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Compounds that contain the anion [MeReO(edt)(SPh)]~ (37) were synthesized with the countercations 2-picolinium
(PicH*37) and 2,6-lutidinium (LutH*37), where edt is 1,2-ethanedithiolate. Both PicH*3~ and MeReO(edt)-
(tetramethylthiourea) (4) were crystallographically characterized. The rhenium atom in each of these compounds
exists in a five-coordinate distorted square pyramid. In the solid state, PicH*3~ contains an anion with a short (dsy
= 232 pm) and nearly linear hydrogen-bonded (N—H---S) interaction to the cation. Ligand substitution reactions
were studied in chloroform. Displacement of PhSH by PPh; follows second-order kinetics, d[MeReO(edt)(PPhs)]/dt
= k[PicH*37][PPhs], whereas with pyridines an unusual form was found, d[MeReO(edt)(Py)]/dt = k[PyH*3~][Py}%,
in which the conversion of PicH*3~ to PyH*3™ has been incorporated. Further, added Py accelerates the formation
of [MeReO(edt)(PPhs)], v = k+[PicH*37]-[PPhs]:[Py]. Compound 4, on the other hand, reacts with both PPh; and
pyridines, L, at a rate given by d[MeReO(edt)(L))/dt = k-[4]-[L]. When PicH*3~ reacts with pyridine N-oxides, a
three-stage reaction was observed, consistent with ligand replacement of SPh~ by PyO, N-O bond cleavage of
the PyO assisted by another PyO, and eventual decomposition of MeRe(O)(edt)(OPy) to MeReOs. Each of first

two steps showed a large substituent effect; Hammett analysis gave p; = —5.3 and p, = —4.3.

Introduction

Oxorhenium(V) compounds are effective catalysts for oxy-
gen atom transfer, OAT:2 In the general case the reaction
can be written as YOt X — Y + XO; in the reactions
under consideration here, pyridifeoxides and triphenyl-
phosphine were used

PyO+ PPh— Py + PhPO 1)
for which AG® = —256 kJ when, for example, Py&
4-MeGH4NO. (The identity of the PyO is not highly
pertinent because BDE(4-%B,;N—O0) is nearly substituent-
independent?) Despite its thermodynamic spontaneity, the
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reaction presents so large a kinetic barrier as to be entirely
negligible in rate. The rhenium-catalyzed reaction is useful
in practice for the deoxygenation of N-heterocycles: gram-
scale conversions have been realized for a wide range of
PyO reagents in reactions run in ambient conditfoiX.
greater interest is the mechanism by which the catalysts
function. The stoichiometric reactions and certain mechanistic
aspects for the rhenium reagents are analogous to those
catalyzed by molybdenum oxotranferages.

One fact already made clear is that ligand substitution (LS)
precedes OAT, it being the step that introduces the O-atom
donor into the coordination shell of rhenium in place of the
ligand originally present. It has proved informative to study
LS separately from OAT. Phosphines, pyridines, ahd
heterocycles in general have been useful ligands in the
context of LS reactions, in that subsequent reactions do not
take placé:'t 14
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Methyl(oxo)rhenium(V) Complexes
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calculated relative to the residual proton of the solvért,94 for

acetonenitrileds, 7.16 for benzenés, and 7.27 for chlorofornah.

Elemental analyses were performed by Desert Analytics Laboratory.
Preparation of Salts of MeReO(edt)(SPh) (3). 1,2-Ethanedithi-

ol (18.8 mg, 16.&L, 0.2 mmol) was added to a mixture df(87

mg, 0.1 mmol) and a pyridine (0.2 mmol of 2-picoline or 2,6-

lutidine) in 20 mL of toluene, as in eq 2. The resulting solutions

were stirred fo 2 h as adark red solid deposited. The product was

collected by filtration, rinsed by hexanes, and dried under vacuum.

%{MeRe(O)(Sth}Z + Py + (C,H,)(SH), —
[PyH][MeRe(0)(SC,H,)(SPh)]+ PhSH (2)

We have now extended this research by the synthesis of

three new methyl(oxo)rhenium(V) complexes. Two contain
the anion MeReO(edt)(SPh)3™) with the cations 2-pico-
linium (PicH"37) and 2,6-lutidinium (LutH3~), and the third
is the molecular rhenium compound, MeReO(edt)(SC-
(NMey),) (4), where edt stands for 1,2-ethanedithiof&te.
Their structural formulas are shown in Chart 1.

Studies of the LS reactions with pyridines and PRéave

been undertaken. Unexpectedly, pyridines accelerate the LS

reaction of PicH3~ with PPh. Additionally, we have
characterized the steps of OAT from pyridifeoxides to
triphenylphosphine, eq 1, including a study of the intermedi-
ates MeReO(edt)(OPy) from LS and MeRef@ilt)(OPy)
from oxidation. The OAT portion of the study focuses
especially on the finding that nucleophiles assist in the
oxidation by incorporating a second molecule of pyridine
N-oxide in the transition state.

Experimental Section

Reagents and Instrumentation.{ MeReO(edf), (2) was syn-
thesized from 1,2-ethanedithiol aftleReO(benzenethiolatd)
(1),*6the latter prepared according to the literattir®ther chemical
reagents were purchased and used as received. Acetodirile-
benzeneds, and chloroformd; were employed as solvents for NMR
spectroscopy. Chloroform was used as the solvent for-U¥ and
IR spectra and for kinetics.

