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The oxorhenium(V) dimer {MeReO(edt)}, (1; where edt = 1,2-ethanedithiolate) catalyzes S atom transfer from
thiiranes to triarylphosphines and triarylarsines. Despite the fact that phosphines are more nucleophilic than arsines,
phosphines are less effective because they rapidly convert the dimer catalyst to the much less reactive catalyst
[MeReO(edt)(PArs)] (2). With AsArs, which does not yield the monomer, the rate law is given by v = Kthiirane][1],
independent of the arsine concentration. The values of k at 25.0 °C in CDCl; are 5.58 + 0.08 L mol~! s~* for
cyclohexene sulfide and ca. 2 L mol=* s~ for propylene sulfide. The activation parameters for cyclohexene sulfide
are AH* = 10.0 + 0.9 kcal mol~t and AS* = —21 + 3 cal K= mol~.. Arsine enters the catalytic cycle after the
rate-controlling release of alkene, undergoing a reaction with the Re¥"(O)(S) intermediate that is so rapid in comparison
that it cannot be studied directly. The use of a kinetic competition method provided relative rate constants and a
Hammett reaction constant, p = —1.0. Computations showed that there is little thermodynamic selectivity for arsine
attack at O or S of the intermediate. There is, however, a large kinetic selectivity in favor of Ar;AsS formation: the
calculated values of AH* for attack of AsAr; at Re=0 vs Re=S in Re""(0)(S) are 23.2 and 1.1 kcal mol~t,
respectively.

Introduction Scheme 1. Schematic Mechanism for Re-Catalyzed OAT

O atom transfer (OAT) reactions have attracted consider- 2

X0 X Y YO g
ReY \/ ofReV” Kj ReV

able interest, in part because they are prevalent in biology. o’

The oxotransferase enzymes usually containV'o or

occasionally WV 1 Synthetic mimics of the enzymes have

been studied, although their catalytic activities are often not

high; further, irreversible formation of M@O causes

course, isoelectronic when the oxidation states differ by one
unit. The catalyst used in the present studyNeReO(edf),
(1; where edt= 1,2-ethanedithiolate).

turnovers to cease. The catalytic cycle occurs between Me P

Mov'O, and MdvO. s—Re~
Certain R& compounds have proved quite effective at i\?//a_

OAT catalysis. The stoichiometry, kinetics, and mechanism R=—3

of several reactions have now been repoftédas was 1 Me

recently reviewed:® Common to all of these systems is

repetitive cycling betweenRe’O and L,Re" (), (Scheme S atom transfer (SAT) has been less studied, although S
1), where Y is an O atom acceptor such as PAihe donors such as elementa? @ thiiranes!® 12 isothiocyanates
corresponding elements of group 6 and 7 catalysts are, of RNCS?? trisulfides RSSSR? and M=S (M = W,'* Ti'°)

have found use in synthesis. Thiiranes (episulfides) have been
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prepared from elemental S and from styrene sulfide, which vacuum distillation. Chloroforntt was used as the solvent for

has a weaker €S bond than the thiiranes obtained. Although
{RU"(edtaH)}},S; has been reported to catalyze the forma-
tion of cyclohexene sulfide from S and cyclohexémghers
have been unable to reproduce this re¥lRhodium acetate
catalyzes sulfinyl transfer from propylene sulfoxide to
norbornene and norbornadieHeéOn the other hand, rhodium

acetate does not catalyze the thioepoxidation of cyclooctene
or dicyclopentadiene. Even the less exergonic reactions of

alkenes and allenes are brought about by this catélif$te
reaction between the 'NMcomplex [MdY (O-p-CsHe-X)(S,Cs-
Me);]~ and PRASE (M = W, Mo; E = O, S) forms AsPh
at a rate ofy = k[M'V][PhsAsE]. The values ok at 25°C
fall in these ranges: for Mo, (236.0) x 102L mol~*s™?
(E=0), 2575) x 10*L molt st (E= S); for W,
1.8-9.8L moltst(E=0)and 4.167 L moltst(E=
S)2 The higher reactivity of arsine sulfide reflects its weaker
As=E bond strength as compared to the oxide®#hnhd
103° kcal mol™?, respectively.

