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Abstract

The chemical mechanisms for three related rhenium(V) catalysts of oxygen atom transfer reactions are reviewed. Two of the catalysts are
compounds with a single rhenium atom, [MeReE(mtp)(PPh3)], where E is either O (1) or S (2) and mtpH2 is 2-(mercaptomethyl)thiophenol;
the third is the di-rhenium compound{MeReO(mtp)}2 (3). In each of them, the Re atom is square-pyramidal, sitting slightly above the
approximate basal plane defined by S, S, C, and P; the oxo or thio group occupies the axial position. They all catalyze oxygen atom transfer
from pyridineN-oxides to PAr3. The reaction rates are in the orders3� 1� 2; even more striking is that the rate laws for the trio of catalysts
is distinctly different. This signals the intervention of different chemical steps and intermediates.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Heterocycles; Ligand; Catalyst; Oxygen atom transfer

1. Introduction

Henry Taube has contributed to the field of inorganic reac-
tion mechanisms in so many ways that it is difficult to describe
his contributions succintly. I shall not try to do so, because
I am presenting work on a theme that builds on Taube’s re-
search from an early stage of his career, where the focus was
on oxygen chemistry. I am of an age that I can allow myself
to reminisce briefly. My first personal encounter with Taube

2. The test reaction

The deoxygenation of nitrogen heterocycles, particularly
pyridineN-oxides, with phosphines was chosen as the stan-
dard for assessing catalytic mechanisms in this work. This
reaction holds some inherent interest for the synthesis of het-
erocycles[7], for which other procedures are sometimes dis-
advantageous[8]. Its catalysis by rhenium compounds offers
attractive features: the rhenium compounds are easily pre-

ygen
ed.
tants
c
ction
r re-
was in 1959; I had just completed my second year in grad-
uate school at the University of Wisconsin, with Edward L.
King as my mentor, when Taube came from the University of
Chicago to Madison to present a week-long series of summer
lectures. This was just when his seminal research on inner-
sphere electron transfer was first appearing. I remember a
comment Taube made at the start of his first lecture, to the
effect that much of his career had been devoted to oxygen

pared, stable for long periods, and unreactive towards ox
and traces of moisture. Thus benchtop protocols are us

In a general sense these formulas will be used for reac
and products, PyO, PZ3, Py, and Z3PO; formulas for specifi
compounds will be used where appropriate. The net rea
is spontaneous; to cite thermodynamic data for particula
action partners, we have[9]

4-MeC5H4NO+ PPh3→ 4-MeC5H4N+ Ph3PO,
chemistry in one way or another. Those who recall his early
studies of ozone reactivity[1], oxygen-exchange and other
reactions of oxoanions[2], redox reactivity of species such as
o
t n of
f arch
w ity.
A t on,
w gen-
1 cies
s m(I)
[

I re-
c f a
p
D t
i ost
p isms
w sim-
i and
s at as
t nish-
i

�H◦(∼= �G◦) = −266 kJ (1)

s that
i r as
w more
t r in
p t rule)
s has a
p o be
a y the
m alent
r ity on
t alyst
t with
t s in-
t rtain
c PyO
o su-
a t the
d able
o

xalic and formic acids[3], and water exchange[4] can see
he truth of that perception. Indeed, by an excellent tur
ate, I was later privileged to engage in postdoctoral rese
ith Taube shortly after his move to Stanford Univers
s fate would further have it, my year there was spen
hat else?, oxygen chemistry; particularly a series of oxy
8 tracer experiments on the ozone oxidation of spe
uch as sulfite and nitrite ions, manganese(II) and thalliu
5].

One further historical reference appears in order.
all appreciating at the time of its publication the title o
erceptive article by W.P. Jencks intriguingly entitled “How
oes a Reaction Choose Its Mechanism?” [6] That though

s pertinent to this presentation which deals for the m
art with a single reaction that adopts different mechan
hen it is catalyzed by one or another of seemingly

lar rhenium(V) compounds. Indeed, the composition
tructural similarities among these catalysts are so gre
o make the divergent mechanisms all the more asto
ng.
Perhaps the best reason for selecting this reaction i
t does not occur to any extent without a catalyst, insofa
e have been able to determine in experiments lasting

han two months. Arguably, the reaction does not occu
ractice because the reactants are closed-shell (octe
pecies. Further, as a reviewer suggested, PyO itself
olarization such that the oxygen is too electron rich t
ttacked nucleophically; on the other hand, as shown b
echanistic data presented herein, activation by high-v

henium compounds greatly reduces the electron dens
he oxygen atom. Indeed, with a suitable rhenium cat
he reaction occurs readily, proceeding to completion
he precise stoichiometry indicated. The catalyst survive
act, usually well beyond the end of the reaction. In ce
ases, however, the catalyst may itself react with either
r PZ3, and thus be converted to a different form, which u
lly is noncatalytic. Such a reaction may sometimes affec
esign of the experiment, indicating for example, a prefer
rder of mixing of reagents.
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Plate 1. Structural formulas of five-coordinate catalysts and their derivatives.

