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Abstract

The stoichiometric oxidations of some P( p-X-C¢H,); compounds (X = OMe, Me, H, F, Cl and CF,), AsPh, and SbPh,
by trans-Ru’'(TMPXO), (1) in benzene solution generate the corresponding oxides and Ru"(TMPXL) species (L = P( p-X-
C¢H,);, AsPh;, SbPh;). Stopped-flow kinetic data are consistent with a mechanism involving formation (within a &, step)
of Ru"(TMPXOXOL) which then reversibly dissociates the OL ligand to generate Ru"V(TMPXO); this disproportionates to
Ru"'(TMPX0), and Ru(TMP), which forms Ru'(TMPXL). AH} values for the phosphine systems vary from 18 to 21 kJ
mol ', increasing with decreasing electron density at the phosphorus, while AS? values become more favorable (— 94 to
—78 I mol~' K~!) with increasing molecular mass of the substituent. Preliminary kinetic data on the 0O,-oxidations of the

substrates catalyzed by (1) under 1 atm of air are presented.

Kevwords: Mechanism; Phosphine oxidation; Ruthenium

1. Introduction

The discovery of trans-Ru”'(TMP)O0), (1)
(TMP = dianion of 5,10,15,20-tetramesityl-
porphyrin), independently by Groves’ group [1]
and here at UBC [2], has led to some notable
catalytic and accompanying coordination and
organometallic chemistry [3-5]. Complex (1)
exhibits a genuine type of dioxygenase activity,
where both O-atoms can be transferred to 2 mol
equivalents of substrate. O,-catalytic systems
based on (1) include: the oxidation of alkenes to
epoxides [3,6], thioethers to sulfoxides [3.7],

“ Corresponding author.

and phosphines to phosphine oxides [3,8]. Alco-
hols can also be catalytically dehydrogenated
under air to aldehydes or ketones with genera-
tion of H,O [4], and similarly amines to imines
and nitriles [9]. Among the substrates, the phos-
phine systems are convenient for mechanistic
studies of the O-atom transfer reaction from (1),
and detailed kinetic studies of such systems
have not yet been reported. A better understand-
ing of the stoichiometric redox chemistry of (1)
is crucial for the future development of the
catalytic potential of (1) and similar dioxyge-
nase-type catalysts.

The oxidation of PPh, by (1) was initially
reported by Groves and Ahn [8]a, the experi-
ments involving "H-NMR titrations. Addition of
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one equivalent of PPh, to (1) gave solely
Ru"(TMPXO) and OPPh , while a further addi-
tion of two equivalents of PPh, gave
Ru(TMP)(PPh,) and one more equivalent of
OPPh;. As no Ru(Il) product was detected dur-
ing the addition of the first equivalent of PPh,,
the first 2-electron oxidation by Ru(VI) was
implied to be the faster step, and the second
2-electron oxidation by the Ru(IV) intermediate
to be the slower step

Ru"/(TMP)(0), (1) + PPh,

= Ru(TMP)(0) + OPPh, (1)
Ru'v(TMP)(O) + 2PPh,

2 Ru"(TMP)(PPh,) + OPPh, 2)

In contrast, kinetic and spectroscopic data on
the oxidation of Et,S to the sulfoxide by (1)
were consistent with an initial rate-determining
formation of Ru'Y(TMP)(O) OSEt,) followed
by a faster step to form Ru"(TMP)(OSEt,), [7].
This present paper reports detailed kinetics
on the chemistry outlined in Egs. (1) and (2);
the addition of excess OPPh; was found to
inhibit the rate of reaction (specifically the step
shown in Eq. (2)), showing the involvement of
coordinated OPPh; in the overall process.
Mechanisms consistent with the 'H-NMR and
kinetic data, as well as the chemistry of ox-
oruthenium porphyrin species, are presented.

2. Experimental

The oxidations of P( p-X—C¢H,); (X = OMe,
Me, H, F, Cl and CF,;), AsPh; and SbPh,
substrates by (1) were carried out in benzene
under 1 atm air. (1) was prepared by aerobically
oxidizing the precursor complex
Ru(TMP)XMeCN), [7,8] in benzene or by
adding solid (1) [1,2] directly into benzene. In
typical stopped-flow kinetic experiments, [(1)]
was ~5X 107% M, [substrate] ~ 107> M and
[OPPh,] ~ 1073 M (see Section 3.2 regarding
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Fig. 1. UV-vis/time traces (HP 8452A) monitoring the conver-
sion from Ru¥'(TMPX0),(1) (A,,,, 422 nm) to Ru'(TMP)(PPh,)
(5) (412 nm) at ~20°C in benzene under | atm air. In the
presence of ~ 0.10 M OPPhj, addition of 10 equivalents of PPh,
forms an intermediate (2) with A_,, 430 nm (within seconds),
while the product (5) with A,,,, 412 nm appears over the next 5
min. Isosbestic points are seen at 382, 420, 484 and 538 nm for
(2) > (5) phase. [(D]=54%X10"° M. A, nm (loge M™'
cm™') values: (1) 422 (5.45), 516 (4.34); (2) 430 (5.27), 530
(4.28); (5) 412 (5.36) and 504 (4.30) nm.