In this study, we have extended the study of SAT to
reactions between thiiranes and BAsArs. A dimeric

kinetics. Benzenéls was used for characterization of theVRémer
to compare itdH and3C NMR resonances with literature valu@s.
The H and3!P NMR spectra were recorded at 25 by use of a
Bruker DRX 400-MHz spectrometer. Triphenylmethane was used
as the internal standard in tAEel NMR kinetics experiments.
Kinetics Measurements.The *H NMR signals of propylene
sulfide and cyclohexene sulfide were monitored during the time
course of the reaction. The values of the integration were fitted to
first-order kinetics, in whichy is the integration area:

Y, =Y, + (Yo — Y, )e

Computational Methods. Computations were carried out using
the hybrid density functional B3LYPE2° as implemented in
GAMESS?° The quoted energies are without temperature correction
but contain unscaled zero-point energies. The structures were
confirmed as minima or transition states by calculating vibrational
frequencies. The structures were optimized with B3LYP using the
LANL2DZ ECP?! for Re, augmented with 3% polarization func-
tions. Pople-style basis sets were used for the lighter elements:
6-31+G(d) for S and O atoms and 6-31G(d) for other atging®

catalyst was chosen because, in earlier studies, dimericThe zero-point energies were calculated with the same basis sets
systems had proved ca. 100-fold more effective than mon- and level of theory. Energies were refined with single-point

omeric analogue®. The general net chemical equation is

Cat.1 M

+ ArsP/ ArzAs
RZ

/=—\ _ * AraPS/Ar;AsS
R1 R1 R2

calculations, also done with B3LYP, but using larger basis sets:
G3Large for S, As, and ,376-3114-G(2d) for O and Né*38and
6-31G(d) for C and H, along with the original basis set for Re.

Results

This system offers the advantage that no uncatalyzed Preliminary Experiments with Phosphines.NMR spec-
component has been observed. Also, the reaction is thermo‘troscopy was used in the experimental studies. Figt

dynamically favored; values &H° (and alscAG® because,
by the symmetry of the reaction, the entropy change will be
quite small) are-21 and—7 kcal mol™* for PPk and AsPh,
respectively, from theoretical calculatioffsA characteristic

of catalyst 1 is that reaction 1 proceeds promptly to
completion in the case of AsArwhereas the PAreactions
are markedly slower, owing to an interfering side reaction,
as will be explained.

Experimental Section

Reagents.The Re dime{MeReO(edf), (1) was synthesized
according to the literature proced#fas were trigg-chlorophenyl)-
arsiné* and trisp-methylphenyl)arsin& All other reagents were
obtained from commercial sources and used without further
purification except cyclohexene sulfide, which was purified by
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NMR spectroscopy demonstrated thatsP8 is the only
P-containing product formed from propylene sulfide (Figure
1). The timed decrease of the propylene sulfide resonances
and the concomitant growth of the propylene resonances are
shown in Figure 2 and seem to follow first-order kinetics,
although only single experiments were run.

Without extensive study, the rate appears to be independent
of the concentrationof PPh, in that its concentration
decreased by 70% during the experiment, evidently without
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Figure 1. 3P NMR spectrum before (below) and after (above) completion (5 h) of a reaction between 250 niRoE1.60 mmol £ PPh, and 10 mmol
L~1 1. The sole resonance is that of PI$ atd 44 ppm in CDC}. The signal of2, the monomeric product frorh, is clearly evident in both spectra.
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Figure 2. Stacked'H NMR spectra taken during the reaction of 184 mmol PPh, 128 mmol L1 PrS, and 9.0 mmol t! of 1. Data were taken at 25
°C in CDCk at intervals of 30 min.

effect. It is surprising, therefore, that the rate constant does The rate constants at 2& arek, = 0.83 L mol*stand
depend on thédentity of the group X of P(GHs-p-X)3 (X ko, = 23.7 > mol~? s .22 Therefore, at 0.184 mol1: PPh,
= MeO, H, Cl) as shown in Figure 3. This and related issues as in Figures 2 and Bgs= 0.96 st orty, = 0.73 s. Because

will be taken up in the Discussion section. monomerization is so rapid, the data in these experiments
The added catalyst wak but it is rapidly converted to  actually pertain to catalysis of reaction 1 By

[MeReO(edt)(PAY)] (2), as shown in Scheme3®2The rate Experiments with Arsines. Scheme 2 indicates thatis

law for this transformation is given in eq 3. stable with respect to monomerization by arsines, even over

39) Lente, G.; Jacob, J.; Guzei, I. A.; Espenson, Jnbtg. React. Mech.
—d[1dt={k[PPh] + kPPRIA[1] () % Gnserampoot s @) 160 arr ’
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Figure 5. Plot of kyps against the catalyst concentration in a series of

Figure 3. Time course experiments of the integrated PrS resonance agamStexperiments with 92 mmol 11 CxS and 65.314 mmol L2 AsPh,

time with three PAg compounds and the much more rapidly reacting AsPh
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Figure 4. First-order fitting of the intensity of thé 3.15 ppm'H NMR Figure 6. Plot of InK/T) vs 1T according to eq 4, where the second-
resonance of CxS in an experiment with 92 mmol CxS, 158 mmol L1 order rate constark, of eq 3 applies to the reaction between cyclohexene

AsPh, and 0.32 mmol £ 1 at 25°C in CDsCN. Inset: Plot okgpsagainst sulfide and triphenylarsine, catalyzed by
[AsPhs], showing its lack of effect.

