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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 ar
compounds with a single rhenium atom, [MeReE(mtp)(PPh3)], where E is eitirad$ ) and mtpH is 2-(mercaptomethyl)thiophenol;

the third is the di-rhenium compouridMeReO(mtp}, (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 transfe
from pyridineN-oxides to PAg. The reaction rates are in the ord8rs> 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 2. The test reaction

Henry Taube has contributed to the field of inorganic reac- 1 he deoxygenation of nitrogen heterocycles, particularly
tion mechanisms in so many ways thatitis difficult to describe PYridineN-oxides, with phosphines was chosen as the stan-
his contributions succintly. | shall not try to do so, because dard for assessing catalytic mechanisms in this work. This
| am presenting work on a theme that builds on Taube’s re- reaction holds some inherent interest for the synthg5|s of het-
search from an early stage of his career, where the focus wa€rocycleg7], for which other procedures are sometimes dis-
on oxygen chemistry. | am of an age that | can allow myself 2dvantageous]. Its catalysis by rhenium compounds offers
to reminisce briefly. My first personal encounter with Taube attractive features: the rhenium compounds are easily pre-
was in 1959; | had just completed my second year in grad- pared, stable for Ipng periods, and unreactive towards oxygen
uate school at the University of Wisconsin, with Edward L. and traces of moisture. Thus benchtop protocols are used.
King as my mentor, when Taube came from the University of In a general sense these formulas will be used for regt_:tants
Chicago to Madison to present a week-long series of summer@nd products, PyO, RZPy, and 2PO; formulas for specific
lectures. This was just when his seminal research on inner-compounds will be used where appropriate. The net reaction
sphere electron transfer was first appearing. | remember a$ s.pontaneous; to cite thermodynamic data for particular re-
comment Taube made at the start of his first lecture, to the 8Ction partners, we haye]
effect that much of his career had been devoted to oxygen
chemistry in one way or another. Those who recall his early 4-MeGHsNO + PPl — 4-MeGHaN + PhgPO,
studies of ozone reactivitji], oxygen-exchange and other A H°(Z AG°) = —266 kJ Q)
reactions of oxoanior{&], redox reactivity of species such as
oxalic and formic acid$3], and water exchandd] can see
the truth of that perception. Indeed, by an excellent turn of ~ Perhaps the best reason for selecting this reaction is that
fate, | was later privileged to engage in postdoctoral researchit does not occur to any extent without a catalyst, insofar as
with Taube shortly after his move to Stanford University. We have been able to determine in experiments lasting more
As fate would further have it, my year there was spent on, than two months. Arguably, the reaction does not occur in
what else?, oxygen Chemistry; particu|ar|yaseries Ofoxygen_ practice because the reactants are closed-shell (octet rule)
18 tracer experiments on the ozone oxidation of speciesspecies. Further, as a reviewer suggested, PyO itself has a
such as sulfite and nitrite ions, manganese(ll) and thallium(l) Polarization such that the oxygen is too electron rich to be
[5]. attacked nucleophically; on the other hand, as shown by the

One further historical reference appears in order. | re- mechanistic data presented herein, activation by high-valent
call appreciating at the time of its publication the title of a rhenium compounds greatly reduces the electron density on
perceptive article by W.P. Jencks intriguingly entitledictv the oxygen atom. Indeed, with a suitable rhenium catalyst
Does a Reaction Choose Its Mechani&rfs] That thought the reaction occurs readily, proceeding to completion with
is pertinent to this presentation which deals for the most the precise stoichiometry indicated. The catalyst survives in-
part with a single reaction that adopts different mechanisms tact, usually well beyond the end of the reaction. In certain
when it is Cata|yzed by one or another of Seeming|y sim- Cases, however, the catalyst may itself react with either PyO
ilar rhenium(v) Compounds_ Indeed, the Composition and or PZ, and thus be converted to a different form, which usu-
structural similarities among these catalysts are so great aglly is noncatalytic. Such areaction may sometimes affect the
to make the divergent mechanisms all the more astonish-design of the experiment, indicating for example, a preferable
ing. order of mixing of reagents.
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Plate 1. Structural formulas of five-coordinate catalysts and their derivatives. / \ / \
3. The catalysts K‘@ \—/

The catalysts divide into several groups, as follows. Com- {ReO}2(mtp) 3 {ReO}2(edt)5 9
poundsl-5 have the general formula MeReE(dithiolate)(L),
where E is O (usually) or S, the dithiolate is 2- Plate 2. Structural formulas of dirhenium catalysts.