UV —vis spectra and kinetic data were obtained with Shimadzu

PicH"3~ was obtained in 97% yield. A crystal suitable for X-ray
diffraction analysis was obtained by recrystallization from meth-
ylene chloride-hexanes. NMR (acetonitrilds) 'H: ¢ 8.48 (d, 1H),
8.41 (m, 1H), 7.81 (m, 2H), 7.57 (m, 2H), 7.23 (t, 2H), 7.10 (t,
1H), 2.88 (m, 1H), 2.73 (s, 3H), 2.67 (m, 2H), 2.49 (m, 1H), 2.18
(s, 3H).1°C: 150.0, 147.0, 133.9, 128.3, 127.5, 124.8, 124.7, 43.6,
43.4,19.3,7.2. IR (CHG), v/icm™L: Re—0, 1003; N-H and S-H,
absent, until 2-Me€H,Py had been added, when a broad, strong
vnn Was detected at 3125 cth UV—vis (CHCk), Ama/nm (log
€): 337 (sh), 397 (3.48). Elemental analysigi>,NOReS, found
(calcd): C, 35.30 (35.14); H, 4.05 (3.93); N, 2.71 (2.73); S, 19.08
(18.76).

LutH*3~ was obtained in 90% yield. NMR (acetonitrit} H:

0 8.26 (t, 1H), 7.57 (m, 4H), 7.23 (m, 2H), 7.11 (m, 1H), 2.88 (m,
1H), 2.69 (m, 2H), 2.67 (s, 6H), 2.17 (s, 3H¥C: 146.5, 133.9,
127.4,125.0, 124.7, 43.6, 43.4, 18.8, 6.5. s (CHCE), Amad
nm (loge¢): 337 (sh), 369 (3.48).

Preparation of MeReO(edt)(tmtu) (4). Tetramethylthiourea
(24.6 mg, 0.2 mmol) was mixed with(61.9 mg, 0.1 mmol) in 20
mL of toluene. As the solution was stirred for 4 h, its color changed
from brown to violet. Then, 20 mL of hexanes was layered on the
top. After 1 day, black crystals appeared; they were filtered and
rinsed by hexanes, giving a final yield of 76%. Crystals suitable
for X-ray diffraction analysis were obtained. NMR (benzef-
IH: 6 3.58 (m, 1H), 3.25 (s, 3H), 3.13 (m, 1H), 3.04 (m, 1H), 2.69
(m, 1H), 2.38 (sh, 12H)3C: 46.2, 43.2, 6.8. IR (CHG), v/cm™%:
Re-0, 976. UV-vis (CHCL), Ama/nm: 300 (sh). Elemental
analysis GHi1gN,OReS, found (calcd): C, 21.71 (21.76); H, 4.12

model 3101 and OLIS RSM stopped-flow spectrophotometers. A (4.34): N, 6.34 (6.34): S, 21.80 (21.78)

circulating water thermostatic system that controlled the temperature

variation to within £0.2 °C was used for the stopped-flow

instrument, and an electronic thermostatic holder that maintained

the temperature of the cell 0.2 °C was used for the UVvis
spectrophotometer. IR spectra were collected with a Nicolet-500
spectrometer. A Bruker DRX-400 MHz spectrophotometer was used
to recordH and3C NMR spectra. The chemical shift féH was
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X-ray Crystallography. Crystals of PicH3~ and 4, selected
under ambient conditions, were mounted and centered in the X-ray
beam by using a video camera. The crystal evaluation and data
collection were performed on a Bruker CCD-1000 diffractometer
with Mo Ko (1 = 0.71073 A) radiation and a detector-to-crystal
distance of 4.90 cm. The cell constants were calculated from a set
of a certain amount of strong reflections from the actual data
collection. The data were collected by using the full sphere routine.
This data set was corrected for Lorentz and polarization effects.
The absorption correction was based on fitting a function to the
empirical transmission surface as sampled by multiple equivalent
measurement$ using SADABS softwaré?

The position of the Re atom was found by the Patterson method.
The remaining atoms were located in an alternating series of least-
squares cycles and difference Fourier maps. All non-hydrogen atoms

(18) Blessing, R. HActa Crystallogr.1995 51, 33—38.

(19) All software and sources of the scattering factors are contained in the
SHELXTL (version 5.1) program library (Sheldrick, G. M. S.
SHELXTL, version 5.1; Bruker Analytical X-ray Systems: Madison,
W1, 1997).
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Table 1. Experimental Data for the X-ray Diffraction Studies of
PicH"3~ and4

Shan et al.

Table 2. Selected Bond Lengths (pm) and Angles (deg) of PigH
and4

PicH"3~ 4 PicH"3~ 4
empirical formula GsH20NOReS C7/H19N2OReS Re-0O 169.2(3) 168.0(8)
fw 512.72 441.64 Re—C(1) 215.4(4) 212.8(11)
alA 7.3826(5) 8.7615(12) Re—S(1) 233.49(10) 236.6(3)
b/A 9.7701(86) 16.426(3) Re-S(2) 232.49(9) 230.2(3)
c/A 12.8309(8) 10.0210(15) Re-S(3) 229.65(9) 226.4(3)
a/deg 94.362(1) O—Re—C(1) 107.14(16) 107.6(4)
Bldeg 102.414(1) 93.768(4) O—Re-S(1) 109.48(10) 107.4(3)
yldeg 99.639(1) O—Re-S(3) 108.59(10) 109.2(3)
VIA3 885.02(10) 1439.1(4) C(1)-Re-S(2) 139.72(14) 137.3(3)
z 2 4 S(1-Re-S(3) 140.85(4) 142.54(11)
space group P1 P2,
TIK 173(2) 293(2) : . .
wavelength/A 071073 071073 and a_ngles are summanzed in Table 2. Irr_espectlve of the
pealedg CNT 3 1.924 2.038 negative charge on Pict3~, the Re=O distances are
g.mg?‘l (all date 7R-5160 0237 5-18590 0340 identical at 169 pm for Pict3~ and4. The values of/(Re—
Inaices (all aa = 0. =0. . .
WR2—= 0.0575 WR2 = 0.0711 0O) from the IR studies fall in the narrow range 978003

AR1= Y ||Fo| — IFcll/Y|Fol; WR2 = { T [W(Fo? — FA)/ Y [W(Fe?)?Z[} V2

were refined in full-matrix anisotropic approximation. All hydrogen

atoms were placed in the structure factor calculation at idealized

positions and were allowed to ride on the neighboring atoms with
relative isotropic displacement coefficients.