the general use of OPPh, for all the substrates).
Purging solutions of (1) and the substrates with
Ar gave the same kinetic data as those from the
non-deaerated solutions; therefore, anaerobic
conditions were unnecessary. Catalytic oxida-
tions of the substrates do occur under air but at
much longer time-scales than those of the
stopped-flow experiments, where just a net stoi-
chiometric transfer of two O-atoms to two mol
equivalents of substrate takes place (see below).

The kinetic data for the phosphine oxidations
were collected on a computer coupled to a
stopped-flow spectrophotometer (equipment
purchased from Applied Photophysics). The
overall reaction between (1) and PPh; in ben-
zene proceeded via an initial faster kinetic phase
(~107° to 1072 s), followed by a slower one
(~11to0 10 s). Fig. 1 shows the UV-vis spectral
changes for the two-phase reaction. The faster
reaction was first-order in (1) and PPh,. The
slower reaction was first-order in (1), from first-



S.Y.S. Cheng, B.R. James / Journal of Molecular Catalysis A: Chemical 117 (1997) 91102 93

to zero-order in PPh, with increasing [PPh,],
and the reaction rate was also inhibited by
added OPPh,. The UV-vis spectra in Fig. |
were acquired with [OPPh;1=0.10 M, thus
slowing down the loss of the intermediate
Ru"Y(TMP)YO)(OPPh,) (2), so that it could be
observed under non-stopped-flow time-scales
(using a Hewlett-Packard HP 8452A Diode-
Array Spectrophotometer). Of note, addition of
only 1 equivalent of PPh;, again under 0.10 M
OPPh,, rapidly (within seconds) gave (2), but
no further change was observed in the UV—vis
spectrum. The faster reaction was monitored for
the loss of (1) at its Soret maximum at 422 nm.
The slower reaction was monitored at either the
430 or 412 nm Soret maxima, corresponding to
the loss of the intermediate (2) and build-up of
the product Ru"(TMP)(PPh,) (5), respectively.

Preliminary studies on the catalytic O,-oxida-
tion of the tertiaryarylphosphines were also car-
ried out. Benzene-d, solutions containing ~
107" M (1) were prepared, and their exact
concentrations were determined by UV-vis
spectroscopy from the known & value of (1)
[7). P(p-X-C H,), (X=Me, H, F, CI) stock
solutions (~ 0.1 M) were prepared by dissolv-
ing appropriate weights of the phosphines (Strem
Chemicals) in 1.00 ml benzene-d,. The catalysis
experiments were carried out in NMR tubes
kept at 24°C, and containing initially 0.40 ml of
solution containing (1), with the tube sealed in
air with a rubber septum; the solutions were
sometimes purged with 1 atm O, for 10 min.
Appropriate volumes of the stock phosphine
solutions were subsequently injected into the
NMR tubes. At the end of ~ 20 h, the samples
were analyzed by “'P{'H} (X =OMe, H, Cl
systems) or "F-NMR (X =F) spectroscopies
(Bruker AC-200E spectrometer), from which
the areas of integrations for the resonances of
the phosphines and phosphine oxides were used
to determine the percentage of the oxide product
(pulse delays were varied to ensure reliable
integrations). Appropriate blank solutions not
containing (1) were prepared similarly, and the
contributions from the autoxidation (< 10%)

were taken into account in the calculation of the
total turnover numbers. Variable temperature 'H
and’ P{'H}-NMR spectra were acquired on a
Varian XL-300 spectrometer; 'H and °'P{'H}
data are reported relative to TMS and 85% aq.
H,PO,, respectively, downfield shifts being
positive.