3. The catalysts

The catalysts divide into several groups, as follows. Com-
pounds1–5 have the general formula MeReE(dithiolate)(L),
where E is O (usually) or S, the dithiolate is 2-
mercaptomethyl(thiophenolate), mtp, 1,2-ethanedithiolate,
edt, or 1,3-propanedithiolate, pdt, and L is a ligand such
as pyridine or phosphine. The structural formulas of some
of these compounds are shown inPlate 1. There are two
types of dirhenium catalysts,{MeReO(dithiolate)}2, 6–7,
and {ReO}2(dithiolate)3, 8–9, as depicted inPlate 2. The

Plate 2. Structural formulas of dirhenium catalysts.

final group comprises otherwise similar six-coordinate com-
pounds,10–14, of which only10and11catalyze reaction (1).

These compounds have been synthesized in pure form and
fully characterized, including by X-ray crystallography. The
Plate 3. Six coordinate oxo
rhenium(V) compounds.
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Plate 4. Representation of the crystal and molecular structures of oxo-rhenium(V) catalysts2, 6, 9, and11, as drawn by the program CrystalMaker[10].

molecular structures of a representative sample of catalysts:
2, 6, 9, and11are presented inPlate 4.

4. Catalysts 1 and 2

The compounds first to be considered as catalysts are
MeReO(mtp)PPh3, 1, and MeReS(mtp)PPh3, 2. Both carry
reaction (1) to completion, but1 is much more active.
On the other hand,1 is by no means the most active

Fig. 1. Progress curves for the reaction between 4-MeC5H4NO and PPh3 at 25◦C in benzene as catalyzed by1 and by2. Concentrations were: 0.10 mmol L−1

o

catalyst for reaction (1), as will be demonstrated later.
To illustrate the relative effectiveness of1 versus2, con-
sult Fig. 1A and B, which present concentrations of PyO
as a function of time, as determined by UV spectro-
scopy.

Quantitative kinetic data were obtained by the UV method
for the most part, on the basis ofεPicO = 945 L mol−1 cm−1

at 330 nm. The rate laws for the two are not only remarkably
different, but each form indicates considerable mechanistic
complexity.
f 4-MeC5H4NO, 5.2 mmol L−1 of PPh3, and 0.078 mmol L−1 of 1 or 2.
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−d[PyO]

dt
= k1

[1][PyO]2

[PPh3]
(2)

−d[PyO]

dt
= k2a[2][PyO]1/2 (3)

The rate constants in benzene at 25◦C are k1
= 1.5 × 104 L mol−1 s−1 for 4-MeC5H4NO and
1.8 L mol−1 s−1 for 4-NO2-2-MeC5H4NO with 1 [11]
andk2a = 0.68± 0.02 L1/2 mol−1/2 s−1 and (3.5± 0.1)×
10−3 L1/2 mol−1/2 s−1 for 2 [12] with the same reagent pair.
Actually, catalyst2 follows Eq. (3) only at relatively high
[PPh3] ≥ 1 mmol L−1; below that the rate equation (and the
mechanism) changes to the same form as in followed by1,
in Eq. (2).

4.1. Catalysis by1

4.1.1. Reaction scheme
The reactions with1 (seeScheme 1) are inferred from the

rate law, noting that PPh3 is the product of a prior equilib-
rium, that one PyO is deoxygenated but a second is needed
to complete the reaction, and that a dioxorhenium(VII) in-
termediate is formed in the rate-controlling step. According
to this scheme,k1 = K1k2. Validation of each aspect of the
proposed chemical mechanism was sought, and in every case
o

k ac-
t and
o ns
a ify a
c
N nis-
t um
d m is
t this
s ented
c

4
are

n addi-

d mech

tional PyO assists NO bond-breaking by acting as a nucle-
ophile:

In support of that model, when bromide ions or pyridine
is added, the rate is additionally accelerated. Further, the rate
law with a family of ring-substituted pyridines then takes on
a new form,

−d[PyO]

dt
= kN

[1][PyO][RC5H4N]

[PPh3]
(4)

The values ofkN correlate with the Hammettσ-constants. The
reaction constants areρ =−2.7 for 4-MeC5H4NO and−1.0
for 4-NO2-2-MeC5H4NO. The negative values ofρ support
the assignment of the accelerating affects of the pyridines to
their role as nucleophiles in the mechanism.

4.1.3. Dioxorhenium(VII)
Third, considerable evidence has accumulated for the

formation of a transient dioxorhenium(VII) intermediate.
For one thing, it can be prepared from1 and several
O-donor compounds (4-MeC5H4NO, dmso,tert-butyl hy-
droperoxide, and PyO), when the product is stabilized by
a d
M
t ting
r nt of
t he
t
c peri-
m , say
P
T
S h
F s of
M of
t
H tem-
p direct
k

btained.
First, ligand displacement reactions as in theK1 step are

nown for many ligands that do not undergo further re
ions; such ligands include pyridines, dialkyl sulfides,
ther phosphines[13,14]. The ligand substitution reactio
re of interest in their own right because the data sign
omplex mechanism that proceeds by turnstile rotation[15].
onetheless, this review will not deal with the mecha

ic aspects of theK1 step because it remains at equilibri
uring the catalysis of reaction (1), and its mechanis

herefore not pertinent. The point is simply to note that
tep, inferred from the rate equation, represents preced
hemistry.