Kinetics. LS reactions o, PicH"3~, LutH*3~, and4 with PPh
and pyridines were followed by monitoring the increase in
absorbance in the range 38620 nm from the buildup of the
products MeReO(edt)PRPand MeReO(edt)Py. The concentrations
of the ligands were in at least 10-fold excess over rhenium. Thus,
the absorbancetime data could be fitted to pseudo-first-order
kinetics:

Abs, = Abs, + (Abs, — Abs,) x & " (3)

OAT reactions oR, 3, and4 with pyridine N-oxides were monitored
by the change in absorbance at 4@D0 nm, according to the
identities of pyridineN-oxides and rhenium compounds. In most
cases, the concentrations of the pyridiiexides were at least 100-
times larger than those of rhenium compounds. Multiple-phase
absorbance changes were observed. The reactions2naiid 3

displayed a three-stage absorbance change: a fast rise and fa

followed by a much slower further decrease, which was too sluggish
to be studied. The kinetic data for the first two phases could be
fitted to consecutive pseudo-first-order kinetics
Abs = Abs, + o x & '+ g x e ¥t (4)

where the two rate constants apply for the fadtgrgnd g) slower
steps.

In contrast, the reaction with compourdwas a simplified
version of reactions wit2 and3, with two stages: a fast rise that
could be fitted to eq 3 and a slow decrease, not suitable for kinetic

cmt, indicating that the ionic charge does not greatly
influence the R&0O bond. The ReC distances are barely
different, 215 pm in PicH3~ and 213 pm ir4. Also, the
13C chemical shifts of the Cgroup ared 7.2 for PicH 3™,

6.8 for 4; the CH; H resonance is more sensitive to the
ligand environment, lying ab 2.38 for PicH3~ and 3.25
for 4.

In the solid state, Pic3~ is a salt. The 2 pm elongations
of Re—S(2) and Re-S(3) may be attributable to the negative
charge on PicH3~. On the basis of the orientation of the
N—H group and the N-S(2) nonbonded distance, 319 pm,
it appears that a hydrogen bond-{N---S) exists between
N and S(2). Such an interaction between a bridging thionate
sulfur and a thioamide nitrogen was discovered in a copper
complex with a N--S distance of 349 prf. Two types of
N—H---S hydrogen bonds were found in (TACIRES;: a
“strong” interaction withdsy = 231 pm and a “weak”
interaction withdsy = 265 pm?* In the present case, the
calculated position of H gives an angle of 170.fr
N—H:--S(2) anddsy = 232 pm. From these comparisons,

yve conclude that a “strong” hydrogen bond interaction exists

In PicH"3".

The infrared spectrum of Pick3~ was determined in
chloroform. Neither an SH nor an N-H frequency was
found. This can be interpreted as indicating the presence of
a pair of molecular species, Pic aBeH, in which a proton
has been transferred to a coordinated thiolate ligand. Only
when excess 2-picoline had been added was there recorded
a strong, broad band at 3125 chncharacteristic of the
Pic—H stretching vibration. In solutions containing excess
2-picoline, therefore, the Pict3™ ion pair is the predominant

study, that spans about the same period of time as the third stageSPecies. With other pyridines (Py) added to PigHthe

of reactions of2 and 3.

Results

Structural and Characterization Data. Table 1 presents
the crystallographic parameters for Pit34 and 4, and
Figure 1 depicts their molecular structures. In both com-
pounds, the rhenium(V) atom lies in the center of a distorted
square pyramid defined by the apical terminal oxo group
and a basal plane occupied by a methyl group and three sulfu
atoms from edt and SPh or tmtu. Important bond lengths

3856 Inorganic Chemistry, Vol. 43, No. 13, 2004

predominant species will be PyH, by virtue of the
concentration excess of Py and possibly its higher Brgnsted
basicity as well. The absence of anlS vibration is probably
due to its expected low intensity.

LS Reactions of 4.Substitution of tmtu by PRhand
4-Me;NCsH4N yields [MeReO(edt)(PR)| and [MeReO-

(20) Raper, E. S.; Creighton, J. R.; Clegg, W.; Cucurull-Sanchez, L.; Hill,
M. N. S.; Akrivos, P. D.Inorg. Chim. Actal998 271, 57—64.

r(21) Francois, S.; Rohmer, M.-M.; Benard, M.; Moreland, A. C.; Rauchfuss,

T. B. J. Am. Chem. So@00Q 122 12743-12750.
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Figure 1. Crystallographically determined structures of Pi@&H and4.

Scheme 1. Reactions of [MeReO(edt)(tmtu), with
Pyridine-Phosphine Mixtures
0 +Py / O\ 4pPh, / O\
sdl,s  —  sdlL.s — sls
Re Ks /F{e\ fast / Re N
Me”  SC(NMey), Py Me Me PPhg
+tmtu + Py
(edt)Py], egs 56.
4+ PPh,— [MeReO(edt)PPJ§ + tmtu (5)
4 + Py— [MeReO(edt)PyH- tmtu (6)

When 4-MeNCsH4N and PPh were used concurrently,
biexponential kinetics was followed, and the intermediate
[MeReO(edt)(4-MeNCsH4N)] was observed to form and
disappear. The rate constants were determined by fitting the
data to eq 4. Values of the larger rate constant are linearly
dependent on [4-M@CsH4N], with ks = 19.2(3). The
second-stage reaction between [MeReO(edt)(4-Me
NCsH;N)] and PPh hask = 33(1) L mol ! s1. The values
of these rate constants can be compared with the independent
and presumably more reliable values, 20.1(2) L thai?!
and 28.0(5) L mol* s71, respectively.