3. Results and discussion
3.1. Faster kinetic phase

Fig. 2 shows some selected absorbance—time
traces for the faster kinetic phase of the reaction
between (1) and excess PPh, at 20°C. The inset
in Fig. 2 shows the analysis of the first-order
absorbance decay due to the loss of (1) by the
Guggenheim method [10], semilog, and curve-
fitting methods, and the results from the three
cases are in excellent agreement. Fig. 3 shows
the plots of the pseudo-first-order rate constants,
k., versus [PPh,] at various temperatures (10—
40°C). The rate law for the fast reaction is thus

] de)

2= S k(1)) [pe

where k, = the 2nd-order rate constant for the
first O-atom transfer reaction.
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Fig. 2. Absorbance—time traces monitored at 422 nm correspond-
ing to the loss of (1) (4.2X 107°% M in benzene) on reaction with
PPh; at 20°C, obtained by stopped-flow spectrophotometry. Inset
shows the semilog [In(A, ~ A.)] and Guggenheim [In(A, -
A, 1)) plots, where A, = absorbance at time ¢, A, = final ab-
sorbance, and At = 0.0075 s, for the system with [PPh,]=4.05X
107% M; slope =~ kg, = —216+2, —220%2 and —227+2
s~ ! by semilog, Guggenheim, and curve-fitting analyses, respec-
tively.
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Fig. 3. Plots of kg, versus [PPh;]. Inset shows the Eyring plot for
the k, values (kg = k;[PPh;]).

obs

In this faster kinetic phase, the addition of
excess OPPh, (up to 107> M) to the benzene
solutions had no effect on the kinetics, showing
that OPPh, is not involved in the faster reac-
tion. Table 1 lists the k, values derived from
the slopes of plots such as Fig. 3 for all the
substrates, as well as the activation parameters
derived from the temperature dependence data
(see inset of Fig. 3). As the presence of OPPh,
slows the reaction rate in the slower kinetic
phase (cf. Eq. (2), see Section 3.2), the product

Table 1

formed in the faster kinetic phase must at least
initially be Ru™(TMPX(O)(OPPh,) (2), and not
RuV(TMP)(O)(3), although this clearly binds
OPPh; reversibly, and whether (2) or (3) is
detectable depends on [OPPh,] (see also Sec-
tions 3.2 and 3.3). Hence, the k, step refers to
Eq. 3)

Ru"'(TMP)(0), (1) + PPh,
— Ru"(TMP)(0)(OPPh,) (2) 3)

The AH} and AS; values correspond to the
activation parameters for the O-atom transfer
reaction from (1) to the substrates studied (cf.
Eq. (3)). The AH| values are much lower than
for the corresponding, much slower, reactions
with some alkyl thioethers (A H} ~ 50 kJ mol ",
with k, in the range of 0.01-0.10 M™! s~ ! at
20°C) [7], presumably reflecting the higher nu-
cleophilicity, and ease of oxidation, of phos-
phines versus thioethers. The AS} values are
comparable for the phosphine and thioether sys-
tems, showing that the O-atom transfer, cou-
pling, reaction is as expected unfavorable en-
tropically.

In an attempt to understand better the elec-
tronic effects of the reaction, the para sub-
stituent within the phenyl group of PPh, was
varied, but it is clear from the data in Table 1
that there is no linear relationship between the

Second-order k, rate constants and associated activation parameters for the initial O-atom transfer from Ru¥'(TMPX0),(1), to P(p-X-

C¢H,);, AsPh, and SbPh, substrates in benzene

Substrate ag* kx1074M~'s™Y) AH * (K mol™") AS, *(Jmol™'-K™1)
10°C 20°C 30°C 40°C

P(p-X-C¢H,)s
X =OMe —0.268 8.14 +0.08 10.9 £ 0.02 1481002 1924002 18+1 —87+5
X =Me -0.17 4294007 5.88 +0.07 769+0.18 100+03  18+1 -92+5
X=H 0 3.95 +0.14 57403 7.18+£0.14 938+0.15 18+14 -9445
X=F 0.062 7.62+0.13 10.6 + 0.02 142402  181+04  189+1 ~84+4
X=Cl 0.227 9.17 +£0.11 128 £02 169+02 2231003 194+16 -85
X = CF, 0.54 6.38+0.17 9.10+0.3 127403  166+04 2114 ~78+5

AsPh; — 0.0623 + 0.0007 0.0940 £+ 0.0006 0.147 +0.001 0.212+0.001 28.7 + 1 -90+3

SbPh; ® — 285+ 30 — 325 +£30 — 102+2 -85+ 10

? o, the Hammett factor, taken from Ref. [11].
® k, also determined at 15°C (303 + 35) and 25°C (362 + 35).
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k, values for the P( p-X-C¢H,) substrates and
the Hammett o factor [11]. Non-linearity ob-
served in the Hammett plot is usually consid-
ered to indicate a change in reaction mecha-
nism, but this is unlikely for this series of
phosphine substrates. A conventional plot of
log(k /ky) versus o can be linear only if the
change in the para substituent (a purely elec-
tronic effect) results in one of the following
scenarios [12]): (i) A H; = constant, implying
A(AS)) ao; (i) AS] = constant, implying
AAH)) ao; (i) AAH]) a A(AS)) o o.
The data for the phosphine systems fit none of
these situations. The AH; values do increase
somewhat with increasing electron-withdrawing
capacity of the X-groups (Fig. 4) and if one
considers an electrophilic attack of a Ru=0
moiety of (1) on the lone-pair of electrons on
P(p-X-C4H,);, then withdrawal of electron
density from phosphorus by X should tend to
increase AH/.