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 final group comprises otherwise similar six-coordinate com-
of these compounds are shown Rfate 1 There are two pounds10-14, of which onlylOandll1catalyze reaction (1).
types of dirhenium catalyst§MeReO(dithiolate),, 6-7, These compounds have been synthesized in pure form and
and {ReO},(dithiolate), 8-9, as depicted irPlate 2 The fully characterized, including by X-ray crystallography. The

o O/// }gl \\Me o
S/RuL\\S / S/Rm S
(‘ N| PhP? | Y
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MeReO(edt)(bpym)10 MeReO(pa)y 11 MeReO(mtp)(dppb) 12
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Plate 3. Six coordinate oxorhenium(V) compounds.
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9 é 11

Plate 4. Representation of the crystal and molecular structures of oxo-rhenium(V) ca&aby&sand1l, as drawn by the program CrystalMaK&0].

molecular structures of a representative sample of catalysts.catalyst for reaction (1), as will be demonstrated later.
2, 6,9, andllare presented iRlate 4 To illustrate the relative effectiveness bfversus2, con-
sult Fig. 1A and B, which present concentrations of PyO
as a function of time, as determined by UV spectro-
4. Catalysts 1 and 2 scopy.
Quantitative kinetic data were obtained by the UV method
The compounds first to be considered as catalysts arefor the most part, on the basis afico = 945 L mol-t cm~!
MeReO(mtp)PP 1, and MeReS(mtp)PRh2. Both carry at 330 nm. The rate laws for the two are not only remarkably
reaction (1) to completion, but is much more active. different, but each form indicates considerable mechanistic
On the other handl is by no means the most active complexity.

I"”I""I'”'I""l”"I""I""i"": 0.1:““"” g
0.1f ] w; ]
- i 1 0.08 5
-:] 68 j{ Catalyst 1 ] . Catalyst 2 ]
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Fig. 1. Progress curves for the reaction between 4-4#6l0 and PPhat 25°C in benzene as catalyzed bwand by2. Concentrations were: 0.10 mmott
of 4-MeGsH4NO, 5.2 mmol - of PPh;, and 0.078 mmol t* of 1 or 2.
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_d[Pyo] _ [1][F'yO]2 @
dr [PPrg]
P
- o gatpyor? ©
The rate constants in benzene at °€5 are kj

1.5 x 10*Lmol~ls1 for 4-MeGH4NO and

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

0 1
sl CHs
“Re it Y H CHs
Q: oLV — )} Re(. + Py + Nuc
A/ s 0
Nuc:

In support of that model, when bromide ions or pyridine

1.8Lmorts™1 for 4-NO;-2-MeGsH4sNO with 1 [11]
andkoa = 0.68+ 0.021Y2mol~1/2s1 and (3.5+ 0.1) x
103 LY2 mol~Y2s~1 for 2 [12] with the same reagent pair.

is added, the rate is additionally accelerated. Further, the rate
law with a family of ring-substituted pyridines then takes on

g | a new form,
Actually, catalyst2 follows Eq. (3) only at relatively high
[PPh] > 1 mmol L~1; below that the rate equation (and the _ 9[PYOl _ [1[PyO][RCsH4N] 4)
mechanism) changes to the same form as in followed, by dr [PPHs]

in Eq. (2) The values oky correlate with the Hammetdtconstants. The
reaction constants aye= —2.7 for 4-MeGH4NO and—1.0

for 4-NO,-2-MeGsH4NO. The negative values @f support

the assignment of the accelerating affects of the pyridines to

their role as nucleophiles in the mechanism.