LS Reactions of PicH 3~. These can be divided into two

identified by theirtH NMR spectre? Both entering ligands

ogous to eq 7. Plots &, against [L] are shown in Figure

are better Lewis bases than tmtu and were used in large2@. This pattern holds for'L= PPh, 2,2-bpy, and 1,10-

stoichiometric excess, [L> [4]; thus, the reactions pro-
ceeded to completion. The kinetics was straightforward:

_d4] _ d[MeReO(edt)]

- =k )

phen, the respective rate constants for which are 2.57(2),
9.84(2), and 3.14(3) L mot st in chloroform at 25.0°C.

We attribute the 30-fold slower reaction 4to the steric
hindrance of tmtu. Both rate constants are relatively small
compared with that for the reaction of MeReO(edtHeN)
with PPh, with k = 127 L mol! st in CgHe.?® The

Analysis of the data by first-order kinetics, eq 3, resulted in mechanism of the PRhieaction appears to be the same as
values ofk,, that defined a straight line that passed through that attributed earlier to eq 5. We do hesitate, however, in
the origin. The slopes of these lines gave these rate constantanaking the same statement about the reactions of bpy and

k/L mol~t s ks = 0.0820(6) andks = 20.1(2) for Py=
4-Me;NCsHsN at 25.0°C in CHCL.
Further, pyridines accelerate the reaction betwéamd

phen, in light of the results now to be set forth.
In the second reaction category, we find all of the pyridines
react according to

PPh. This phenomenon allows the evaluation lgf for
4-NCGH4N and 2-MeGH4N, which do not otherwise react
with 4 to any great extent owing to electronic and steric
factors, respectively. The initially formed [MeReO(edt)Py]
then reacts with PRmuch more rapidly. Consequently, the The rate shows a second-order dependence on [Py]
ks step of Scheme 1 is rate-controlling, and the pseudo-first-

order rate constants are directly proportional to [Py]. The _d[PiCH+37]
slopes givekg/L mol~1 s = 0.095(1) for 4-NCGH4N and dt
0.0103(3) for 2-MeGH4N. Each step depicted in Scheme 1

leads to racemization accompanying LS, as demonstratecd®S illustrated in Figure 2b. The third-order rate constants
previously areks = 1.02(2) x 10° (4-Me:NCsH4N) and 7.4(1)x 10°

(4-PhGH4N) L2 mol? s™1. The 2-order-of-magnitude dif-

PicH"3™ + XC;H,N —
[MeReO(edt)(NGH,X)] + PhSH+ 2-Pic (8)

= kg [PicH"3"]-[Py]* 9

(22) Lente, G.; Shan, X.; Guzei, I. A.; Espenson, Jlridrg. Chem200Q

39, 3572-3576. (23) Shan, X.; Espenson, J. Balton Trans.2003 3612-3616.
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Figure 2. Plots of the pseudo-first-order rate constants in GHEI25°C for the reactions of PickB~ against the concentrations of ligands: (a) Ph
2,2-bpy, and 1,10-Phen; and (b) 4-M&Py, 4-Ph-Py, and 4,%bpy.

ference between these valueskgfindicates a substantial 0.06
electronic effect from the substituents on pyridine, which is

cumulative because two molecules of pyridine are involved

in the third-order reactions. The reaction of Pi@& with

the nonchelating ligand 4:4py also follows third-order 0.04
kinetics, Figure 2b, withkg = 1.53(2) x 10° L2 mol 2 s o
Reaction 8 does not occur to an appreciable extent with =~
4-NCGHsN or 2-MeGH4N, no doubt for electronic and =
steric reasons, respectively. The reaction betwédéeReO- 002

(edt}, (2) and 4-PhGH4N obeys the rate law = k[2]-
[4-PhGH4N]?, with k = 2.76(3) x 10* L2 mol~2 s™1. The
rate constant foR2 is four times larger than that for the

reaction between 4-PRE,N and PicH3". 0 I L L
The origin of the pyridine dependence in eq 9 will be o 0.02 ooa 006 0.08
discussed in a later section, but first it will be noted that [B] /mol L

monodentate pyridine ligands affect the LS reaction betweenFigure 3. Plots of the pseudo-first-order rate constants for reactions of
PicH"3~ and PPh Although 4-NCGH.N and 2-MeGH.N il?}lccl:-rH*ac‘:lsv:ttgsP%@ in the presence of 4-NC-Py and 2-Me-Pic agaiit [

(B in general) do not react with Pict3™, they do accelerate

the reaction between Picl3~ and PP No MeReO(edt)Py  23(8),k, = 1.7(9) L mol? st for 2-MeGHN, andk; =

was produced. The absence of a pyridine product comes a®.58(5) L mot! s1, the same for both. The latter agrees
no surprise for two reasons. First, MeReO(dithiolate}?Ph with the directly determined valud; = 2.57(2) L mot?

is favored thermodynamically as shown in reaction 10. s With 4-NCGHN, the saturation behavior is indisput-
Second, MeReO(dithiolate)Py reacts rapidly with RPh able, whereas with 2-Pic a smaller extent of curvature (and
according to the values d¢hg: a correspondingly larger standard errordpwas noted. It

ithi is only to provide consistency with the former case that
MeReO(dithiolate)(4-XgH,N) + PPh =

saturation is assumed to apply to both.
MeReO(dithiolate)PPjt- XCzH,N (10)
kK[B]
K (4-MeCH,N) = 9.6 x 102(mtp)® ca. 4x 10" (edtf® k, = k[PPh] + mlPPm (12)
— 3
K (4-NCGH,N) =8 x 10° (pdty In the case of 4-Phéi,N, one encounters not only
k, /L mol ™t s (4-NCGH,N) = its aforementioned reaction with Pi¢B, ks = 7.37(5) x
0x 16 (pdf): 4.8x 1 (ed 10° L2 mol~2 s7%, but also its additional effect on the reac-
4.0 10" (pdt); 4.8 10° (edt) tion between PicE3~ and PPk In this case, [MeReO-
When [PPH was kept constant at 10 mM, the pseudo- (edt)(4-Ph(§I—_|4N)] formed an_d t_hen va_lnished in two stages.
first-order rate constant rises witB]and saturates at higher With both ligands in stoichiometric excess over rhe-

concentrations, Figure 3. The data, including the rate con- Nium, the data were fitted to biexponential kinetics, eq 4.
stants for reactions withol® added, were fitted to eq 11 1he larger pseudo-first-order rate constepwas directly

by using the computer program Scien##sgffording K = proportional to [4-Ph-Py]andk; to [PPh]. The reaction -

