Scheme 3
? +
;_]I'RIO""‘\\S\R k> [RSR] /j,‘q\ﬁ /op
v ?\ |\\I/> O/TiN/
&o ke L LA
2
4 L = Hp0 or CH3CN

R

Table 3. Rate Constants for the Oxidation of Several Alkyl
Sulfides with PBSO as Catalyzed b2 (Scheme 3 and Eq 6)

RSR k/ L mol! s Ko/ L mol™! ky/ Lmol s

PN 16+3 22+3 3.0£0.5

~S 2014 14£2 25+04
21+4 8£2 17403

7oK

can be estimated, eq 9. The cationic dioxorhenium(VIl) oxazo-
line complex,3, is a comparable oxidant to the chromyl ¥8n
(CrO?*(aq) — Cr?f(aq) + Y202, AG® = 23 kcal moft), and

the R&"=0 bond strength i is weaker than that of vanady!
and methyltrioxorhenium (MTO¥ VOt (aq) — VZF(aq +
1/202(9), AG° = 55 kcal morl; CH3R6Q:,(aq)—’ CHgREQ(aq)

+ l/zOz(g), AG° = 56 kcal mot?.

/7\1 ? + ,\'

=N. 1_0

SR . NP0

30 ?‘r\u’> gorﬂsl\’\h + 12 Ogg) | AGO < 20 keal mol™!
& ¢ (o

3 )

The Dioxorhenium(VIl) Intermediate. Even though under
steady-state conditions the majority of the catalyst is present in
the+5 oxidation state as compl&gaddition of oxygen donors
in the absence of a reductant gives the cationic dioxorhenium-
(VII) complex 3. Typical oxygen donors include pyridine
N-oxide, aqueous hydrogen peroxide, dBdOOH. Recently
we have reported on the reduction of perchlorate ions with
compoundsl and 2, which also proceeds via dioxorhenium-
(VI1).33 The UV—vis spectrum oP features only a weak-¢d
transition in the visible regiomfax= 570 nm,e = 118 L mol!
cm~1). Upon addition of an oxygen donor (Py-O, H,O, or
'BUOOH), an intense band grows at 500 rm=1275 L mol™
cm~1).33 On visual inspection, solutions & turn from green
to red/brown upon addition of an oxygen donor. CompBx

was also characterized by NMR and mass spectrometry (see

Experimental Section). ThéH NMR spectrum shows two
different oxazoline ligand environments, which is consistent with
the expected cis dioxo geometry for & aknter.

When sulfoxides are used as the oxygen donor, the equilib-
rium lies in favor of rhenium(V), complef. Thus, even in the

(40) Scott, S. L.; Bakac, A.; Espenson, J.JHAm. Chem. S0d992 114,
4205-4213.

(41) The NBS Tables of Chemical Thermodynamic Properties?hys.
Chem. Ref. Datd982 11, Suppl. No. 2.

-
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absence of a reductant, sulfoxides do not give a detectable
amount of complex3, and the solution stays green in color.
The exception thus far has been diphenyl sulfoxide, which
produces detectable amounts3ofTherefore, it is a reasonable
extrapolation to propose that oxygen-transfer reactions with
sulfoxides proceed via compleX

In the absence of water, compl&xs long-lived. For example,
when 4-picolineN-oxide is used in dry acetonitrile, solutions
of 3 persist for days at-10 °C without sign of degradation.
Water hydrolyze$ to 5, eq 1032 Complex5 has been prepared
independently from the reaction of CIR¢®and the sodium
salt of the oxazoline ligand (made by the action of NaH on the
parent ligand). CompleXs was characterized spectroscopi-
cally: 'H NMR in CDCls, 6 4.96 (t, 2H), 5.01 (t, 2H), 7.01
7.21 (m, 2H), 7.72 (t, 1H), 7.87 (d, 1H); E/MSyz = 397
(MOsL™). The neutral trioxorhenium(VIl) complex is inactive
as an oxygen-transfer catalyst; it oxidizes neither dimethyl
sulfide nor phosphanes. Triphenylphosphine merely coordinates
to complex5, eq 11: 3P NMR, —3.7 ppm.