.1.2. Nucleophilic assistance
This naturally raises the question of why two PyO’s

eeded to reach the transition state. It appears that the

Scheme 1. Propose
 anism for catalysis by1.

n excess of 4-picoline. Thus at−40◦C the compoun
eReVII (O)2(mtp)(4-Pic) was characterized by1H NMR;

he spectrum is the same irrespective of which O-dona
eagent was used, which shows that neither a fragme
hat reagent nor any PPh3 remains as a constituent of t
ransient. For another, the reactivity of MeReVII (O)2(mtp)
ould be assessed quantitatively by competition ex
ents that utilized simultaneously a pair of phosphines
Ph3 and PTol3. The concurrent formation of Ph3PO and
ol3PO provides the rate constantsk4 for a fast step in
cheme 1, relative to a standard which we took to be PP3.
urther, it has proved possible to prepare two analog
eReVII (O)2(mtp), with alkoxide-thiolate centers in place

he dithiolate; they are MeRe(O)2[κ2-OCH2C(H)RS ], R =
or Me[16]. These compounds can be isolated at room

erature, and their phosphine reactions were studied by
inetics.
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Scheme 1concludes with a final ligand substitution step
in which PPh3 displaces Ph3PO, restoring catalyst1. Further
discussion of that rapid step in unnecessary. When the rhe-
nium species are followed by NMR during the catalysis, only
1 was detected. All the other forms remain at low (steady-
state) concentrations.

4.1.4. Substituent effects with1
Different experiments were used to assess the extent and

direction of electron flow in different reaction steps. In each
case, the data correlate with the Hammettσ-constant. When
the catalytic kinetics were studied with different P(C6H4-4-
R)3 reagents, the reaction constant derived from the variation
of k1 isρ1 = +1.03, consistent with PAr3 being a leaving group
in the first step. When 4-RC5H4NO substrates were used, the
reaction constant proved to be unusually large,ρ1 = −3.8.
The value ofkc, which in this model isK1k2, reflects the role
of PyO in steps 1 and 2. In each of those steps, PyO has been
postulated to act nucleophilically; consistent with that, the
reaction constant (which isρc =ρK1 +ρk3) is a large, negative
number. A further implication is that the pyridine–oxygen
bond scission makes but a small offsetting contribution toρk2,
becauseρ1 would other wise be less negative than was found.
This implies that PyO bond cleavage is not well advanced;
the reaction proceeds via an early transition state.
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Fig. 2. Dependence of the initial rate on the initial concentration of 4-
MeC5H4NO shown in the form of a log–log plot for data (NMR, hatched
squares; UV, circles) obtained in benzene at 25.0◦C. In these experiments,
[2] was (2.3–3.7)× 10−5 mol L−1 and [PPh3] ≥ 3.5× 10−3 mol L−1. The
least-squares slope of the line is 0.53.

nation. From this scheme one can use the steady-state and
long-chain approximations to derive this rate law:

−d[PyO]

dt
= k

prop
1 [I 1]ss[PPh3]

=
√

K1kinitk
prop
1 k

prop
2

kterm
[2][PyO]1/2 (5)

For the scheme to be credible, the intermediates and their
reactions must be plausible, as judged on their (proposed)
structures and on the known chemistry of rhenium com-
pounds of this general character. Here we explore this mat-
ter. Step [3] represents the plausible addition of a ligand to
the four-coordinate speciesI1 to produce five-coordinateI3,
which is the geometrical isomer of2. Geometrical isomers
of this type have been authenticated, and they do indeed
lie on the pathway of ligand substitution reactions because
Finally, the competition kinetics FORk4 (rel.) was evalu
ted for different P(C6H4-4-R)3. Here,ρ3 =−0.7; again, thi

s consistent with the phosphine attacking nucleophilical
he oxo group of the dioxorhenium(VII) intermediate.

.2. Catalysis by2

.2.1. Half-order kinetics
With catalyst2, the half-order dependence on [PyO]

e accommodated only by a chain mechanism. It is alw
ossible, however, that a line segment taken over a lim
ange of [PyO] might approximate half-order to the ex
hat an erroneous reaction order might be assigned. Fo
mple, if the kinetic dependence has the formv =a[PyO]/{b+

PyO]}, there will be a limited range of [PyO] over which t
ate may appear to depend on [PyO]1/2, particularly when on
onsiders any imprecision in the rate measurements. To
fy the authenticity of the [PyO]1/2 dependence, the reacti
ates were evaluated over a large range of [PyO], more
104-fold variation.Fig. 2 illustrates the half-order depe

ence over the entire range. In addition to initial rate stu
any experiments were followed over the full time cou
iving results that fit closely to the integrated rate law
alf-order kinetics.

.2.2. Chemical mechanism for2
Scheme 2presents a group of five chemical reactions

re in accord with the kinetics, and it presents postu
tructures of the reaction intermediates. The three prop
ion steps involve the repeated cycling of three intermed
I1, I2, andI3) in reactions that are more rapid than ter
 Scheme 2. Chain mechanism for catalysis by2.
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of requirements arising from the principle of microscopic
reversibility [15]. Step [5] depicts the formation of a six-
coordinate rhenium(V) compound, a step common to1 as
well, as inScheme 1; the PyO added here will provide nucle-
ophilic assistance. Step [4] shows the assistance of the PyO
nucleophile added in Step [5] on cleavage of the NO bond,
which releases Py and the nucleophile; Step [4] also has its
counterpartScheme 1. The propagation steps are outlined in
structural terms inScheme 3.