Scheme 2. Monomerization ofl Occurring with Phosphines but Not aryl ring substituent as well: for CxS with AS‘B4X)3, k

Arsines =5.7+ 0.5 (X=Me) and 5.5 0.1 (X=Cl) L mol-*s L,
PAT3 S/ 10) \S
s_ @ 5 D e N~ —d[C x S}t = K[C x S][1] 3)
N [Zaa N [ Re
/Re\ /Re Me/ PAr3
7 2 o
Me . ] Activation Parameters. The second-order rate constant
AsArg NR for the CxS reaction, as defined in eq 3, was determined at

the additional temperatures 6.0, 5.0, 15.0, 20.0, and 25.0

extended reaction times. Indeed, in our experience in the area;C. The data were fit by the transition-state theory equation
no [MeReO(dithiolato)(AsAd)] species has been detected,

let anng isolateq. We surmisg thgt the failure of .arsi_nes to In(k'T) = In(kg/h) + ASTR — AHTRT )
react withl manifests equilibrium issues: the arsine is too

sterically demanding and too weak a Lewis base.

For these reasons, subsequent studies used onlysAsAr  Figure 6 displays the plot of Ii(T) vs 1/T, from which these
the S atom acceptors. Also, most of the subsequently reportedralues were obtainedAH* = 10.0 &+ 0.9 kcal mot?! and
kinetics studies were carried out with CxS because PrS isAS = —21 + 3 cal K1 mol.
rather volatile. The arsine reaction is first-order with respect = Competition between ArsinesBecause is independent
to the thiirane concentration (Figure 4), independent of of the arsine identity, arsine enters the catalytic cycle
[AsPhg] over the range 156320 mmol L (inset to Figure following the rate-controlling step. Kinetics data for the step
4), and first-order with respect to the catalyst concentration involving AsAr; must therefore be obtained by competition
(see Figure 5 and eq 3). The valueskaire 5.58+ 0.08 L methods, and then only the relative values of the rate
mol~t st at 25.0°C in CDCk for CxS and ca. 2 L mot constants for this reaction stage can be evaluated. With the
s 1 for PrS. Likewisek is independent of the identity of the  use of two arsines in a given experiment, the ratio of rates,

5354 Inorganic Chemistry, Vol. 45, No. 14, 2006
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in terms of shorthand notation, » As(ArX)s, Y = As-
(ArY)s, XS = (ArX)sAsS, and YS= (ArY)sAsS, is

—dX/dt _ dXS/d _ dX _ kK« x
—dY/dt  dYSid  dY kY

®)

Integration affords an expression for the rate constant ratio:

o) )

k_Y ) In(ﬁ) ) In(—YO — Yst)
Y0 Y0

(6)

k
In X, == x In Y, =
kY

The concentration of each arsine sulfide was determined
by integration of théH NMR spectrum during the reaction.
The rate constant ratioky/ky, were normalized relative to
AsPh; (k = 1.00). The ratios and the Hammett substituent
constants are as follows:

AS(C6H4X)3 kx/kH o
As(CsHg-p-Me)s 2.87 -0.17
AsPhy 1.00 (rel.) 0
As(CsHa-p-Cl)3 0.18 0.23

Computational Studies: Background.Mixed thio—oxo
compounds have been reported fo'Wand Mo’' 184041
Whereas W'(O), does not perform clean OA®,WVY'(S),
leads to rapid SAT with PRH3 The relevant bond strengths
are 138-160 kcal mot? for W=0 and 82-92 kcal mof?
for W=S24 Even though the 0 bond is stronger than the
P=S bond (128.% vs 88° kcal mol?), PPh reacts faster
with the thio group than with the oxo. Similarly, SAT is
observed for a W(O)(S) catalyst, despite thermodynamic
preference for the oxo transf&r.