.
-~ o

o} el

:j *N;'R'?‘io wo o:H'%ZO . ®H:"N—é
o} +  Hy N ™
it ?:/> o ‘/> HO
i )
5
3 (10)
o)
PPhg 0:R“¢o PPhy Ox ﬂ,o

>

O=PPh; + LRe(O);

an

Sulfoxide Disproportionation and Oxidation. Even though
the disproportionation of sulfoxides is energetically very favor-
able (2MeSO == Me,S(O) + Me;S, AG® = —25 kcal
mol~1),39 the process is prevented by extremely slow kinetics,
a fact which makes sulfoxides stable indefinitely. Compex
catalyzes the disproportionation of sulfoxides to sulfone and
sulfide under ambient conditions. Also the oxidation of alkyl
sulfoxides by aryl sulfoxides is catalyzed Byselectively as
illustrated in eq 12. The rate of oxidation of sulfoxides to
sulfones by3 is orders of magnitude slower than that of sulfides
to sulfoxides; thus, in the presence of sulfide, sulfoxides are
exclusively produced (vide supra).

PhS(O)R+ Me,SO-2% PhSR + Me,S(0), (12)

(R =Ph or Me)

The kinetics of sulfoxide oxidation are first-order in [Re]
and each of the sulfoxide reactants. The sulfide product inhibits
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Table 4. Rate Constants for the Oxidation and Disproportionation
of Sulfoxide$

entry oxidant  reductant products Kikg/L mol-1s1
1  PhSO MeSO  PhS/MeS(O) (7.14+ 4.9)x 1073
2  PhSO PhS(O)Me PIS/PhS(OMe  (4.0+ 0.6) x 1023
3  PhS(O)Me MeSO  PhSMe/MgS(0)  (2.140.1)x 107
4  PhS(O)Me PhS(O)Me PhSMe/PhSgIp (1.04 0.3)x 104
5 MeSO MeSO MeS/MeS(0) ncP
aConditions: [Re} = 6.0-10.0 mM (entries +4), [(product)

sulfide] = 0.0046-0.080 M (entries +4), [PhSO] = 0.14 M with
either [PhS(O)Me] or [MgSO] = 0.040 M in CIXCN at 23°C (entries
1 and 2), [PhS(O)Me} 0.14 M with [Me,SO] = 0.070 M in CBCN
at 23°C (entry 3), [PhS(O)Me}= 0.13 M in CD;CN at 23°C (entry
4), [Relr = 4.9 mM and [Mg@SO] = 0.197 M in CDC} at 23°C (entry
5). P Not determined, 22% disproportionation after several days.

(entries 3 and 4). This trend is in agreement with a common
oxidizing intermediate (comple3) irrespective of the stoichio-
metric sulfoxide oxidant. The reactivity trend also points to the
reducing sulfoxide as the nucleophile in its reaction with
dioxorhenium(VIl). Furthermore, the equilibrium constat

is larger for PBSO than PhS(O)Me&;(PhS(O)Ph)i(PhS(O)Me)

= 34 with MeSO as the reductant (entries 1 and 3), &id
(PhS(O)PhX1(PhS(O)Me)= 40 with PhS(O)Me as the reduc-
tant (entries 2 and 4). In other words, the formation of
dioxorhenium(VI1)3 is more favored thermodynamically with
PhSO than with PhS(O)Me (vida supra).

Discussion

Two rhenium(V) oxo complexes featuring the anionic phe-
noxy-oxazoline ligand were synthesized by established meth-
odologies from readily available starting reagents. The bromo
analogue ofl has been synthesized previously fromBu,N]-
[Re(O)Br], which is quite sensitive to moisture and difficult
to obtain pureé®* Our synthesis, on the other hand, emploigs-

the reaction. These observations are in agreement with themerRe(O)Ch(Me,S)(OPPE), which is stable toward air and
mechanism in Scheme 4 and its corresponding rate law in eqmoisture and gives higher yields. Metathesis of the chloride in
13. Since sulfoxides are much less reactive than sulfides, thecomplexl afforded the cationic oxorhenium(V) triflatg, with

formation of complex3 is rapid relative to oxygen atom transfer
to sulfoxide, i.e.ki[PhS(O)R] + k_1[PhSR] > k4j[Me,SO]. In
other words, the rate law simplifies to the prior equilibrium limit,

a coordinated water trans to the oxo ligand. Cationit=R@
complexes with tris(pyrazolyl)borate ligands have been proposed
by Mayer’s group in OAT processes, in phenyl migration from

which gives eq 14 after rearrangement. Measurements of thefhenium to the oxo ligand, and in the oxidation of alkoxide

initial rate by!H NMR at different ratios of [PhSMe]/[PhS(O)-
Me] and constant [Mg&SO] and [Ref conforms to eq 14, Figure

3. Similar kinetic behavior is observed for the disproportionation
of sulfoxide in which the sulfoxide dependence is second order.
Unfortunately, the high uncertainty in the intercept of eq 14
stifles the determination d&f, with precision; thus, the treatment
is limited to yielding the combination df1ks, Table 4.