As noted,Schemes 1 and 2have steps in common: the
prior equilibrium and the nucleophile-assisted cleavage of
the Py O. Where the mechanisms differ is more interesting.
First, there is no known oxo analogue of the four-coordinate
speciesI1 in the oxo system, not even as a transient in this or
other reactions. Second, the initiation–termination step has
no precedent in the catalytic scheme for1, in addition to
which it seems a rather peculiar transformation, in which two
five-coordinate species, which are usually the most stable
forms, are being converted to a six- and a four-coordinate
species.

In fact, it is not far-fetched at all, because it finds a nearly
exact parallel in the well-studied mechanism for the dimer-
ization/monomerization reaction:

MeReO(mtp)Li +MeReO(mtp)Lj

f d be

introduced to account for Step [2] in the chain mechanism
proposed for catalysis by2.

4.2.3. A second pathway for2
It was remarked earlier that the chain mechanism no

longer prevails for2at lower concentrations of PPh3 (roughly
10−3 mol L−1, but dependent on [PyO]). The full rate law for
catalyst2, both pathways included, is

−d[PyO]

dt
= k2a[2][PyO]1/2+ k2b

[2][PyO]2

[PPh3]
(7)

with k2b = 4.30 (4-MeC5H4NO) and 3.3× 10−3 (4-
NO2C5H4NO) L mol−1 s−1 in benzene at 25◦C. The values
of k1 given earlier are some three orders of magnitude larger
along the same pathway. Examination ofScheme 1suggests
why that may be so. The equilibrium constantK1, represent-
ing coordination of PyO to rhenium, is likely to be larger for
ReO than for ReS because of the electronegativity difference.
Given thatk1 andk2b are expressed asK1k2 the reactivity1
� 2 can thus be accounted for.

5. Catalyst 6

The dimer {MeReO(mtp)}2 (6) is a much more re-
active catalyst than its monomeric counterparts, such as
M ies
a

{

= {MeReO(mtp)}2(6)+ Li + Lj (6)

This aspect of the chemistry is illustrated inScheme 3,
rom which one can see that no new transformation nee
Scheme 3. Initiation/termination as comp
eReO(mtp)PPh3, 1. It is useful to note that these spec
re related to one another by this reaction:

MeReO(mtp)}2(6)+ 2PPh3 = 2MeReO(mtp)PPh3(1) (8)
ared with dimerization/monomerization.
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Fig. 3. The disappearance of 44.4 mmol L−1 of 2-methyl-4-nitropyridine
N-oxide in solutions with 44.4 mmol L−1 of PPh3, with catalysts1 and6.

This reaction is an equilibrium, but it established slowly
in the systems now under consideration, and thus6 re-
tains its identity. Indeed, one cause for the reactivity pat-
tern 6 � 1 lies in the avoidance of the step in which
tightly-bound PPh3 is removed from1; see the first step in
Scheme 1.

5.1. Reaction of 2-Me-4-NO2C5H4NO

Fig. 3shows progress curves for the reaction of 2-Me-4-
NO2C5H4NO with PPh3, comparing catalysts6 and1 [11].
The rate difference amounts to a factor of about 90 per mole
of catalyst in favor of6.

5.2. Me2SO substrate

5.2.1. Catalytic rates,6 versus1
Closely related to reaction (1) is the deoxygenation of

sulfoxides such as methyl phenyl sulfoxide with a phosphine,
which has been thoroughly studied[17], reaction (8):

MeS(O)Ph+ PPh3→ MeSPh+ Ph3PO (9)

As with reaction (1),6proved to be much more effective than
1 in terms of the initial rate of reaction (8).Fig. 4shows the
b t the
r t in
f

5
n

w een
t e
l be-
c r
w third,

Fig. 4. Comparison of rhenium catalysts6 and1 for reaction (8) in C6D6 at
23◦C. Initial concentrations: 0.5 mmol L−1 of6, 19 mmol L−1 of MeS(O)Ph,
and 22 mmol L−1 of PPh3; 2.6 mmol L−1 of 1, 26 mmol L−1 of MeS(O)Ph,
and 28 mmol L−1 of PPh3.

sulfoxide-dependent term:

−d[6]

dt

=
{
ka[PPh3]+kb[PPh3]2+kK6S[MeS(O)Ph][PPh3]

1+K6S[MeS(O)Ph]

}
[6]

(10)

The transition state for the extraordinary third term is worth
depicting, because it relates to that for oxygen atom transfer,
as will be described shortly.

One might ask whether this scheme can also accomplish
oxygen atom transfer, but the answer is negative. Two transi-
tion states resembling this one, but not identical with it, carry
out the oxygen atom transfer reaction.

5
bear

s iza-
t rre-
v ve
o
[

uildup of MeSPh with each catalyst, and establishes tha
eactivity ratio of the two as ca. 150 per mol of catalys
avor of6.