Of note, no trend is found for AH} on going
from PPh, to AsPh, to SbPh;. AH| increases
by 50% on going from PPh, to AsPh;, while
the AH; value for SbPh; is about half that of
the PPh, system. AH| is the key factor that
primarily governs the k, values for the oxida-
tions of EPh, (E=P, As, Sb), as the AS}
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Fig. 4. Modified Hammett plot: A H versus o.
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Fig. 5. Plot of AS/ versus the molecular mass of phosphine
P(p-X-C¢H,);. AsPh; and SbPh;.

values are similar in all three cases. Some peri-
odic trends within the series EPh, are [13]: the
o donor strength of E decreases in the order
P > As > Sb; steric effects due to E increase in
the order P < As < Sb; and steric effects due to
Ph decrease in the order P > As > Sb. Such
effects must govern the AH/ values, but no
firm conclusions can be drawn based on the
current data.

There is no general correlation between AS}
and o, but of interest AS} generally becomes
more favorable, i.e. less negative, as the mass of
the phosphine, arsine or stibine substrate in-
creases, and an almost linear trend is established
(Fig. 5). An earlier suggestion (based on data
for the thioether substrates) has been made that
if the O-atom transfers are induced via strong
Ru=0 vibrational coupling [14], the effect is
perhaps reflected in a more favorable AS} value
with bulkier substrates [7]. Intuitively, one may
envision the AS}/mass correlation quantum
mechanically in terms of the vibrational energy
levels of the transition state, which become
closer together (i.e. a larger vibrational partition
function, g, leads to a more positive AS¥,) as
the substrate mass becomes larger. Of note, the
Tolman cone angles within the series P( p-X-—
C¢H,); are all the same [15], thus ruling out
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any possible steric contributions to AH; and
ASH L.

A nucleophilic attack of the P lone pair on an
empty Ru=0 7 *-orbital, with the P-atom coor-
dinating to Ru, would be akin to that suggested
for O-atom transfer to thioethers within non-
porphyrin Ru=0 systems [16], but such a
mechanism is unlikely here because of the steric
demands of the mesityl groups. Also, the 2-elec-
tron transfer process accompanying the O-atom
transfer is difficult to distinguish from two suc-
cessive l-electron transfer steps; however, sin-
gle-electron transfer processes would not be
expected to exhibit such a strong dependence of
AS; on substrate mass. The conclusion is that
the oxidation occurs as a vibrationally coupled
O-atom transfer reaction.

A non-linear Hammett plot has been ob-
served for the stoichiometric oxidation of p-
and m-substituted styrenes by trans-
Ru"(porp)(0), (porp = OEP, TPP, the dianions
of octaethylporphyrin and meso-tetraphenyl-
porphyrin, respectively) [17]. The non-linearity
was ascribed to a ‘shift’ in the electron density
on the alkene C=C double bond, as the sub-
stituent on the styrene phenyl ring varied from
electron-withdrawing (NO,) to electron-releas-
ing (OMe) groups, and this was thought to
change the electronic structure of the transition
state. Of note, the Hammett plot was concaving
upwards, with the unsubstituted styrene at the
minimum of the plot. If there was some change
in the electronic structure of the C=C bond, this
would not necessarily occur when the sub-
stituent was H, although the point was invoked
in order to explain the experimental results. A

"Fora very different substrate, the non-coordinated P-atom of
the structurally characterize RuCl,(PPh,)[N,N’,N"-P(2-
CsH,N),] of molecular mass 699.48 g mol~' (R.P. Schutte, Ph.
D. Dissertation, University of British Columbia, 1995), AH} =
25741 kI mol™' and AS}=—78+5J mol~"-K~'. The AH}
value correlates with the presence of an electron-withdrawing
substituent (the RuCl,(PPh,)-tris(pyridyl) moiety), while the A S}
value is the same as that for P(p-CF,—C¢H,);, which has the
highest molecular mass (466) of the p-substituted phosphine
substrates.
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Fig. 6. Absorbance-time traces monitored at 430 nm by stopped-
flow spectrophotometry for the slower 2nd step corresponding to
the loss of the intermediate Ru¥!(TMPXOXOPPh,) (2), via fur-
ther reaction with PPh, (3.9X107% M, for all three traces) in
benzene at 20°C. [(D]; i = 42X 107¢ M. [OPPh,] 1.36 X 1073
M (A), 2.67x107% M (B) and 3.93x 10~* M (C). Inset shows
the plots of k., derived from these absorbance-time traces,
versus [PPh,] at the different [OPPh,] values.

look at the activation parameters for the styrene
systems might be more insightful.