d[MeS(O)Me] _
dt N
k,k,[PhS(O)R][Me,SO][Re}:
k_,[PhSR] + k,[PhS(O)R] + k,[Me,SO] (13)
[Me,SOJRel 1 [PhSR] | 1
V, Kk, [PhS(O)R] * K, (14)

It is worth noting from Table 4 thakt,(Me;SO)ky(PhS(O)-
Me) = 1.8 when PESO is the oxidant (entries 1 and 2), and
kas(MezSO)ky(PhS(O)Me)= 2.1 when PhS(O)Me is the oxidant

(42) Herrmann, W. A.; Kuhn, F. E.; Romao, C. C.; Kleine, M.; Mink, J.
Chem. Berl1994 127, 47-54.

ligands to aldehyde®:*3 Therefore,2 is highly suited for
catalyzing OAT reactions with biologically relevant substrates
such as sulfoxides. The availability of a coordination site makes
2 more reactive tharl. The catalytic chemistry o can be
accounted for by the few transformations shown in Scheme 3.
Aryl sulfoxides donate an oxygen atom to rhenium(V), generat-
ing a cationic dioxorhenium(VII)3, as a steady-state intermedi-
ate. The reducing alkyl sulfide accepts an oxygen atom f8pm
releasing the sulfoxide product and restortax@omplex3 can
be prepared in the absence of a reductant and by employing a
conventional oxygen donor (XO) such as pyridiexide. Even
inorganic oxoanions such as NOand CIQ~, which are of
biological and environmental interests, react via OAT with
to give complex3.23 The physical, spectroscopic, and structural
data are totally consistent with the proposed formulations.
The catalytic kinetics of sulfide oxidation with aryl sulfoxides
display an unprecedented inhibition by the reducing alkyl
sulfide. The mechanism of inhibition was scrutinized by varying
the bulkiness of alkyl substituents on the organic sulfide. The
kinetic data is entirely consistent with a competitive reaction
in which the reducing sulfide coordinates to comp2eyielding

(43) DuMez, D. D.; Mayer, J. Mlnorg. Chem.1998 37, 445-453.
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4 T — . o, the slope corresponds to the reaction conspant—4.56 +
0.35. The negative sign gfindicates a positive charge buildup
on sulfur and agrees with the assigned mechanism in which
the nucleophilic sulfide attacks the electrophilic oxygen on
rhenium(VIl). Therefore, we suggest the following structure for
the transition state (a similar transition state could be drawn
for sulfoxide oxidation to sulfone):

R = 0.991

+1

Log (kx / kH)

-0.5 0.0 05 1.0 Once the oxygen atom is transferred from rhenium(VIl) to
4 the sulfide, the sulfoxide product is exchanged with a solvent
P molecule. This last step in the catalytic cycle could proceed

Figure 4. Hammett plot, log(kky) vs op, showing the electronic  yjg an associative (A) or dissociative (D) pathway. We favor
influences of para-substituted thioanisole derivative0iid] = 5.0 the latter, since substitution reactions dffollow a D or k

x 1074 M, [XCgHsSMe] = 3.8 x 103 t0 8.9 x 102 M in CH3CN at . . )
25 °C. mechanism, and seven-coordinate oxorhenium(V) complexes are

very rare3349
The large value op (—4.6) indicates that the reaction is much
more sensitive to electronic variations than benzoic acid, the

describes the experimental rate law (eq 14) observed for reference substrate for the Hammett scale. This pronounced
sulfoxide oxidation and disproportionation. sensitivity to electronics is unusual and might be indicative of

The active form of the catalyst, [(haBe(O}]* (3), is stable the high electrophilicity of the oxo ligands in complexwhiczg
for prolonged periods of time in the absence of moisture. Loss 'S Probably comparable to that of [(HEgRe(Ph)(O)[OTT]. =
of catalytic activity is accounted for by the hydrolysis reaction AISO. the charge on the dioxorhenium(VIl) complex might in
of 3 to afford (hoz)Re(O)(5). However, catalyst deactivation P&t be responsible for this conspicuous sensitivity to electron-

R, ; . ” ; 44
is insignificant under typical catalytic conditions, since the 'CS: o .
second-order rate constant for reaction 10 is 2.80-4 M~1 Our mechanistic findings parallel a theoretical study on the

57133 Threez-donating oxo ligands ifs clearly enhance the ~ Mechanism of OAT from Mo(QfNHs)x(SH), to PMQ'iO’SlThe
stability of rhenium(VIl), weakening its oxidizing ability. The ~ '€action proceeds by nucleophilic attack of Rde az* orbital
charge on the rhenium complex might also be significant. of Mo=O0. The transition state features a weakeneadH@dond