.2.2. Conversion of6 to 1
Careful examination ofFig. 4 shows that the reactio

ith 6 begins to die off at an early stage. This has b
raced to the conversion of6 to 1, as in reaction (7). Th
oss of the most active catalyst is further exaggerated
ause the rate of monomerization of6 is ca. 10-times faste
hen MeS(O)Ph is present; the rate law then includes a
.2.3. Kinetics of reaction (8)
The transition states for reaction (8) do, however,

ome similarity to the one shown above for monomer
ion of 6. The rate law requires allowance for the nearly i
ersible conversion of6 to1, which is essentially nonreacti
n this time scale. The rate law for the formation of RSR′ is

17]

d[RSR′]
dt

=
{

k0+ k1K[PAr3]

1+K[PAr3]

}
K6P[MeS(O)Ph][6]T,t (11)
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5.2.4. Internal and external pathways
This rate equation reveals two concurrent and competitive

pathways for reaction (8). The parallel transition states that
are inferred fromEq. (11)can be depicted as:

One again notes that a coordination number below five is
not involved. In both cases, the next form is a reactive diox-
orhenium(VII) species, still a part of a di-rhenium species.
Attack by PPh3 abstracts an oxo group, allowing6 to reassem-
ble. If the one remaining� S bond is broken, however, the
compound reverts to1 with PPh3 present, and catalytic ac-
tivity falls substantially.

Catalysis by6 offers a considerable advantage over that
by 1; the displacement of the bulky and tightly-coordinated
phosphine by sulfoxide is not involved. With that major bar-
rier absent, one can understand why6 is so active compared
t

As to
m lfox-
i mer-
i e
o
t is
s With
b ct,
6 ig-
n rms
o
b te tha
t ining
S for
t hout
t
a rable
e me-
d

in-
t way
f gen
a are
b h
r usly.
T inate
o even
a wo is
t uent
r nium

atoms facilitates cleavage of the one remaining� S bond
to Re. For oxygen atom transfer, attack of the two ligands
on a single rhenium results in the formation of a dioxorhe-
nium(VII) subunit of a di-rhenium intermediate. One of the
attacking groups is MeS(O)Ph, the other may be either PAr3
(external nucleophilic assistance) or the sulfur atom of mtp
(internal nucleophilic assistance).

5.3. AsPh3 in place of PPh3

The following reaction is spontaneous, but it proceeds with
less driving force than reaction (1) does. Again, no reaction
occurs without a catalyst.

4-PicO+ AsPh3→ 4-Pic+ Ph3AsO,

�H◦(∼= �G◦) = −115 kJ(ca.) (12)

We chose to explore this reaction with the reactive dimer
6 as a catalyst, in an effort to avoid the side reaction in
which 6 is converted to1, which is much less reactive. The
logic behind this is the knowledge that6 is not converted
to the monomeric species MeReO(mtp)AsPh3, the analog of
1 (see reaction (7)). This is presumably so because triph-
enylarsine is a weaker Lewis base than triphenylphosphine.
Thus the prediction was made, which proved to be so, that
r oss
o

the
a
b -
t ut by
k ran-
s nce,
a

6

-
p
a d
[

6

e
o ing
s

o 1.
The chemical mechanisms deserve further comment.

onomerization, an added pathway is provided when su
de is present. Sulfoxides alone, however, do not mono
ze 6; instead, they give the adduct6–OSR2, the structur
f which has been determined by X-ray analysis[13]. Al-

hough PPh3 coordinates to6, the equilibrium constant
o small that the adduct cannot be readily detected.
oth R2SO and PPh3 present, however, the mixed addu
( OSR2, PPh3) can be detected directly by NMR. This s
ifies an important interaction, which is expressed in te
f a ternary complex in which one (only) of the S→ Re
onds of the central core has been broken. We specula

he two halves of the dimer can rotate about the rema
Re bonds joining the two subunits, so as to allow room

he sterically-encumbered phosphine to coordinate. Wit
he proposed half-opening of the dimer core, PPh3 by itself
ppears too large to coordinate to rhenium to a measu
xtent. The coordination numbers of rhenium in the inter
iate would be five and six.

It appears that two structural isomers, and thus two
ermediates will be formed, one that lies on the path
or monomerization, the other on the pathway for oxy
tom transfer. The distinction lies in whether both ligands
ound to a single rhenium atom of6, or one ligand to reac
henium, as shown in the transition states drawn previo
hese postulates agree with the finding that four-coord
xo-rhenium species are sufficiently unstable to exist,
s reaction intermediates. The distinction between the t

he way in which each ternary structure facilitates subseq
eaction. For monomerization, attack on separate rhe
t

eaction (11) would continue to completion without l
f 6.

Facile conversion according to reaction (11) requires
ddition of Ph3AsO. The rationale may be this: Ph3AsO may
e able to give the half-opened form of6, allowing coordina

ion of MeS(O)Ph. This suggested sequence, if borne o
inetic studies now in progress, will allow access to a t
ition state that provides for internal nucleophilic assista
s depicted previously.

. Catalysis by 8 and 9

These compounds lack a MeRe group, being pre
ared directly from Re2O7. They are{ReO}2(mtp)3, 8,
nd {ReO}2(edt)3, 9. Studies of8 have been complete

18].

.1. Phosphine coordination to catalyst8

Addition of PAr3 to 8 yields a tight complex in which on
f the�(Re S) bonds is broken, the dimeric structure be
ustained by the one bridging bond remaining,
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6.2. Kinetics with catalyst8

Even with excess phosphine, the reaction goes no further,
simply because two mononuclear rhenium(V) products can-
not be made thereby. Again, Re(VI) appears to be unknown in
these ligand systems. Reaction (12) is not instantaneous, pre-
sumably because ReS bond breaking accompanies ReP
bond making; the approximate rate constant isk12 = 2 ×
104 L mol−1 s−1.