3.2. Slower kinetic phase

The slower kinetic phase (see Fig. 1), the
second part of the overall reaction of (1) with
excess PPh;, is the reduction from Ru(IV) to
Ru(ll), Eq. (2). That the product is
Ru''(TMP)(PPh,) is discussed in Section 3.3.
To obtain kinetic data that analyzed for a
pseudo-first-order process, it was necessary to
add excess OPPh,. Fig. 6 shows some ab-
sorbance—time traces for the slower second re-
action under different concentrations of added
OPPh, (~ 1073 M). At the higher [OPPh,], the
pseudo-first-order rate constant k.. shows a
first-order dependence on [PPh,] (Fig. 6, B and
C); however, at lower [OPPh,] there is a hint of
a less than 1st-order dependence (Fig. 6A), and
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Fig. 7. Plot of k,, versus [PPh,] for the kinetics monitored at
430 nm by stopped-flow spectrophotometry for the slower 2nd
step corresponding to the loss of the intermediate
Ru'V(TMPXOXOPPh,) (2), via further reaction with PPh,. in
benzene at 20.5°C. (D], = 2% 107% M, [OPPh;]=1.3% 1077
M. The inset tabulates the values of j, at different temperatures.

this was established by studying systems con-
taining much lower added [OPPh,] (1.3 X 107°
M). Fig. 7 shows that the dependence on [PPh,]
more generally goes from Ist- to zero-order
with increasing added PPh,, i.e. typical satura-
tion kinetics when [PPh;] > 0.05 M. That OPPh,
inhibits the reaction (Fig. 6) implies that disso-
ciation of OPPh; from Ru'(TMP)O)(OPPh,)
(2) is a required step in the process. Two mech-
anisms (1) and (2) accommodate the observed
kinetic dependences.

3.2.1. Mechanism (1)

This is similar to that proposed for the
thioether oxidations [7]; it involves initial OPPh,
dissociation from Ru'Y(TMP)XO)OPPh,) (2),
followed by transfer of the O-atom from
Ru™(TMP)(O) (3) to PPh, to generate
Ru"(TMPYOPPh ) (4a), and subsequent rapid
replacement of the OPPh; by PPh; to form
Ru'(TMP)(PPh ) (5) (Scheme 1; the rate con-
stants are defined by j ).

A steady-state treatment applied to species
(3) yields the following rate law:

rate = —d[(2)] /dt = d[(5)] /dt = ke (2)].

where

kons = 2 J3[PPhs] /(j_ 2 [OPPh;] + j3[PPh;])
(4)

? j2,-OL ﬁ

=RyM= =—= T
2 O j2.+OL ) (4a)
fast L
-yl
OL + R?
L &

Scheme 1. (L = PPh;)

This rate law is consistent with the described
kinetic dependences (Figs. 6 and 7), and the
data are readily analyzed using the expression
1/kgps = 1/j, + (j_,[OPPh;]) /(j, j;[PPh;]). A
plot of 1/k  versus [OPPh,]/[PPh,] gives a
straight line, with slope j_,/(j,j;) and vy-inter-
cept equal to 1/j, (Fig. 8).

The value of j, derived from plots such as
Fig. 8 is unreliable for these systems because
the y-intercept is close to the origin, however,
J, may be derived from the kinetic data by using
the expression [PPh,]/k . = [PPh,]/j, +
(j_,[OPPh;D /(j,j;). A plot of [PPh,l/k,,,
versus [PPh;]/j, gives a straight line with slope
1/j, (Fig. 9). The temperature dependences of
these j, values (Fig. 7 inset) do not give a very
satisfactory fit to an Eyring plot, which gives
AH; =39+ 13kImol™'and AS; = —85 + 40
J mol™" K~' The large negative AS} value
would thus correspond to the loss of a OPPh,

1/Kons (8)

{OPPhy]
[PPhy]