4.1. Catalysis byl

4.1.1. Reaction scheme

The reactions with (seeScheme Jare inferred from the
rate law, noting that PRHs the product of a prior equilib-  4.1.3. Dioxorhenium(VII)
rium, that one PyO is deoxygenated but a second is needed Third, considerable evidence has accumulated for the
to complete the reaction, and that a dioxorhenium(VIl) in- formation of a transient dioxorhenium(VIl) intermediate.
termediate is formed in the rate-controlling step. According For one thing, it can be prepared frofh and several
to this schemek; = Kiko. Validation of each aspect of the  O-donor compounds (4-MeEi4NO, dmso,tert-butyl hy-
proposed chemical mechanism was sought, and in every caselroperoxide, and PyO), when the product is stabilized by
obtained. an excess of 4-picoline. Thus at40°C the compound

First, ligand displacement reactions as in Kyestep are MeRe’!' (0),(mtp)(4-Pic) was characterized By NMR;
known for many ligands that do not undergo further reac- the spectrum is the same irrespective of which O-donating
tions; such ligands include pyridines, dialkyl sulfides, and reagent was used, which shows that neither a fragment of
other phosphinefl3,14] The ligand substitution reactions that reagent nor any PRliemains as a constituent of the
are of interest in their own right because the data signify a transient. For another, the reactivity of Mef¢O),(mtp)
complex mechanism that proceeds by turnstile rotéti&i could be assessed quantitatively by competition experi-
Nonetheless, this review will not deal with the mechanis- ments that utilized simultaneously a pair of phosphines, say
tic aspects of th&; step because it remains at equilibrium PPk and PTo. The concurrent formation of BRO and
during the catalysis of reaction (1), and its mechanism is TolzPO provides the rate constarits for a fast step in
therefore not pertinent. The point is simply to note that this Scheme 1relative to a standard which we took to be BPh
step, inferred from the rate equation, represents precedentedrurther, it has proved possible to prepare two analogs of
chemistry. MeRe”" (0),(mtp), with alkoxide-thiolate centers in place of

the dithiolate; they are MeRe(glx?>-OCH,C(H)RS-], R =

4.1.2. Nucleophilic assistance H or Me[16]. These compounds can be isolated at room tem-

This naturally raises the question of why two PyQO's are perature, and their phosphine reactions were studied by direct
needed to reach the transition state. It appears that the addikinetics.

(}j\ﬁ/ﬁs PO @i\iﬁ/i%
prh,
PPh3 “ory k\P‘yO
PhsPO *
s
Pphjfaﬂ %\ﬁf/c
/ Pyoﬁ’
QE-\F{/ +Py
5 (fast) o +PYO

Scheme 1. Proposed mechanism for catalysis.by
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Scheme Xoncludes with a final ligand substitution step 0 T T T T
in which PPR displaces P§PO, restoring catalydt 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.

T
]
\

4.1.4. Substituent effects with

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 Hamnaettonstant. When
the catalytic kinetics were studied with different REG-4- 4 y T EE—
R)s3 reagents, the reaction constant derived from the variation log [PicO]
ofkj is p1 =+1.03, consistent with PAbeing a leaving group
in the first step. When 4-R¢E14NO substrates were used, the  Fig. 2. Dependence of the initial rate on the initial concentration of 4-
reaction constant proved to be unusually large= —3.8. MeCsH4NO shown in the form of a log—log plot for data (NMR, hatched
The value Ok& which in this model ig(lkZ’ reflects the role squares; UV, circles) obtained in benzene at 26.0in these experiments,
of PyO in steps 1 and 2. In each of those steps, PyO has beef "as (2:3-3.7)x 10"*mol L™* and [PPh] = 3.5 x 10-*molL . The

- . . . least-squares slope of the line is 0.53.

postulated to act nucleophilically; consistent with that, the
reaction constant (which js = pg1 + pr3) is alarge, negative
number. A further implication is that the pyridine—oxygen
bond scission makes but a small offsetting contributignio
becaus@; would other wise be less negative than was found. _ d[PYO] _ K21 11odPPhy]

log (vi/[M™-PPh_)

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

This implies that PyO bond cleavage is not well advanced; dr
the reaction proceeds via an early transition state. ~prop, prop
Finally, the competition kinetics FOR; (rel.) was evalu- = /M[z][pyo]lﬂ (5)

ated for different P(gH4-4-R);. Here,p3 = —0.7; again, this kterm

is consistent with the phosphine attacking nucleophilically at

the oxo group of the dioxorhenium(VIl) intermediate. For the scheme to be credible, the intermediates and their
reactions must be plausible, as judged on their (proposed)