The rate of reaction (1) catalyzed by PPh3–8 follows this
equation:

−d[Pic–O]

dt
= k1k2[PPh3–8][PicO]

k−1[PicO]+ k2[PPh3]
(14)

Data analysis givesk1 = 0.20(4) L mol−1 s−1 andk−1/k2 =
0.59 at 25◦C in benzene. To put this catalyst on the same
scale as catalysts1and2, the half-times under the conditions
specified in the caption toFig. 2are: 32 s (1), 11 min (2), and
11 h (PPh3–8).

6.3. Reaction mechanism for catalyst8

A double-labeling experiment with YPyO and XPy gave
no indication that XPyO was formed, which rules out a re-
a h the
r

P

T e sug
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1

1

6

hine
r ive
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reactions affords the equation:

ln

(
[PY3]t
[PY3]0

)
= kY

kZ

ln

(
[PZ3]t
[PZ3]0

)
(18)

The double logarithmic analysis gives the ratio of the rate
constants. This method was applied to pairs of P(C6H4-4-
X)3 compounds. At the extremes,kOMe/kCF3 = 27.

7. Catalysis by six-coordinate complexes

7.1. Inactive compounds

The structures of compounds12–14have been determined
by X-ray analysis. They can be prepared by the displacement
of a weaker monodentate ligand (e.g., Py) by the bidentate
ligand LL and by monomerization of dimer6 with LL:

MeReO(mtp)Py
LL−→MeReO(mtp)(LL)

LL←−
1
2{MeReO(mtp)}2 (19)

Compounds12–14 are inactive as catalysts for reaction (1),
presumably because the tightly-bound ligands in the six-
coordinate structures do not allow entry of PyO into the pri-
mary coordination shell of rhenium. The inactivity of these
c e ini-
t

7

ion
o like
l bpy
i e-
c ewis
b

ion
( on-
o trate
[

7

is
r

ction such as this because it cannot be reversible, whic
ate law would require.

h3P–8+ PyO→ 16+ Py (15)

he proposed scheme involves this sequence, where th
ested structural formulas are shown inPlate 5.

7+ PyO
k1
�
k−1

18+ Py (16)

8+ PPh3
k2−→17+ Ph3PO (17)

.4. Phosphine reaction in a rapid step

Competition experiments that used a pair of phosp
eagents, say PY3 and PZ3, were used to evaluate the relat
ate constant ofk2, Eq. (17). The concentrations of both
he phosphine oxides were determined as a function of
hroughout the reaction. Treatment as a system of concu

Plate 5. Structural formulas suggest
-

he intermediates involved in catalysis by8.

ompounds supports the conclusion that this event is th
ial step; seeSchemes 1 and 2.

.2. Catalysis by10

Compound10was specifically designed with the intent
f preparing a six-coordinate complex with a bipyridine-

igand, but one that would be less strongly bound than
tself. The ligand 2,2′-bipyrimidine (bpym) was selected b
ause the two additional ring nitrogen atoms reduce its L
asicity.

It has been shown that10 does indeed catalyze react
1). The kinetic data implicate an intermediate with a m
dentate bpym, so as to allow entry of the PyO subs

19].

.3. Catalysis by11

The compound MeReO(pa)2, 11, was prepared by th
eaction:
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Scheme 4. Two-step reaction for catalyst11.

MeReO3+ 2paH+ (PPh3/Me2S)→ MeReO(pa)2

+H2O+ (Ph3PO/Me2SO) (20)

Full characterization was carried out, including a single-
crystal X-ray diffraction analysis which revealed the struc-
tural formula shown inPlate 3. The geometrical structure
should be noted, particularly the dispositions of each O, N
pair of donor atoms of pa.

Catalyst11was applied to this reaction:

R2S+ PyO→ R2SO+ Py (21)

with the result that the rate is given by

−d[PyO]

dt
= kc[PyO][11] (22)

The rate constant was independent of the identity as well as
the concentration of the sulfide;kc = 1.23± 0.03 L mol−1 s−1

at 25◦C in anhydrous dichloromethane. For a range of ring-
substituted compounds, NC5H4X, pronounced substituent
effects were found; from an analysis by Hammett’s method,
the reaction constant isρ = −5.2, a remarkably large value.
It seems that two reactions comprise the overall process, and
that their substituent effects act in concert. This idea is em-
bodied inScheme 4. Consequently,ρc = ρK1 + ρk2; it is the
t ffect
s

m
i s of
t pair
M od
g tio

selec

kY/kH, where these rate constants pertain to the rapid step
in which an intermediate, logically the dioxorhenium(VII)
species shown inScheme 4, reacts with the thioether. The
substituent effect onkY/kH is represented byρ =−1.9, which
supports nucleophilic attack by the thioether on an oxo oxy-
gen.

Oxygen-18 tracer experiments were carried out with
MeRe18O(PA)2, 4-Pic16O, and Me2S, all at equimolar con-
centrations. This experiment gave Me2S16O only; had the
thioether reacted nonselectively, there would have been 25%
Me2S18O. Scheme 5presents a plausible explanation: cata-
lyst 11 could not be recovered had the thioether attacked at
Re =18O. Intrinsic to this mechanism are the presumptions
that the pyridine nitrogen is coordinated less strongly than
the carboxylate oxygen (which would form ionic species in
an environment in which they are disfavored) and that the
dioxorhenium(VII) intermediate must adopt a cis configura-
tion.