Fig. 8. Plot of 1/ k,, versus [OPPh,}/[PPh;] for data of the type
illustrated in Fig. 6. [(D];, = 42X 107% M.
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initial

from (2), a dissociation reaction; such a finding
would require a rationale invoking substantial
solvation of the transition state complex which
is reasonable if this approximates to the geome-
try of (3). Mechanism (1) implies that (3) is a
more effective O-atom transfer agent than (2).
The data of Figs. 7-9 are readily analyzed to
yield j_,/j, values, which are summarized in
Table 2 for all the P( p-X-C¢H,); systems. The
oxidations of all the P( p-X-C¢H,); substrates
in the slower kinetic phase were carried out in
the presence of added OPPh;; inhibition of the
rates with added OPPh, was always observed
implying that once (3) is formed, the j_, step
for all the systems involves OPPh,, i.e. this
competes successfully (as a ligand for (3)) with
the stoichiometric amount of OP( p-X-C¢H,),
formed from (2). This is a useful competition
kinetic method for it ensures that the varying

Table 2

? ky , -OL
— Vi — —

RulVe= S0 —RuV=g3,
(2) OL

2(3)
k K;
\ Disproportionation —le”—
;I( L )

—RHVI— + =Ryll=—

0
) (4b)
Scheme 2. (L = PPh,)

J_2/J; values in Table 2 reflect changes in just
J3» which defines the rate of addition of the
various substrates to the oxo ligand of (3).
Unfortunately, the variations in the j_,/j, val-
ues are small ( < a factor of 2 under correspond-
ing conditions), although the data tend to show
lower j_,/j, values (i.e. higher j, values) for
the electron-withdrawing X-groups.

3.2.2. Mechanism (2)

An alternative mechanism can be proposed,
based on a Ru™(TMP)(O) disproportionation
reaction (Scheme 2). The k, and k_, steps are
the same as in Scheme 1, but now (3) dispropor-
tionates to (1) and Ru"(TMP) (4b), via a rapid
K equilibrium. Oxidation of PPh; by (1) re-
generates (2) (again by the &, step discussed in
Section 3.1), while ligation of PPh, to (4b)
gives the product Ru"(TMP)(PPh,) (5) in a k,
step. The disproportionation step has been in-
voked previously for the epoxidation of alkenes
[5,6], and dehydrogenation of alcohols [4] and

Values for k_, /(k,k, K3/?) obtained from the kinetic data for the slower Kinetic phase *

P(p-X—-C¢H,), k_y/(kyky K372 0

10°C 20°C 30°C 40°C
X = OMe 1.52+0.2 0.92 +0.07 0.63 +0.08 0.48 + 0.08
X =Me 225+0.17 1.27 £ 0.1 1.05 + 0.06 0.85 £ 0.07
X=H 2.16 £ 0.2 1.62 £ 0.09 1.26 + 0.1 1.06 £ 0.1
X=F 1.38 £ 0.06 0.86 + 0.06 0.63 £+ 0.06 0.54 + 0.05
X=q 1.12 £0.1 0.69 + 0.06 0.52 + 0.054 0.38 £ 0.045
X =CF, 148 £ 0.3 0.94 £ 0.14 0.44 + 0.09 0.31 £ 0.07

® The values correspond to the j_, /j; values for analysis of the kinetic data according to mechanism (1) (Scheme 1).
b k,, k_, and K}/ 2 are considered to be the same for every reaction (see text). Excess OPPh, was used in every study to allow for a

comparison of k, between different phosphine systems.



S.Y.S. Cheng, B.R. James / Journal of Molecular Catalysis A: Chemical 117 (1997) 91-102

amines [9] catalyzed by (1), and is almost cer-
tainly an essential step in the generation of (1)
from the reactions of Ru'(porp) precursors with
0, [3,7,8]; the l4-electron species Ru"(TMP)
has been isolated [2].

The rate law derived from steady-state treat-
ment of (3) is of the same form as that from
Scheme 1, but now &, is given by

Kops = koky K31/2 [PPh3]
/{k_,[OPPh,] + (k, + k) K3/?[PPh,]}

The analysis of the saturation kinetic behavior
(Figs. 7-9) now yields a combination of rate
constants k' = k,k,/(k, + k,), instead of
j{=k,), from the plot of [PPh,]/k . versus
[PPh,]. If k, for the binding of PPh, to
Ru"(TMP) is > k, (for the nucleophilic attack
of PPh, on (1)), this k' value would now
approximate to k,. The Eyring equation applied
to k' is not expected to yield a linear plot, and
the unsatisfactory Eyring plot obtained for the

99

J, data (see mechanism (1)) provides indirect
support for mechanism (2) and the complex k'
expression. In mechanism (2), the j_,/j, term
analyzed within mechanism (1) becomes
k_,/(kyk,K;/?) (Table 2). The experiments on
the various P( p-X-C¢H,); substrates were de-
signed (by exclusive use of OPPh, as the in-
hibiting reagent) so that k_,, k, and K, are
invariable within the different systems, and thus
the trends in the k_,/(k, k, K3/?) values reflect
purely changes in k,. As noted earlier the varia-
tions are small, but the data are now interpreted
to show somewhat higher values of k, for the
electron-withdrawing X-groups (i.e. for the re-
action with the 14-electron species Ru(TMP)).