4.2. Catalysis by structures and on the known chemistry of rhenium com-
pounds of this general character. Here we explore this mat-

4.2.1. Half-order kinetics ter. Step [3] represents the plausible addition of a ligand to

With catalyst2, the half-order dependence on [PyO] can the four-coordinate speciésto produce five-coordinate,
be accommodated only by a chain mechanism. It is always Which is the geometrical isomer @ Geometrical isomers
possible, however, that a line segment taken over a limited of this type have been authenticated, and they do indeed
range of [PyO] might approximate half-order to the extent lie on the pathway of ligand substitution reactions because
that an erroneous reaction order might be assigned. For ex-

ample, ifthe kinetic dependence has the forra[PyO]/{b+ K

[PyO]}, there will be a limited range of [PyO] over which the [ Prior equilibrium 2+Py0 === MEF‘:S(”“P)OPY +PPhy
rate may appear to depend on [Py(3] particularly when one [2] Initiation, termination 2 + MeReS(mtp)OPy L kvl
considers any imprecision in the rate measurements. To ver- Kterm

ify the authenticity of the [PyG]?2 dependence, the reaction ap o 41 o ppn KPP

rates were evaluated over a large range of [PyO], more than[ | Fepagatien e =k

a 10*-fold variation.Fig. 2illustrates the half-order depen- . KPP

dence over the entire range. In addition to initial rate studies, 4] Propagation#2 b ——= lrFhePO+Fy

many experiments were followed over the full time course, kPP

giving results that fit closely to the integrated rate law for (5] Propagation #3 ly+ PyO —— b

half-order kinetics.

4.2.2. Chemical mechanism far

i i i S s S
Spheme presents a group of five chem|cal reactions that S dlo Sl 1 S o8
are in accord with the kinetics, and it presents postulated L Me”[°PPh,  Me” © pph,

structures of the reaction intermediates. The three propaga- I PyO |, Iy

tion steps involve the repeated cycling of three intermediates
(I1, 12, andl3) in reactions that are more rapid than termi- Scheme 2. Chain mechanism for catalysiby
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of requirements arising from the principle of microscopic introduced to account for Step [2] in the chain mechanism
reversibility [15]. Step [5] depicts the formation of a six- proposed for catalysis [

coordinate rhenium(V) compound, a step commoi. @s

well, as inScheme 1the PyO added here will provide nucle- 4.2.3. A second pathway f@r

ophilic assistance. Step [4] shows the assistance of the PyO It was remarked earlier that the chain mechanism no
nucleophile added in Step [5] on cleavage of thed\bond, ~ longer prevails foR atlower concentrations of PE{roughly
which releases Py and the nucleophile; Step [4] also has its10~>mol L=%, but dependent on [PyO]). The full rate law for
counterparScheme 1The propagation steps are outlined in catalyst2, both pathways included, is

structural terms irscheme 3 2
. d[PyO 2]|[PyO
As noted,Schemes 1 and Bave steps in common: the diPyol _ k2o 2][PyO]Y2 + kZb% 7
prior equilibrium and the nucleophile-assisted cleavage of [PPly]

the Py-O. Where the mechanisms differ is more interesting. with ko, = 4.30 (4-MeGH4NO) and 3.3 x 1073 (4-
First, there is no known oxo analogue of the four-coordinate NO,CsH4NO) L mol~1s~1 in benzene at 25C. The values
specied in the oxo system, not even as a transient in this or of k; given earlier are some three orders of magnitude larger
other reactions. Second, the initiation—termination step hasalong the same pathway. ExaminatiorSsheme kuggests

no precedent in the catalytic scheme forin addition to  why that may be so. The equilibrium const#nt represent-
which it seems a rather peculiar transformation, in which two ing coordination of PyO to rhenium, is likely to be larger for
five-coordinate species, which are usually the most stable ReO than for ReS because of the electronegativity difference.
forms, are being converted to a six- and a four-coordinate Given thatk; andk,p, are expressed d¢ ko the reactivityl

species. > 2 can thus be accounted for.
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: 5. Catalyst 6