Recently, Seymore and Brown showed large charge effects On_and a significant QP interaction,_as the spectator #0 bond
the kinetics of oxygen-transfer reactions from"Rmplexes IS Strengthened. Finally, the rotation of OPMout the Me-O
to phosphane Inertness of trioxorhenium(VIl) complexes has bond breaks the MeO s interaction, resulting in the formation

precedence in the literature; for example, methyltrioxorhenium- ©f ©=PMes as a ligand on M. _ _
(VII),2 [(Mestacn)Re@] 7,245 and [(HBpz)Re(;]2346 exhibit The similarities between the OAT mechanisms of rhenium

mild electrophilic oxo ligands, and thus do not oxidize sulfides. @nd molybdenum cannot be missed (see Schemes 1 and 2). We
Electronic Effects on Oxygen Atom Transfer to Sulfur. shall now relate our rhenium system to a representative group
The oxidizing dioxorhenium(VIl)3, possesses electrophilic oxo ~ ©f molybdenum model complexes. One drawback in obtaining
ligands. The observed trends in the rate of sulfide and sulfoxide functional models of molybdenlum enzymes has been the facile
oxidation are in support of this notion. In order to probe the CoProportion of M&(0) and M0 (O). complexes to give-oxo
electronic sensitivity of OAT from3, a few phenylmethyl ~ MO" dimers. Holm and co-workers employed sterically de-
sulfides with different substituents on the phenyi ring were manding ligands and described the first catalytic model system

. .. . . i i i VI 52,53
studied under non-steady-state conditions. Substituents in theVolving dioxo Md" and monooxo MY.5255The rate constants

para position were employed to avoid interference from sterics. [ @ few Oﬁl’sreactions with these Mo complexes are presented
Insight into the nature of the transition state was sought from In Table 5:%%>Young studied the kmenﬁ/s of anothelrﬁfﬁjem
the structure-reactivity correlation of Hammetf.48 The rate ~ Pased on complexes of the type (HEJMo™ (O)(SPRy). ™"

constants for the oxidation of phenylmethyl sulfides were

Among the highest rate constants recorded for Young’s com-
correlated withop. Figure 4 shows a plot of log¢/ky) versus

an inactive sulfide adduct4. The steady-state rate law for
Scheme 3 is given in eq 5. A similar mechanism, Scheme 4,

plexes are those included in Tablé®Albeit that the ligand
systems are different, the rates of OAT with rhenium are several

(44) Seymore, S. B.; Brown, S. Nnorg. Chem200Q 39, 325-332. orders of magnitude higher than those reported for molybdenum
(45) Pomp, C.; Wieghardt, KPolyhedron1988§ 7, 2537-2542. (Table 5). For example, the rate of OAT from 80 to
(00) Brown, S. s Mayer. 1 Mnorg. e L2 T . [(hoz),Re(O)(HO)][OTT], 2, is ~60000 that to {BuL-NS)Mo-
S o Vork: 193%?%'0 Toanng o msiieErawRI 00 (O) (entries 1 and 5 in Table 5). Similarly, the second-order

(48) Hansch, A.; Leo, T. RChem. Re. 1991, 91, 165-195.
(49) Xu, L.; Setyawati, I. A.; Pierreroy, J.; Pink, M.; Young, V. G.; Patrick, (52) Berg, J. M.; Holm, R. HJ. Am. Chem. S0d.985 107, 917-925.

B. O.; Rettig, S. J.; Orvig, Cnorg. Chem.200Q 39, 5958-5963. (53) Harlan, E. W.; Berg, J. M.; Holm, R. Hl. Am. Chem. Sod. 986
(50) Pietsch, M. A.; Hall, M. Blnorg. Chem.1996 35, 1273-1278. 108 6992-7000.
(51) Pietsch, M. A.; Couty, M.; Hall, M. BJ. Phys. Chem1995 99, (54) Roberts, S. A.; Young, C. G.; Cleland, W. E.; Ortega, R. B.; Enemark,

16315-16319. J. H.Inorg. Chem.1988 27, 3044-3051.
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Table 5. Rates of Oxygen Atom Transfer Reactions with Molybdenum and Rhé&nium

entry reactioh k/L mol~ts™? ref

1 (BuL-NS)Mo"(0) + Ph,SO— (‘BUL-NS)Mo" (O), + PhS 3.14x 104 15

2 (BUL-NS)M0"(0) + PhASO — (‘BUL-NS)Mov!(O), + PhsAs 5.6x 102 15

3 (L-pzs)Mo" (O)(SPPE) + Me;SO— (L-pzs)MoV' (O)(S:PPE) + Me,S 5.5x 1075 16

4 (L-pze)Mo™ (O)(SPPr) + PYNO — (L-pzzs)Mov'(O)x(S:PPk) + Py 4.8x 104 16

5 [(hozkRe'(O)]" + PRSO— [(hoz)Re" (O);]" + PhS 20 this work
(T=23°C)