240(40),k, = 3.1(1) L mol® s for 4-NCGH.N, andK = steps and their rate constants are given in eq 12, which
illustrates the agreement between the resolution of the

(24) Scientist, 2.pMicromath Software, 1995. stepwise model and the more reliable rate constants from
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the separate study of each step.

Table 3. Summary of Kinetic Data for PicFB~ and4

K nvalue PicH™3~ 4
PicH 3~ 22 L (for[L]") KL"'molt"st kWL molts?
2(4-PhGH.N) .
e A
-Ph)—> ,10-phen .
PhSH+ MeReO(edt)(NGH,-Ph) PPk PPh 1 2.57(2) 8.20(6) 10°2
. 2,2-bpy 1 0.84(2)
MeReO(edt)PPj+ 4-PhGH,N 4 MENCsHaN 5 1.02(6)x 10°
. RPN 4-MeNCsHaN 1 20.1(2)
Biexponential f|tt|ng.2 o L 4PhGHAN > 7.37(5)x 16°
Kipa=6.8(1)x 10°L®mol s ky,,=98(1) Lmol*s 4-NCGH.N 1 9.5(1)x 10°2
. 2-MeGsHN 1 1.03(3)x 102
Each independently: 4-MeNCsH4N + 1+1 5.8(1)x 104
— 2, 02 1 _ 11 4-NCGHaN
Kppa=T7.4(1)x 10°L*mol ?s ™" Kk, =96(1) Lmol*s AMENCIHN + 141 88(2)
(12) 2-MeGsHaN
. . . PPR+4-NCGHsN  eqll K= 2.4(4)x 10 ko = 3.1(1)
Pyridine-Assisted LS Reactions of PyBoth 4-NCGH4N PPh + 2-MeC5H:N eq 11 K =23.8(1)k = f7(9)

and 2-MeGH4N accelerate the reaction of Pi¢Bt with
4-Me;N-Py, but without rate saturation even at hid.[The
rate is given by

10000 T T T T T

MeReO(edt)(OPic)

v = kg [PicH" 3]:[Me,NPy]-[B] (13) 8000
with ki3 = 5.8(1) x 10* (B = 4-NCGH4N) and 88(18) B
mol=2 s (2-MeGH;N). As before, there is a third-order
rate law.

Influence of the Cation. This factor was investigated by
using LutH"3~ in reactions with P§P and 4-Ph-Py. The
results are identical with those for PitBI-, with ks = 2.53-

(3) L molt st andkg = 7.14(9) x 10° L2 mol~2 s for
LutH*3~, as compared with 2.57(2) and 7.37(5)10° for
PicH*3~. Addition of pyridinium ions had no effect on the
kinetics. The reactions and rate constants are summarized
in Table 3.

o
o
o
o

e/Lmol" cm?’
N
o
o
o

eReO (edt)(OPic)

PicH"3_
2000 .
MeReO(edt)(OPic)(OPPh,)
L L

L L L
360 380 400 420 440
A/ nm

LS and OAT Reactions with Pyridine N-Oxides.When Figure 4. Spectra of PicHi3~ and the intermediates MeReO(edt)(OPic)
and MeRe(Oxedt)(OPic), and the product from the reaction of the latter

PicH"3" reacts with pyndm&N_OXIdeSf a thre?_Stage absor-_ with PPh, MeReO(edt)(OPic)(OPRh (Note: 2-Pic is present in the starting
banc? (_3hange was observed, accord!ng to this sequence. Firs{omplex, and the reagent is 4-PicO, which is the ligand in these species.)
a pyridineN-oxide replaces the SPHigand:

ranges:ki#/10* L mol~t s = 0.23-12 andk;5/10° L mol™*
s 1= 0.3—-8. The Hammett analysis for Pi¢&~ shows large
reaction constantg;s = —5.3+ 1.1 andp;s = —4.3+ 0.8,
as illustrated in Figure 6.

This analysis leaves unanswered the question of which of
k.. or kg corresponds to eq 14 or 15, although the designations
in the final sentence of the preceding paragraph give our
conclusions formed from the analysis to follow. To identify
which rate constant is whicl was used to react with
4-MeOGH4NO and 4-Ph@H;NO. Three-stage absorbance

The UV—vis spectra of the species involved are given in changes were observed, like those in egsligifor PicH 3™,
Figure 4. This scheme was deduced not only from the kinetic The first two stages were fitted to eq 4, affordikgandks.
pattern, but also by induction from the reactions of related Varying the concentrations of two PyO specikg,shows
species; 716 mixed first-order and second-order dependences on [PyO],

Reaction 16 was too sluggish for kinetic study. The first k, = ki{PyO] + ki,[PyOP, affordingk;,= 1.27(8)x 10* L
two stages of absorbance change were fitted to eq 4, givingmol™* s~ andk;, = 8(6) x 10* L> mol2 s for 4-MeOGH.-
two pseudo-first-order rate constants, designdtednd ks NO andk;a = 6.5(3) x 10° L mol™t s™* andk;a = 1.4(2) x
(ks > kg). Figure 5 depicts the plots of the pseudo-first-order 10° L2 mol~2? s! for 4-PhGH,NO. Unlike k, ks varies
rate constants for oxidation of Pi¢3~ against concentra- linearly with [PyQ], giving second-order rate constants, 1.70-
tions of pyridineN-oxides. (3) x 10* L mol~* s7* for 4-MeOGH4NO and 1.32(1)x

Both rate constants vary linearly with [PyO]. Rate 10° for 4-PhGH,NO. The monomerization of follows
constants of oxidation of Pick8~ by pyridineN-oxides are mixed first-order and second-order kinetié4® Unmistak-
summarized in Table 4. The rate constants span theseably, thereforek, applies to eq 14.