MeReO(mtp)L. + MeReO(mtp)K/ The dimer {MeReO(mtp}, (6) is a much more re-
; ; active catalyst than its monomeric counterparts, such as
— i J
= {MeReO(mtp),(6) + L' +L ®) MeReO(mtp)PP4 1. It is useful to note that these species

are related to one another by this reaction:
This aspect of the chemistry is illustrated $theme 3
from which one can see that no new transformation need be{MeReO(mtp),(6) + 2PPh = 2MeReO(mtp)PPi{(1) (8)

Initiation/Termination

— — ¥
S
Me\H/PPhs Me\ﬁ _PPhs
S/ e\S " S —y \Sl S — S/f \S IS
N N e B GO RN 2
e R
# s INYSTT | Sme 5
2 MeReS(mtp)(OPy) I, I;
Dimerization/Monomerization
— — %
[OJ
Me, il /L 0 (9]
P Me__ | fﬁ me N SIS @
S s + ~MgE=Ss -3 - Re Re. +L'+1
Re Ve Me

0 —
g S\wexs «— S//)\S_j? R «— s’ Ng

MeReO(mtp)L' MeReO(mtp)L' L

= 6

Scheme 3. Initiation/termination as compared with dimerization/monomerization.
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Fig. 3. The disappearance of 44.4 mmolLof 2-methyl-4-nitropyridine
N-oxide in solutions with 44.4 mmolt! of PPk, with catalystsl ands6.

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

5.1. Reaction of 2-Me-4-N@&sH4NO

Fig. 3shows progress curves for the reaction of 2-Me-4-
NO2CsH4NO with PPh, comparing catalyst§ and1 [11].
The rate difference amounts to a factor of about 90 per mole
of catalyst in favor ob.

5.2. MeSO substrate

5.2.1. Catalytic rates versusl

Closely related to reaction (1) is the deoxygenation of
sulfoxides such as methyl phenyl sulfoxide with a phosphine,
which has been thoroughly studifi¥], reaction (8):
MeS(O)Ph+ PP — MeSPh+ PhsPO 9)
As with reaction (1)6 proved to be much more effective than
1in terms of the initial rate of reaction (8Fig. 4 shows the

buildup of MeSPh with each catalyst, and establishes that the

reactivity ratio of the two as ca. 150 per mol of catalyst in
favor of 6.

5.2.2. Conversion @dto 1

Careful examination ofig. 4 shows that the reaction
with 6 begins to die off at an early stage. This has been
traced to the conversion & to 1, as in reaction (7). The
loss of the most active catalyst is further exaggerated be-
cause the rate of monomerizationis ca. 10-times faster
when MeS(O)Phis present; the rate law then includes a third,

mistry Reviews 249 (2005) 329-341

157
f v /[6],=28x10"s"
T
S 1.0
= i
S
)
o
£ o5
@,
v/[] =19x10"s™
ool ; ; ; ; ;
0 1 2 3 4 5
Time / h

Fig. 4. Comparison of rhenium catalygtand1 for reaction (8) in GDg at
23°C. Initial concentrations: 0.5 mmoH of 6, 19 mmol L~ of MeS(O)Ph,
and 22 mmol L of PPh; 2.6 mmol L1 of 1, 26 mmol L1 of MeS(O)Ph,
and 28 mmol L1 of PPh.

sulfoxide-dependent term:
d[e]
dr
kKes[MeS(O)Ph][PPB]
1+ Kes[MeS(O)Ph]

— {ralpPrl PP+ Js
(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.

r

S. O
\R/;I/.—-'-ME
TR
PPh, R/
E‘——_S

Mé
OSR,

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.