8. Catalysis by 3

Compound3, MeReO(mtp)Py, was selected for study, an-
ticipating that it would be more reactive than1, in that it
has a lower barrier for ligand loss, Py being more labile that
PPh3. Note, fromScheme 1, that ligand displacement is the
fi re-
a ort
o the
i
t e
c ows
t ins
wo effects acting together that makes the substituent e
o large.

The kinetic data show that R2S enters the mechanis
n a fast step at a later stage. To explore the kinetic
hat step, competition experiments were done with the
eSC6H6Y/MeSPh. Analysis of the results by the meth
iven in Section 4.1.3afforded reliable values of the ra

Scheme 5. Oxo-group
 tivity at the thioether step.

rst step. This expectation went unfulfilled, however, as
ction (1) started with3, but the reaction ceased well sh
f completion. We believe the problem can be traced to

ntermediate MeRe(O)2(mtp), 15. As shown inScheme 1,
his species should react with PPh3 rapidly to complete th
atalytic cycle. Analysis of the spent reaction mixture sh
hat neither1 nor 3 remain. Instead, the solution conta
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Scheme 6. Tentative mechanism for the biomolecular decomposition of dioxorhenium(VII).

MeReO3 and mtp, the cyclic disulfide from the oxidation of
mtp2–. The net equation is

2MeRe(O)2(mtp)+ L → MeReO3+mtp+MeReO(mtp)L

(L = PPh3, Py) (23)

Circumstantial evidence suggests that15 decomposes by
second-order kinetics. As cited inSection 4.1.3, a deriva-
tive prepared at−40◦C decomposes when the solution is
allowed to grow warmer. More to the point, the alkoxide-
thiolate compounds MeRe(O)2[κ2-OCH2C(H)RS ], R = H
or Me16 can be studied in solution but pure compounds could
not be isolated. If, indeed,15 decomposes by second-order
kinetics, then the more labile Py catalyst3 will produce the
intermediate at a higher steady-state concentration. Thus a
competition will be established between the reactions of15
with PPh3 and with itself, which quickly brings catalysis to
a halt.

As to the mechanism whereby15self-destructs,Eq. (23),
we suggest on the grounds of plausibility the transition state
shown inScheme 6, but can advance no experimental data to
support it.

9. Unifying mechanistic aspects

ives
r rized
t ce of
r d, the
d lysts
h eding
s

rawn
c om-
m se to
a sub-
s ,
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n the
d eded
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structure of a transition state that brings out the common fac-
tor can be shown as follows:

All of the reactions described herein attain this transi-
tion state, even though each arrives there differently. As re-
marked earlier, substituent effects were used to demonstrate
that Py–O bond breaking is not far advanced in the transition
state; that is, it is an early transition state.

Having explored the differences that stimulated the exten-
sive experimental work, it is gratifying to see that the data do
point to a unifying view of the mechanism at the critical step
of the transformation.

Acknowledgments

Many aspects of the research reviewed here was supported
by the US Department of Energy, Office of Basic Energy
Sciences, Division of Chemical Sciences under contract W-
7405-Eng-82 with Iowa State University of Science and Tech-
n the
N R.J.
A

R

099;
100;

705;
Each of the catalysts for reactions (1), (8), and (20) g
ise to a different rate equation. This article has summa
he applicable forms and set forth for each the sequen
eactions that can be deduced from the kinetics. Indee
ifferences among the oxo- and thio-rhenium(V) cata
ave been the principal issues emphasized in the prec
ections.

Examination of the transition states that have been d
learly shows that all of the reactions have much more in c
on than the principal theme that each catalyst gives ri
different rate equation would imply. In every case, the

tantial barrier is the breaking of the PyO or R2S O bonds
n event that is compensated by formation of the dioxo
ium(VII) intermediate. Also, for each of the catalysts,
ata show that an additional nucleophilic reagent is ne

o complete the overall reaction. One way to represen
ology. Other portions of the work were supported by
ational Science Foundation. I am grateful to Professors
ngelici and W.P. Giering for helpful discussions.

eferences

[1] (a) D. Katakis, H. Taube, J. Chem. Phys. 36 (1962) 416;
(b) H. Taube, Transact. Faraday Soc. 53 (1957) 656;
(c) O.L. Forchheimer, H. Taube, J. Am. Chem. Soc. 76 (1954) 2
(d) L.R.B. Yeatts Jr., H. Taube, J. Am. Chem. Soc. 71 (1949) 4
(e) H. Taube, J. Am. Chem. Soc. 64 (1942) 2468.

[2] (a) W. Kruse, H. Taube, J. Am. Chem. Soc. 83 (1961) 1280;
(b) M. Anbar, H. Taube, J. Am. Chem. Soc. 80 (1958) 1073;
(c) M. Anbar, H. Taube, J. Am. Chem. Soc. 76 (1954) 6243;
(d) O.L. Forchheimer, H. Taube, J. Am. Chem. Soc. 74 (1952) 3
(e) J. Halperin, H. Taube, J. Am. Chem. Soc. 72 (1950) 3319;
(f) H. Taube, Rec. Chem. Prog. 17 (1956) 25.