6 (BUL-NS)MoV(O), + EtsP— (BUL-NS)Mo"'(O) + Et;PO 5.6x 1073 15

7 (L-NS)MoV'(0), + (p-CeHaF)sP — (L-NSz)MoV (O) + (p-CsH4F)sPO 9.7x 1073 14

8 (L-pzz)M0V(O)o(S:PPE) + PhsP — (L-pzz)M0'V (O)(SPPE) + PhsPO 2.5x 10 16
(T=30°C)

9 [(hozpReM(O),] " + Et,S— [(hoz)Re'(O)]" + EtLSO 25 this work
(T=23°C)

aRate constants were measured at°@5unless specified otherwiseKey to ligand abbreviations:'BuL-NS) = bis-(4+tert-butylphenyl)-2-
pyridylmethanethiolate; L-pz= hydrotris(3,5-dimethylpyrazol-1-yl)borate; hez 2-(2-hydroxyphenyl)-2-oxazoline; L-NS= dianion of 2,6-
bis(2,2-diphenyl-2-mercaptoethyl)pyridine.

rate constant for oxidation of £ with [(hozhRe(O)][OTf], Summary

3, is ~260x that for the oxidation of g-CgH4F)sP with (L- . . )

NSz)Mo(O),, despite the larger bond energy offR-O (entries Oxygen atom transfer reactions with sulfoxides are catalyzed
7 and 9 in Table 5). efficiently by oxorhenium(V) oxazoline complexes, [(heR$-

(O)CI] (1) and [(hoz)Re(O)(OR)][OTT] (2). The mechanism

stretching (vide supra), the metal oxo bond strength should involves the formation of a cationic dioxor_henium(VII) co_mplex,
contributg tg the actir\)/at?on enthalpy. TheMRe-O bond s%rength [_(hOZ)ZRe(O)Z][OTﬂ (_3)’ that pOSSesses highly (_elect_rophll_lc_: 0x0
in [Re(Ox(hozy]*, 3, (~20 kcalimol) is smaller than the ligands. The f_o_rmat|on of the dloxq mt_erme_dlate is fa(_:|I|tated
by the availability of an open-coordination site on rhenium(V).
The donation of an oxygen atom froto sulfides proceeds
¢ Via a transition state which features positive charge buildup on
sulfur and displays a pronounced sensitivity to electronic effects.
Surprisingly, the rate of reactions & with sulfides is not
influenced by sterics; the bulk§u,S is slightly less reactive
than MeS. The oxotransferase mechanism(s) described here for
rhenium parallel those characterized for 'N®)/Mo"'(O),
complexes that model molybdenum enzymes. A comparison of
the kinetics studied here for rhenium with analogous molyb-

If in the transition state there is substantialVReO bond

identified range for M#'=0 (32—42 kcal/mol) in enzymes and
model complexe® Thus, the higher oxidizing ability of
rhenium from a thermodynamic standpoint might be in par
responsible for its kinetic superiority over molybdenum in OAT
reactions. However, such arguments would predict reversal in
the trend kvo > kre) for reactions of XO with M# (O) and
Re’(0), since the formation of M6(0), is more favorable
thermodynamically. Entries 1 and 5 in Table ksrdkvo =
64000) demonstrate clearly that factors other than thermody-
namics are responsible for the observed kinetiBsiL(-NS),Mo-

(O) reacts with PBASO, Table 5 (PHASO — PheAs + 1,0, denum systems does not produce any correlation that could be
AG® = 48 kcal mot?) ,afact that places a lower limit on 1[he rationalized based on known thermodynamic parameters. Thus,
dissociation energy (;FEUL-NS)zMo(O)z (>48 kcal mot?). it was concluded that the kinetics of OAT must be governed

Structural differences between [(heRE(O)(OH)]* (2) and by structural changes and substrate binding. In the presence of

[(hoz),Re(O}]"* (3) as well as reorganizational changes associ- water, the cationic dioxorhenium(VIIl) hydrolyzes to give the

ated with substrate binding possibly define the kinetics of this neutral trioxorhenium(VII), which exhibits no catalytic activity
system. toward OAT reactions.
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