5.2.3. Kinetics of reaction (8)

The transition states for reaction (8) do, however, bear
some similarity to the one shown above for monomeriza-
tion of 6. The rate law requires allowance for the nearly irre-
versible conversion @to 1, which is essentially nonreactive
on this time scale. The rate law for the formation of R&R
[17]
d[RSR]

dt {

ko + k1 K[PAr3]
1+K[PAr3]

}KGP[MGS(O)Ph]B]T,z (11)
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5.2.4. Internal and external pathways atoms facilitates cleavage of the one remainingS bond

This rate equation reveals two concurrent and competitive to Re. For oxygen atom transfer, attack of the two ligands
pathways for reaction (8). The parallel transition states that on a single rhenium results in the formation of a dioxorhe-
are inferred fronkq. (11)can be depicted as: nium(VII) subunit of a di-rhenium intermediate. One of the
1t r Tt attacking groups is MeS(O)Ph, the other may be eitheg PAr
(external nucleophilic assistance) or the sulfur atom of mtp
(internal nucleophilic assistance).

Mes "|/ N IH/ M ”‘/ N7 5.3. AsPRin place of PPh
@k Me
\ E} PAra The following reaction is spontaneous, but it proceeds with
SSseren S(Me)Ph less driving force than reaction (1) does. Again, no reaction
- - occurs without a catalyst.
Internally-Assisted Transition State Externally-Assisted Transition State
One again notes that a coordination number below five is 4-PicO+ AsPhy — 4-Pic+ PhgAsO,
not involved. In both cases, the next form is a reactive diox- AH°(Z AG®) = —115kJ(ca.) (12)

orhenium(VIl) species, still a part of a di-rhenium species.
Attack by PPR abstracts an oxo group, allowiBgo reassem- ~ We chose to explore this reaction with the reactive dimer
ble. If the one remaining—S bond is broken, however, the 6 as a catalyst, in an effort to avoid the side reaction in
compound reverts tt with PPhy present, and catalytic ac- which 6 is converted tdl, which is much less reactive. The
tivity falls substantially. logic behind this is the knowledge thétis not converted
Catalysis byb6 offers a considerable advantage over that to the monomeric species MeReO(mtp)Asfhe analog of
by 1; the displacement of the bulky and tightly-coordinated 1 (see reaction (7)). This is presumably so because triph-
phosphine by sulfoxide is not involved. With that major bar- enylarsine is a weaker Lewis base than triphenylphosphine.
rier absent, one can understand véhig so active compared  Thus the prediction was made, which proved to be so, that
tol. reaction (11) would continue to completion without loss
The chemical mechanisms deserve further comment. As toof 6.
monomerization, an added pathway is provided when sulfox-  Facile conversion according to reaction (11) requires the
ide is present. Sulfoxides alone, however, do not monomer-addition of PRAsO. The rationale may be this: #ksO may
ize 6; instead, they give the addu6tOSR, the structure  be able to give the half-opened form@&fallowing coordina-
of which has been determined by X-ray analyjdi8]. Al- tion of MeS(O)Ph. This suggested sequence, if borne out by
though PPk coordinates td®, the equilibrium constant is  kinetic studies now in progress, will allow access to a tran-
so small that the adduct cannot be readily detected. With sition state that provides for internal nucleophilic assistance,
both RSO and PPhpresent, however, the mixed adduct, as depicted previously.
6(—OSRy, —PPh) can be detected directly by NMR. This sig-
nifies an important interaction, which is expressed in terms
of a ternary complex in which one (only) of the-S Re 6. Catalysis by 8 and 9
bonds of the central core has been broken. We speculate that
the two halves of the dimer can rotate about the remaining These compounds lack a MRBRe group, being pre-
S-Re bonds joining the two subunits, so as to allow room for pared directly from RgD;. They are{ReCO},(mtp), 8,
the sterically-encumbered phosphine to coordinate. Withoutand {ReO}(edts, 9. Studies of8 have been completed
the proposed half-opening of the dimer core, PB¥itself [18].
appears too large to coordinate to rhenium to a measurable
extent. The coordination numbers of rhenium in the interme- 6.1. Phosphine coordination to catalygt
diate would be five and six.
It appears that two structural isomers, and thus two in-  Addition of PAr; to 8 yields a tight complex in which one
termediates will be formed, one that lies on the pathway of the u(Re-S) bonds is broken, the dimeric structure being

for monomerization, the other on the pathway for oxygen sustained by the one bridging bond remaining,
atom transfer. The distinction lies in whether both ligands are

bound to a single rhenium atom 6for one ligand to reach
rhenium, as shown in the transition states drawn previously.