The role of an axial ligand frans to an oxo
ligand in higher valent M=0 moieties (M = Fe,
Ru) is crucial in dictating oxidation chemistry
within biological and/or biomimetic systems
[3.7,18.19]. Mechanism (2) (in contrast to
mechanism (1)) requires that (3) (containing no
ligands trans to oxo) preferentially dispropor-

Me,
D Ph 3 0
<_Ru_> Me
Hp Q P
Hp '
Mey
Benzene
Excess PPh,
present
(b)
L % ortho-Me
p-pymole-H Coordinated PPh, para-Me ~ No excess
(a) Free HH, H PPh, present
oprh3 8 // \
USRI W
110 100 90 80 70 60 S8 40 30 20 10 08

Chemical Shift, ppm

Fig. 10. "H-NMR (200 MHz) spectra of Ru''(TMPXPPh,) (5) (~ 1 X 10~* M) without (a) and with (b) excess PPh, in benzene-d, at
25°C. For (a) (5) was formed from the reaction of (1) and 3 equivalents of PPh,. For (b) 30 equivalents of PPh, were added to (1).
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tionates rather than transfers its associated O-
atom; the disproportionation step will be fa-
vored by the presence of L ligands which ‘si-
phon off’ the extremely reactive 14-electron
species (4b) [20] to form (5) in the k, step.
Groves at symposia [21] has reported on ex-
change data using '°0,/H,0'® systems to show
that Ru"(porp)(O) undergoes rapid oxygen ex-
change with water, while Ru"'(porp)(0), ex-
changes slowly, and the findings suggest that
the fastest step in catalyzed O,-oxidations of,
for example, olefins (cf. Scheme 2, where L =
an olefin, and (4b) reacts with O, to form (3)
[3,5,6]) is the disporportionation reaction. Be-
cause of this, and coupled with the reasons
noted above, mechanism (2) is strongly favored
for the phosphine oxidations. This conclusion
perhaps tend to violate the principle of Occam’s
razor [22], which liberally interpreted means
‘‘rationalizing experimental data in terms of the
simplest number of steps’’. Mechanism (1) with
two consecutive O-atom transfer processes is
inherently simpler.

In hindsight, the kinetic data for the thioether
oxidations were interpreted in terms of a mecha-
nism akin to that of type (1) (see Introduction)
[7]; as in the phosphine system, a disproportion-
ation-type mechanism (cf. Scheme 2) in which
L = thioether can also account for the data. The
thioether system is currently being re-evaluated.

3.3. The Ru"(TMP)(L) product

The stoichiometric 'H-NMR titrations per-
formed by Groves and Ahn [8]a showed that
Ru(TMP)(PPh,) (5) (along with 2 equivalents
of OPPh,) was the product of the reaction
between (1) and three equivalents of PPh,. We
assumed initially that the bis(phosphine) com-
plex, Ru"(TMP)(PPh,), would likely form if
more than 3 equivalents of PPh, were added to
(1), as Ru'(TMP)(P"Bu,), and
Ru''(OEP)(PPh,), (n = 1 and 2) have been syn-
thesized previously in this laboratory [23]; how-
ever, '"H-NMR and *'P{'H}-NMR experiments

showed that only (5) was formed even when a
considerable excess of PPh; was used.

Fig. 10 shows the 'H-NMR spectrum at 25°C
of (5), the product from the reaction of (1) with
3 equivalents of PPh; in benzene-d,. That two
distinct ortho-Me 'H-resonances are observed
is indicative of (5) possessing C,, symmetry
([7] and [8]a). Of note, the addition of 1 equiva-
lent of PPh, to Ru"(TMP)MeCN), ([7] and
[8]a) yields also (5) with the production of free
MeCN, and this rules out the possibility of the
formation of Ru"(TMP)(PPh,)(OPPh,) (which
also possesses C,, symmetry) when (5) is pro-
duced from (1) and PPh,. Also shown in Fig.
10 is the 'H-NMR spectrum of the benzene-d,
solution of (5) formed via the reaction of (1)
with 30 equivalents of PPh;; the ortho-Me pro-
tons are now exchange broadened and the sig-
nals for the protons of the coordinated PPh,
have disappeared because of broadening. Rapid
PPh, exchange at the Ru(II) center causes the
broadening (Eq. (5), L=L" =PPh;), as veri-
fied by variable temperature 'H and °'P{'H}-
NMR studies in toluene-dy, on a system con-
taining excess PPh.