Quialitative representations of theands* levels of W'=
S and W'=0 in WY'(O)(S) have been reportéélaccording
to which the energy of the WO = orbital lies well below
the energy of the frontier orbitals. Further, the very high
energy of the W=O s* orbital limits nucleophilic attack on
the oxo group. The frontier orbitals [highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO)] of WY'(O)(S) are ther andz* orbitals of
the W=S bond, such that the LUMO (¥S x*) lies
considerably lower in energy thanAD =*. It is on these
terms that one can understand kinetic control favoring SAT
over OAT?6

In the case of Re catalysis, the experimental finding is
that SAT provides the exclusive pathway. Calculations of

(40) Thapper, A.; Donahue, J. P.; Musgrave, K. B.; Willer, M. W.;
Nordlander, E.; Hedman, B.; Hodgson, K. O.; Holm, R. IHorg.
Chem.1999 38, 4104-4114.

(41) Young, C. G.; Laughlin, L. J.; Colmanet, S.; Scrofani, S. Dir8rg.
Chem.1996 35, 5368-5377.

(42) Eagle, A. A.; Tiekink, E. R. T.; Young, C. Gnorg. Chem1997, 36,
6315-6322.

(43) Eagle, A. A.; Gable, R. W.; Thomas, S.; Sproules, S. A.; Young, C.
G. Polyhedron2004 23, 385-394.

(44) Bryan, J. C.; Mayer, J. Ml. Am. Chem. Sod99Q 112, 2298-2308.

(45) Bedford, A. F.; Mortimer, C. TJ. Chem. Socl96Q0 1622-1625.

(46) Eagle, A. A.; Tiekink, E. R. T.; George, G. N.; Young, C.lB8org.
Chem.2001, 40, 4563-4573.

Figure 7. Calculated structure foA illustrating the distorted trigonal-
bipyramidal shape and the* orbitals for ReS B) and ReO C). The
orientation of the molecule is the same ®m=andC but rotated relative to
A. O atoms are shown in green fBrand C for clarity of the orbitals.

the energetics of the ReE bonds in [MeR¥! (edt)(0)(S)],
the monomeric analogue of the putative dirhenium interme-
diate, gave respective gas-phase=Seand Re=O bond
strengths of 84 and 118 kcal mél Given the PEP=0 and
PhsP=S bond strengths, OAT to PPIs therefore thermo-
dynamically favored over SAT by 6 kcal madl This result
shows that a prediction from thermodynamics seemingly
contradicts the experimental reaction stoichiometry. In the
following section, computational results are presented that
address the apparent kinetic preference for SAT over OAT.
Computational Studies: ResultsThe proposed transition
state for the rate-controlling step involves alkene release from
a thiirane-Re complex; in skeleton form, the net result is
represented by eq 7. Computations affadd,* = 6.9 kcal
mol~* of cyclohexene released.

?
S~Re*C +
RN

HaC s

s .S
Re
HsC~'ui

8 OI\S

O

The next reaction in need of examination is the one in
which triphenylarsine attacks the oxthio—Re"" intermedi-
ate. Although not rate-controlling, this step is where the
choice of OAT vs SAT is made for a given catalytic cycle.
Here, PMg and [MeR#&'"(edt)(0)(S)] &) were used as
models for AsPhand for the actually dimeric oxethio—

Re’" intermediate. Will phosphine form BRO or PRPS
upon reaction with the R&(0O)(S) species? First, calculations
show only a modest thermodynamic preference for one mode
of reaction over the otherAH° = —31 and—27 kcal moi?*

for PMe; attack at O and S, respectively.

The calculated structure ofA is a distorted trigonal
bipyramid (Figure 7). Transition-state geometries for phos-
phine attack on [MeR# (edt)(O)(S)] were first optimized
with the same basis sets as those used for the optimizations.
Transition-state energies for phosphine attack on [Mé&Re
(edt)(O)(S)] were then calculated with larger basis sets, as

—_—

(M

Inorganic Chemistry, Vol. 45, No. 14, 2006 5355



Ibdah et al.

Scheme 3. Proposed Mechanism for Reaction 1

Figure 8. Transition states for PMeattack ofA at O or S. The molecule
is rotated to show the-PO—Re and P-S—Re angles, which are 124nd
139, respectively.