PicH 3™ + PyO— MeReO(edt)(OPy)- PhSH+ 2-Pic (14)

MeReO(edt)(OPy)} PyO— [MeReO(edt)(OPy)] —
MeRe(O)(edt)(OPy)+ Py (15)

Following that, slow decomposition of the dioxorhenium-
(VII) intermediate sets in:

MeRe(O)(edt)(OPy)— MeReQ, + Py + RSSR (16)
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Figure 5. Plots of (a)k, and (b)ks against [PyO] for the reaction between P#3+ and pyridineN-oxides in CHC} at 25°C.

Table 4. Rate Constants for the Oxidation of Pit8 and4 by
Pyridine N-Oxides

X (asin PicH3~ 4 2 2 2
X-CsH4NO)  kid10°P kis/103P kiP kiad OGP0 kiy/10%C Kof103P

4-MeO  123(6) 7.9(8) 20.5(5) 127 8(6) 17.0

4-Me 10.7(1) 1.53(6) 3.58(3)

3-Me 5.8(4) 0.78(11)  1.27(2)

4-Ph 5.5(3) 0.77(4) 1.34(2) 6.5 14 1.32

H 2.3(1) 0.34(4) 0.84(1)

o —53+1.1 —43+0.8 —4.7+0.7

aAt 25.0°C in chloroform.?L mol=t s71, ¢ L2 mol~2 571,

50

40

log (k)

3.0 F

3-Me 4-Ph H

20 1 1 I 1 1 1 1
203 -0.2 -0.1 0

g, of X-C5H4NO
Figure 6. Hammett analysis of the effects of pyridiNeoxide substituents

on the rate constants (Table 4) for L4 and OAT js) of PicH™3™ at
25.0°C in chloroform.

LS and OAT reactions oft with PyO are much slower
than those of PicH3~. The absorbance change occurs in

two stages, the second of which corresponds to the third stag

of the PicH 3~ reaction, namely the decomposition of MeRe-

(O)(edt)(OPy), eq 16. The first stage shows a first-order
dependence on [PyO], affording second-order rate constant

in the range 0.821 L mol! s™! (Table 4). A Hammett
analysis gave = —4.7 4 0.7, also indicative of an unusually
large substituent effect.

Although the decomposition of MeRe($08dt)OPy is too

that for 4-PicO. When PRhwas added to the solution of
MeRe(O)(edt)OPy, the absorbance changed nearly instan-
taneously, as the catalytic cycle transfers an oxygen atom
from PyO to PPhaccording to the stoichiometric reaction
of eq 1 and step 17.

MeRe(O)(edt)(OPy)+ PPh —
MeRe(O)(edt)(OPPH + PyO (17)

Figure 4 depicts the spectrum of MeReO(edt)(4-OPic)-
(OPPHh), the product of this reaction. The weak ligand;Ph
PO can readily be replaced by PyO. Although this metastable
species was not structurally characterized, certain@®ePh
comparison compounds have been found in the litera-
ture®2526Re(O)CE(OPPh)(Me,S) was used as a catalyst for
oxygenation of thiol§.[(HCpz)ReCLOPPR)]Cl and (HBpz)-
ReCL(OPPh) were formed from the oxygen abstraction of
PPh from corresponding rhenium(V) complexes, (Hgpz
ReOC} and (HBpz)ReOCh.?6 Analogous Mo and W
compounds were also found and structurally characterized,
such as [LM& (OPRy)(p-OCsHs—OCHs),]t and anti-
ClLO(PhPO)W/(u-S+-Bu),W(PhPO)CLO 2° The reaction of
MeRe(O)(edt)OPy with PPhis too fast for stopped-flow
kinetics, giving a conservative limit on the second-order rate
constantk;; > 6 x 10° L mol~t s7%.

Discussion

The N-H---S Hydrogen Bond.This interaction has been
recognized in metalloproteins, electron-transfer irsalfur

roteins?” and cytochrome P450 compounds with thiotate

etal coordinatiod® where it maintains structures and
modulates redox potentials of metal centers. Models contain-
ing Fe, Co, Mo were synthesized, and a variety efi\--S
S'nydrogen bonds were discovered and characteffZ88ost
of them contain a bent hydrogen bond with an-i---S
angle <18C°.>° In only a few cases has an angle close to
180° been observed. To our knowledge, the NH---S

sluggish for kinetics, the relative rate can be estimated by (25) (a) Ball, . M.; Boorman, P. M.; Richardson, Jlfforg. Chem1986

the time for complete reaction. The rate did not depend on

[PyO] but did depend on the identity of the pyridiNeoxide.
The rate for 4-PhgH4NO is about two times slower than

3860 Inorganic Chemistry, Vol. 43, No. 13, 2004

25, 3325-3327. (b) Nemykin, V. N.; Davie, S. R.; Mondal, S.; Rubie,
N.; Kirk, M. L.; Somogyi, A.; Basu, PJ. Am. Chem. So002, 124,
756-757.