Ru"(TMP)(L) + (L)" = Ru(TMP)(L)(L*)

= Ru"(TMP)(L*) + L
(5)

At —78°C, the NMR spectrum resembles that
shown in Fig. 10(a); at —40°C, the ortho-Me
"H-resonances appear as a broad, weak, aver-
aged signal, and the PPh; resonances are not
visible; and at 10°C, the spectrum resembles
that shown in Fig. 10(b). At —78°C, the
*'p{' H}-resonance due to the coordinated PPh,
is observed at 8 35.3; no signal is observed at
10°C. Also, the UV-vis spectrum of (5) (Fig. 1)
did not change on addition of ~ 0.10 M PPh,,
further confirming the non-detectability of
Ru"(TMP)(PPh,), in solution. Corresponding
behavior in the 'H and 31P{IH} data are found
for the other P( p-X-C¢H,),, AsPh, and SbPh,
systems [24].
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3.4. Catalyzed O,-oxidation of P(p-X-C,H,);

Exposure of (5) in benzene-d, to air, after 2
min, gave Ru'Y(TMP)O) (3) and
Ru¥'(TMPXO), (1), with a small amount of (5)
remaining, as observed by "H-NMR spec-
troscopy. Free PPh; was not observed during
the reaction and, within 10 min, OPPh, and (1)
were the only species in solution. Clearly, this
observation accounts, at least qualitatively, for a
catalytic air-oxidation of PPh, via (1) [3]. For
example, with (1) =2 X 10"* M and [PPh,] =
0.026 M under 1 atm O,, a total turnover of
~ 30 was obtained after 22 h at room tempera-
ture. The turnover frequency ~ 1.4 h™' corre-
sponds to a much lower rate than for the stoi-
chiometric oxidation of PPh, by (1), which is
complete within 10 s ([PPh;]~ 107 M). The
corresponding catalyzed O,-oxidations of the
X = OMe, Cl and F substrates proceeded simi-
larly with turnover frequencies of up to ~3
h™' over periods of 60 h, but there were no
clear trends with substituent effects; indeed, the
reaction rates within the NMR tubes are proba-
bly governed largely by the diffusion of O,
from the head-space into the solution.

The catalysis, exemplified by the PPh; sys-
tem, is presumably effected by the observed
conversion of Ru'(TMPXPPh;) (5) to
Ru"(TMPXO), (1) under O,. Considering that
the stoichiometric oxidation of PPh, by (1) is
complete within 1 min and that the exposure of
(5) to air, in the absence of excess PPh;, com-
pletely regenerates (1) within minutes, the low
catalytic activity must be due to competitive
binding of PPh, versus O, at the vacant site of
(5). The latter presumably leads to formation of
(1) via the steps outlined in Eq. (6), where
Ru = Ru(TMP) or Ru(TMP)XPPh ;) [3,8.25], fol-
lowed by the disproportionation of the Ru'Y =0
species.

0, Rull
Ru" - Ru"(0,) - Ru™-0O-O-Ru"

- 2Ru'"=0 (6)

4, Conclusions

Kinetic data pertaining to the stoichiometric
reaction between Ru''(TMPXO), (1) and P( p-
X-C¢H,);. AsPh; or SbPh, reveal a fast phase
involving a single O-atom transfer followed by
a slow phase. The O-atom transfer is thought to
occur via strong Ru=O vibrational coupling:
AH* is more favorable with increasing electron
density at the P-atom, while AS* is more favor-
able with increasing molecular mass of the sub-
strate. The kinetic data for the slower reaction
can be accommodated within two possible
mechanisms: one involves a further, direct O-
atom transfer from a Ru'V(O) intermediate, and
the other involves disproportionation of the
Ru"™(O) intermediate to regenerate (1) and
Ru(Il). The former mechanism reveals a major
role played by the ligand (e.g. OPPh;) trans to
the oxo ligand. The disproportionation mecha-
nism is favored because it is more consistent
with the general chemistry of other Ru(TMP)
systems. The relatively complex behavior within
the apparently simple PPh,/Ru(TMP) system
stresses the need for continued research in the
area of homogeneous oxidations catalyzed by
metalloporphyrins.
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