: . . . @ Rate-controlling step.
outlined above. The transition-state geometries are illustrated

in Figure 8, and some key geometric parameters are givenjs <1, are a small, endothermic value ofH,° and a

in the Supporting Information, along with the coordinates. substantially negative value &fS°, the latter because two

It was verified by means of intrinsic reaction coordinate molecules unite to become one in this rapid equilibrium. The
calculations that the located transition states do “connect” experimental valueAH* = AH;° + AH.* andAS = AS°

the Starting material and reaction products Correctly. Notably, + A&* can be anaiyzed in these terms. With the Computed
the attack of the phosphine ot a prototypical “backside  value AH,* = 6.9 kcal mot! and AH* = 10.0 kcal mot?,
attack” of an archetypal §2 reaction, despite the steric AH,° = ca. 3 kcal mot™. This value, albeit approximate, is
accessibility. Rather, the bent geometry of attack{Re consistent with the proposal made. Offsetting the postulated
P) indicates that interaction with the R& x system is negative value ofAS° is the presumabiy opposing and
involved in the reaction. The transition-state energies afford smaller effect ofA&*' which we anticipate to be positive
calculated activation enthalpies aAH* = 17.8 kcal mot* because it represents alkene dissociation. Evidently, that
and a remarkably low 1 kcal mol for attack at O and S,  event is not far advanced in the transition state because the
respectively. The magnitude of this difference, despite the experimental value oAS is negative. The values afH*
approximations introduced by the use of simplified chemical and AH,* are substantially larger than the computationally
models and the neglect of solvent interactions, provides aderived value ofAH3* for the step in which arsine attacks at
sufficient rationale for the kinetic preference of SAT over the thio group, 1.1 kcal mot. The small activation enthalpy
OAT. In support of this notion, the molecular orbital pictures calculated for theks step, therefore, makes it clear why the

of the Re=E 7* orbitals are shown aB (E = S) andC (E alkene release step, rather than the arsine attack, is rate-
= 0). The energy of the ReO =* orbital is 19 kcal mof* controlling; i.e., arsine attacks the Y¢O)(S) intermediate
higher than that of the analogous=R® orbital. in a reaction with a rate constant much higher than that of
Discussion the preceding step. A factor of 3 separates the valuds of

for CxS and PrS, corresponding AAG* = 0.5 kcal mot 2.

Proposed Chemical MechanismThe kinetics and com-  The difference is too small to comment upon, particularly
putational data allow the formulation of a mechanism that becausek represents the composikako.
accommodates all of the findings. Itis presented in Scheme Relative values oks; were obtained by the competition
3. We envisage that the first stage is thiirane coordination method described earlier. The analysis of these data by
to one Re atom of concomitant with the release of one S Hammett's method gives a reaction constanst —1.03 +
— Re coordinate bond. In that manner, an optimal five- 0.07, as shown in Figure 9. Such a large, negative value
coordinate geometry about Ris preserved in d—thiirane  supports the designation of this step as being nucleophilic
intermediate, designate®) that remains at an undetectable attack on S. The next-formed intermediate is a/Ri$
concentration. The subsequent and rate-controlling step iscomplex of R&, which releases this weak Lewis base rapidly
the irreversible release of alkene. The steady-state rate lawas the S— Re bond is restored.
from this scheme is Comparing PAr; and AsArs. The rate constant for the
Figure 4 experiment with AsRicorresponds td;, = In
2/(5.85 L mott st x 3.2 x 104 mol L), or 388 s. On
the basis of Scheme 3, a reaction with Piistead would
have the same [PEKindependent, were it not for the

On the basis of the chemical arguments given above, therapid monomerization of. This is entirely hypothetical, of
rate constant for thiirane release will greatly exceed alkene course, because monomerization is so much faster. This
formation, ork—; > k,. Thus, the experimental rate constant analysis presupposes that the overall rates of the arsine and
k = Kiko. We propose that the two componentXaf which phosphine reactions would be identical because they enter

k1k2 . ..
v= L+ k2[1][th||rane] = K k;[1][thiirane] (8)
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1 ‘ ridine N-oxides to triphenylphosphirfeThe rate is inversely
proportional to [PP4. The rate constants follow the same
trend with aryl ring substituents: Gl H > MeO, etc., with

a reaction constamt= +1.034 This indicates that the initial
step is phosphine displacement in an uphill equilibrium and
suggests that phosphine displacement fis a feature of
the SAT mechanism for this catalyst.

log (k,/ k)

[MeReO(mtp)(PAg)] + PyO = [MeReO(mtp)(OPy)H
PAr; (9)

In the later and rapi#; reaction, the relative rate constants
from competition experiments for SAT from CxS to AsAr
afford the reaction constanp = —1.0 (Figure 9). In

-1 0 1 comparison, OAT from PyO to PAiis characterized by
36 = —0.70% Negative reaction constants in both instances
Figure 9. Hammett analysis of the relative rate constants for the stage at confirm the nucleophilic nature of the step in Scheme 3
"S"hrifh Asé% attacks the RE/(0)(S) intermediate, designated &s in for SAT from thiiranes and its analogue for OAT from
eneme = pyridine N-oxides.
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