. S : X —
These postulates agree with the finding that four-coordinate s O0lo
. . . . . O [RSATRS PPhg \\ / (13)
oxo-rhenium species are sufficiently unstable to exist, even NN RAEL-N HI/S Ré—s
S S

as reaction intermediates. The distinction between the two is
the way in which each ternary structure facilitates subsequent
reaction. For monomerization, attack on separate rhenium  {ReOk(mip)s 8 PPhs-8

“PPh,
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6.2. Kinetics with catalys® reactions affords the equation:
Even with excess phosphine, the reaction goes no further,In <[PY3]’> = k—Y In <[PZ3]’> (18)
simply because two mononuclear rhenium(V) products can- [PYslo kz [PZs]o

not be made thereby. Again, Re(VI) appears to be unknownin The double logarithmic analysis gives the ratio of the rate
these ligand systems. Reaction (12) is notinstantaneous, preeonstants. This method was applied to pairs of gP{44-
sumably because R8& bond breaking accompanies-He X)3 compounds. At the extremds;ve/kcrs = 27.
bond making; the approximate rate constankjis = 2 x
10*Lmol~ts™1,
The rate of reaction (1) catalyzed by RP8& follows this 7. Catalysis by six-coordinate complexes
equation:
7.1. Inactive compounds

d[Pic-O]  kiko[PPh—8][PicO] (14)
dr k_1[PicO] + k2[PPhy] The structures of compound@-14have been determined

L _ _ _ by X-ray analysis. They can be prepared by the displacement
Data analysis gively = 0.20(4)Lmot s+ andk_1/k; = of a weaker monodentate ligand (e.g., Py) by the bidentate
0.59 at 25C in benzene. To put this catalyst on the same ligand LL and by monomerization of diménwith LL:
scale as catalysfisand?2, the half-times under the conditions '
specified in the caption tBig. 2are: 32s{), 11 min @), and MeReO(mtp)Pyi MeReO(mtp)(LL)&
11 h (PPB-8).
1 {MeReO(mtp), (19)

6.3. Reaction mechanism for catalgst Compound<2-14 are inactive as catalysts for reaction (1),
presumably because the tightly-bound ligands in the six-
A double-labeling experiment with YPyO and XPy gave coordinate structures do not allow entry of PyO into the pri-
no indication that XPyO was formed, which rules out a re- mary coordination shell of rhenium. The inactivity of these
action such as this because it cannot be reversible, which thecompounds supports the conclusion that this event is the ini-
rate law would require. tial step; se&schemes 1 and. 2

PhsP-8 + PyO— 16+ Py (15 7.2 catalysis byl0

The proposed scheme involves this sequence, where the sug-

gested structural formulas are showrPiate 5 Compoundl.Owas specifically designed with the intention

of preparing a six-coordinate complex with a bipyridine-like

ks ligand, but one that would be less strongly bound than bpy
17+PyO=18+Py (16) itself. The ligand 2,2bipyrimidine (bpym) was selected be-
- cause the two additional ring nitrogen atoms reduce its Lewis
basicity.
18+ PPh 2% 174+ PhsPO 17) ¢

It has been shown thdi0 does indeed catalyze reaction
(1). The kinetic data implicate an intermediate with a mon-
6.4. Phosphine reaction in a rapid step odentate bpym, so as to allow entry of the PyO substrate

[19].

Competition experiments that used a pair of phosphine
reagents, say Pyand P2, were used to evaluate the relative  7.3. Catalysis byl
rate constant okp, Eq. (17) The concentrations of both of
the phosphine oxides were determined as a function of time  The compound MeReO(pa)11, was prepared by this
throughout the reaction. Treatment as a system of concurrenteaction:

o] ]
S || PAr, S| PAr; S PAr;
Q e Rel Rel
4 S s 8
o\ @ i

Plate 5. Structural formulas suggested for the intermediates involved in cataly&is by
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Scheme 4. Two-step reaction for cataly&t

MeReQ + 2paH+ (PP /MesS) — MeReO(pa)

+H,0 + (PhsPO/Me,S0) (20)

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

Catalystl1was applied to this reaction:

R>S + PyO — RSO+ Py (21)
with the result that the rate is given by

d[PyO
_ [di’ I kfPyol 22)

The rate constantwas independent of the identity as well as
the concentration of the sulfide;=1.234+ 0.03Lmol1s1
at 25°C in anhydrous dichloromethane. For a range of ring-
substituted compounds, MB4X, pronounced substituent
effects were found; from an analysis by Hammett's method,
the reaction constant js= —5.2, a remarkably large value.