(26) Seymore, S. B.; Brown, S. Nhorg. Chem.200Q 39, 325-332.
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hydrogen bond in PicEB~ is the first case of this interaction ~ Scheme 2. Proposed Mechanism for Reactions between F3/Hand

in a rhenium complex. Pyridines

Mechanistic Interpretation of LS Reactions. The studies EN fﬁ /Me Py A~S _Me
of 4 gave results that parallel those for other reactions / \SPh - S CH N,Re\
between [MeReO(dithiolate)L] and’ Lfor various ligand : xeatn sHN-— SPh
combinations, including I= Py, L' = PAr;; L = Py, L' = &
Py; L = PAr; and L' = PAr3, and otherd>'*The collective XCSH4,{,
assessment of these data allows the assignment of associative l Py
mechanisms to the LS reactions, in these and in the previous
instances. The bases for this are, among other factors, that EN fﬂ/Me /\/S\m/Me
the rate constants reported previodsl are strongly de- /Re\P -~ S SN

- " ; : y H  XCsHgN \gph

pendent on the identities of the entering ligands and XCsHN” >
characterized by large, negative valuesA&'. +2 XCgHyN + PhSH XCsH4N:

The important issue is to find a plausible and hopefully
correct explanation for the second-order dependences on [Py}Vill not fit the kinetic data. The difficulty is that the new
in egs 9 and 13. Only Pick8~ gives rise to this rate law;  rhenium reagent, Pyt8-, will be the predominant reactant
all other reactions of [MeReO(dithiolate)H} L' (here and ~ and as such will not give rise to a dependence on [Py]. This
in previous studié4323 follow second-order kinetics. To ~ Proposal still cannot reconcile egs 9 and 13. Nonetheless, it
show that we have made athoughtfu| ana|y5i5 of the prob|em’p0int3 to another iSSUG, that the real rhenium reactant in the
we will present a number of possibilities, some of which Pyridine reactions is Pyt8~.
are not entirely credible. In doing so, it must be keptin mind ~ (€) The reaction is preceded by dissociation of P$H
that the mechanism must also accommodate data for theto the molecular species Py aBdas could be favored in
chelating ligands 2!2opy and 1,10-phen. That being said, chloroform, with the proton residing on the sulfur atom of
two pyridine nitrogen atoms must each have a role to play, the alkanethiolate ligand. Attack of one Py at thetBproton
whether from a chelating ligand or from two monodentates. and the other at the rhenium might then advance the reagents
Here are the possibilities uncovered by the analysis, and atoward the transition state. Once solution IR spectroscopy

discussion of each. showedvyy in the absence of added pyridine, this proposal
(a) The reaction entails a seven-coordinated rhenium atombecame untenable.

in the transition state, [PicHMeRe(O)(edt)(SPh)(Py, the (d) Equilibrium coordination of one Py to rhenium results
steps and rate law being as follows: in release of that arm of the dithiolate chelate to which
PyH*3~ was hydrogen-bonded. The position of equilibrium

PyH"3™ + Py= PyH'3 -Py K) must lie to the left for consistency with the kinetic data. This

is a plausible transformation, in that a thiol RSH is formed

PYH"3™-Py + Py— PyH"3™-Py, (k,) from a thiolate; dechelation is further favored by the trans

- Dy influence of the methyl ligand (refer to Figure 1). The second

PYH'3 PY2 MeReO(edt)Perz PhSH+ Py (fasy Py could attack at the still-vacant sixth coordination position.

_ kiko[Py] Accompanying loss of PhSH, the products would be formed

Kobs = kK [Py] + k_; + k,[Py] rapidly. This mechanistic sequence is illustrated in Scheme

2. It is to be understood that the donor atoms of the ligands
Because the formation of the seven-coordinated species?,2-bpy and 1,10-phen play both roles, and thus show a
PyH"37+Pys is the most sterically hindered stdp,must be reaction order of unity.

small. Thuskiy[Py] + k_1 > ky[Py]. Furtherk_; > ky, so in
the limit (27) (a) Nakamura, A.; Ueyama, Mdv. Inorg. Chem1989 33, 39-67.
(b) Denke, E.; Merbitz-Zahradnik, T.; Hatzfeld, O. M.; Snyder, C.
H.; Link, T. A.; Trumpower, B. L.J. Biol. Chem1998 273 9085~

k. k [py]2 9093. (c) Bertini, I.; Felli, I.; Kastrau, D. H. W.; Luchinat, C.; Piccioli,
_ M.; Viezzoli, M. S.Eur. J. Biochem1994 225 703-714. (d) Blake,
bs k_, P.R.; Park, J. B.; Adams, M. W. W.; Summers, M.JEAm. Chem.

Soc 1992 114, 4931-4933. (e) Sheridan, R. P.; Allen, L. C.; Carter,

C. W., Jr.J. Biol. Chem.1981, 256, 5052-5057.
The data cannot directly negate this mechanism, but strong(2s) (a) Crane, B. R.; Arvai, A. S.: Gachhui, R.: Wu, C.; Ghosh, D. K.;

arguments can be advanced against it. For one thing, no other ~ Getzoff, E. D.; Stuer, . J.; Tainer, J. Briencel997, 278 425-
L . h » ith di 431. (b) Sundaramoorthy, M.; Terner, J.; Poulos, TStructure1995

S reaction has a transmon_ stgte with a seven-coor inate 37 1367-1377. (c) Cupp-Vickery, J. R.: Poulos, T. Nat. Struct.
structure. Moreover, the anionic charge 8n should, in Biol. 1995 2, 144-153.

: PO : : : (29) (a) Huang, J.; Ostrander, R. L.; Rheingold, A. L.; Leung, Y.; Walters,
particular, disinvite the coordination of two Lewis bases. M. A. J. Am. Chem. S04.994 116 6769-6776. (b) Walters, M. A.:

(b) The reaction involves the conversion of Pid& to Dewan, J. C.; Min, C.; Pinto, $norg. Chem1991, 30, 2656-2662.