J.H. Espenson / Coordination Chemistry Reviews 249 (2005) 329–341 341

[3] (a) R.M. Milburn, H. Taube, J. Phys. Chem. 64 (1960) 1776;
(b) P. Saffir, H. Taube, J. Am. Chem. Soc. 82 (1960) 13;
(c) R.M. Milburn, H. Taube, J. Am. Chem. Soc. 81 (1959) 3515;
(d) H. Taube, J. Am. Chem. Soc. 70 (1948) 3928;
(e) I.L. Hochhauser, H. Taube, J. Am. Chem. Soc. 69 (1947) 1582;
(f) H. Taube, J. Am. Chem. Soc. 69 (1947) 1418.

[4] (a) G. Gordon, H. Taube, J. Inorg. Nucl. Chem. 16 (1961) 272;
(b) A.C. Rutenberg, H. Taube, J. Chem. Phys. 20 (1952) 825;
(c) R.A. Plane, H. Taube, J. Phys. Chem. 56 (1952) 33;
(d) J.P. Hunt, H. Taube, J. Chem. Phys. 19 (1951) 602;
(e) J.P. Hunt, H. Taube, J. Chem. Phys. 18 (1950) 757;
(f) H.L. Friedman, H. Taube, J.P. Hunt, J. Chem. Phys. 18 (1950)
759.

[5] J.H. Espenson, H. Taube, Inorg. Chem. 4 (1965) 704.
[6] W.P. Jencks, Chem. Soc. Rev. 10 (1981) 345.
[7] (a) E. Ochiai, J. Org. Chem. 18 (1953) 354;

(b) T. Rosenau, A. Potthast, G. Ebner, P. Kosma, Synletter 6 (1999)
623.

[8] (a) E. Ochiai, Aromatic Amine Oxides, Elsevier Publishing Co, Am-
sterdam, 1967;
(b) A.R. Katritzky, J.M. Lagowski, In Organic Chemistry, A Series
of Monographs, Academic Press, New York, 1971;
(c) B.M. Trost, L. Fleming, Comprehensive Org. Synth. 8 (1991)
390.

[9] M.D.M.C. Ribeiro da Silva, M. Agostinha, R. Matos, M.C. Vaz,
L.M.N.B.F. Santos, G. Pilcher, W.E. Acree Jr., J.R. Powell, J. Chem.
Thermodyn. 30 (1998) 869.

[10] D.C. Palmer, Version 4.1 ed., CrystalMaker Software, Oxford, Bices-
ter, UK, 2001.

[11] Y. Wang, J.H. Espenson, Inorg. Chem. 41 (2002) 2266.
[12] K. Osz, J.H. Espenson, Inorg. Chem. 42 (2003) 8122.
[13] J. Jacob, G. Lente, I.A. Guzei, J.H. Espenson, Inorg. Chem. 38

(1999) 3762.
[14] (a) J.H. Espenson, S.M. Nabavizadeh, Eur. J. Inorg. Chem. (2003)

1911;
(b) X. Shan, J.H. Espenson, Organometallics 22 (2003) 1250;
(c) X. Shan, A. Ellern, J.H. Espenson, Inorg. Chem. 41 (2002) 7136;
(d) J.H. Espenson, X. Shan, D.W. Lahti, T.M. Rockey, B. Saha, A.
Ellern, Inorg. Chem. 40 (2001) 6717;
(e) G. Lente, J. Jacob, I.A. Guzei, J.H. Espenson, Inorg. React. Mech.
2 (2000) 169;
(f) G. Lente, I.A. Guzei, J.H. Espenson, Inorg. Chem. 39 (2000)
1311.

[15] D.W. Lahti, J.H. Espenson, J. Am. Chem. Soc. 123 (2001) 6014.
[16] J. Dixon, J.H. Espenson, Inorg. Chem. 41 (2002) 4727.
[17] N. Koshino, J.H. Espenson, Inorg. Chem. 42 (2003) 5735.
[18] R. Huang, J.H. Espenson, Inorg. Chem. 40 (2001) 994.
[19] Y. Cai, J.H. Espenson, unpublished information.


	Related rhenium(V) catalysts adopt different mechanisms for oxygen atom transfer
	Introduction
	The test reaction
	The catalysts
	Catalysts 1 and 2
	Catalysis by 1
	Reaction scheme
	Nucleophilic assistance
	Dioxorhenium(VII)
	Substituent effects with 1

	Catalysis by 2
	Half-order kinetics
	Chemical mechanism for 2
	A second pathway for 2


	Catalyst 6
	Reaction of 2-Me-4-NO2C5H4NO
	Me2SO substrate
	Catalytic rates, 6 versus 1
	Conversion of 6 to 1
	Kinetics of reaction (8)
	Internal and external pathways

	AsPh3 in place of PPh3

	Catalysis by 8 and 9
	Phosphine coordination to catalyst 8
	Kinetics with catalyst 8
	Reaction mechanism for catalyst 8
	Phosphine reaction in a rapid step

	Catalysis by six-coordinate complexes
	Inactive compounds
	Catalysis by 10
	Catalysis by 11

	Catalysis by 3
	Unifying mechanistic aspects
	Acknowledgments
	References