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

Oxygen-18 tracer experiments were carried out with
MeReBO(PA),, 4-Pict®0, and MeS, all at equimolar con-
centrations. This experiment gave M&°0 only; had the
thioether reacted nonselectively, there would have been 25%
Me,S!0. Scheme Hresents a plausible explanation: cata-
lyst 11 could not be recovered had the thioether attacked at
Re =180, 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(VIl) intermediate must adopt a cis configura-
tion.

8. Catalysis by 3

Compound, MeReO(mtp)Py, was selected for study, an-

It seems that two reactions comprise the overall process, andicipating that it would be more reactive thdnin that it

that their substituent effects act in concert. This idea is em-
bodied inScheme 4Consequentlyp: = px1 + pr2; it is the

two effects acting together that makes the substituent effect
so large.

The kinetic data show thatJ8 enters the mechanism
in a fast step at a later stage. To explore the kinetics of
that step, competition experiments were done with the pair
MeSGHgY/MeSPh. Analysis of the results by the method
given in Section 4.1.3afforded reliable values of the ratio

has a lower barrier for ligand loss, Py being more labile that
PPh. Note, fromScheme 1that ligand displacement is the
first step. This expectation went unfulfilled, however, as re-
action (1) started witl3, but the reaction ceased well short
of completion. We believe the problem can be traced to the
intermediate MeRe(Qfmtp), 15. As shown inScheme 1
this species should react with PPfapidly to complete the
catalytic cycle. Analysis of the spent reaction mixture shows
that neitherl nor 3 remain. Instead, the solution contains

18osrme2
‘1 \\' 3
‘Re'\ —&—> NR
180 - ""--160
,,,II“. CHs
- {So + MesS N:
N 180
Ll\‘. CHB ” (_j|.‘|3
/| 1608 Me, __.6 (])-\N +MeS"%0

Scheme 5. Oxo-group selectivity at the thioether step.
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r N

Scheme 6. Tentative mechanism for the biomolecular decomposition of dioxorhenium(VI1).

MeReQ and mtp, the cyclic disulfide from the oxidation of structure of a transition state that brings out the common fac-

mtp?~. The net equation is tor can be shown as follows:
2MeRe(0)}(mtp)+ L — MeReQ + mtp + MeReO(mtp)L FN\s |E|J _CH, B
",“‘, - \‘-- ./ 3
(L = PPhy, Py) (23) Nz Ry e
N5 0 N_;._'f>

Circumstantial evidence suggests ti& decomposes by
second-order kinetics. As cited Bection 4.1.3a deriva-
tive prepared at-40°C decomposes when the solution is Al of the reactions described herein attain this transi-
allowed to grow warmer. More to the point, the alkoxide- tjon state, even though each arrives there differently. As re-
thiolate compounds MeRe(glx?-OCH,C(H)RS-], R = H marked earlier, substituent effects were used to demonstrate
or Me'® can be studied in solution but pure compounds could that Py—O bond breaking is not far advanced in the transition
not be isolated. If, indeed,5 decomposes by second-order state; that iS, itis an ear|y transition state.
kinetics, then the more labile Py catalyswill produce the Having explored the differences that stimulated the exten-
intermediate at a higher steady-state concentration. Thus asive experimental work, it is gratifying to see that the data do
Competition will be established between the reactions5of point toa unifying view of the mechanism at the critical step
with PPk and with itself, which quickly brings catalysis to  of the transformation.
a halt.

As to the mechanism wherel self-destructsi=q. (23)
we suggest on the grounds of plausibility the transition state
shown inScheme 6but can advance no experimental data to
support it.
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