— i i ilibri i — — — (c) Okamura, T.-A.; Takamizawa, S.; Ueyama, N.; Nakamura, A.
PyHF'?) In a prlpr equilibrium, PicH3 +. Py . PyW?’ Inorg. Chem.1998 37, 18-28. (d) Ueyama, N.; Nishikawa, N.;
+ Pic, the species so for.r_ne(.j then reacting with the second  vamada, Y.: Okamura, T.-a.; Nakamura,JAAm. Chem. S0d996
Py. Unless the prior equilibrium lay well toward Pit8t, 118 12826-12827.

P - - (30) Suzuki, N.; Higuchi, T.; Urano, Y.; Kikuchi, K.; Uekusa, H.; Ohashi,
which can hardly be the case, given the relative concentra- Y.. Uchida, T.. Kitagawa, T.; Nagano, T. Am. Chem. So4999

tions and Lewis basicities of Pic and Py, this mechanism 121, 1157111572,
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Certain presumptions have been built into the scheme asstep, nucleophilically assisted cleavage of the-Bybond,
it is depicted, because no allowance for other isomers haswould contribute a positive reaction constant, with Py as the
been made; that is, there are no data pertaining to whichleaving group, but it evidently contributes only in a minor
isomeric forms of certain species are present. The pyridiniumway, because bond cleavage is not far advanced in the
ion hydrogen bonded to a thiolate sulfur is depicted in the transition state.
position established crystallographically, namely the sulfur ~ An analogous dioxorhenium(VIl) compoundMeRe-
trans to the methyl group, although there is no evidence that(0),} ,{ —SCHCH(O)CH(O)CHS—}, has a distorted trigo-
the solution and solid-state structures are the same. Thenal-bipyramidal structure with identical oxo grou{§sThe
subsequent equilibrium is presumed to give the isomer shownreaction of MeRe(QJOCH,CH,S) with PPh occurs rela-
because it has been demonstrated earlier that isomerizationively slowly.? Similar to these, five-coordinate Mo(VI)
about rhenium occurs during ligand substitutténThe complexes with two terminal oxo groups were recognized
sequence implicit here follows: addition of Py trans to the as key models for sulfite oxidagéWith 8-hydroxyqulino-
oxo group; turnstile rotation of the relevant donor atoms, linate, a six-coordinate dirhenium complex was synthesized
namely Py, S of edt (that with Pyhl, and either the other S from the condensation of methyltrioxorhenium(VIl) with free
of edt or SPh. Either rotation will position the leaving S of ligands3? Similarly, the condensation of methyltrioxorheni-
edt trans to the oxo group. Because the choice between theum(VI1) with diols and diamines affords dioxorhenium(VI1)
other S of edt or SPh is arbitrary in the absence of data complexes with an extra Lewis base as the sixth liggri#i,
bearing on that point, we have assumed SPh is part to thehaving cis oxo groups. In the catalytic OAT reaction, six-
rotating trio, which will lead to an intermediate having the coordinate dioxorhenium species were proposed as the
structure shown. Product formation from the transition state immediate oxidation productsThe dependence on the
constitutes another turnstile rotation, but the product is an identity of PyO of the decomposition of this species indicates
enantiomer not a geometrical isomer. To spell out structural that PyO is coordinated. Thus, MeRe§@)t)OPy is the
alternatives would confuse the point being made in Schemeproduct from the scission of the-EN bond.
2; to present only line formulas in order to avoid explicit  As to why nucleophilic assistance is necessary, we note
structures would make the presentation difficult to follow. that the scission of the ©Py bond requires electron transfer
Consequently, we have shown what seem to be reasonablérom O to N. The inductive effect of another PyO promotes
structural isomers, while admitting that this is not an this step and also stabilizes the oxidation product. Electron-
exclusive representation of the species. rich ligands are known to stabilize and lower the reactivity

The different kinetic patterns for phosphines (eq 11) and of the Re-O bond%®
pyridines (eq 9) deserve further comment. When solutions  The first step of the oxidations dfby PyO is much slower
lack excess pyridine, the rhenium specie3 is[MeReO(edt)- than the second, which is the same as the second step of
(SPh)T. It will react with PPR without edt ring-opening,  oxidation of PicH3". So, the reactions of simplify into
by the associative mechanism described for many suchtwo stages, ligand displacement and decomposition of MeRe-
compounds, that features the turnstile rotation $t€fhe (O)(edt)OPy.
data for pyridine substitutions, on the other hand, show that  Acknowledgment. This research was supported by the
pyridine assists in the substitution by involvement of edt, y s pepartment of Energy, Office of Basic Energy Sciences,
Scheme 2. Division of Chemical Sciences, under Contract W-7405-Eng-
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displacement in which pyridiné&l-oxide acts as a Lewis  ematical forms and to evaluate numerical parameters. This material
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of substituted pyridineN-oxides gave a large Hammett
reaction constanp = —5.3. The scission of the ©N bond
of PyO coordinated to rhenium occurs in the second step (32) (a) Kisker, C.; Schindelin, H.; Pacheco, A.; Wehbi, W. A.; Garrett,
with the nucleophilic assistance of a second PyO, giving rise R. M.; Rajagopalan, K. V.; Enemark, J. H.; Rees, D.Qzll 1997,
to the reactive intermediate [MeRe(@dt)(OPy)]. The %527;;38733;8(;’_)%gfet(tc')Ré%‘ég'éf"@??\ff';%k'; g'_ i'ﬁ"bﬁﬁf?h.
substituents on the first and second PyO provide the two C.; Sunde, R. A.; Enemark, J. H.; Cramer, SBRichemistry1989

large negative contributions to the reaction constant. The third 28 5075-5080. (d) George, G. N.; Garrett, R. M.; Prince, R. C.;
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Andres, J.; Hernandes, M. Z.; Longo, R. Ilnorg. Chem.2001, 40, (35) Gangopadhyay, J.; Sengupta, S.; Bhattacharyya, S.; Chakraborty, I.;
6022-6025. Chakravorty, A.Inorg. Chem:2002 41, 2616-2622.

3862 Inorganic Chemistry, Vol. 43, No. 13, 2004



