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Abstract—The catalytic oxidation of tertiary phosphines, PR; (R = p-fluorophenyl, phenyl
and cyclohexyl), by molecular oxygen to the corresponding phosphine oxide, (PR;0),
catalysed by Ru"(EDTA-H)(H,0) is reported as a function of catalyst, substrate (PR;)
and molecular oxygen concentration at a constant pH 3.0 in water—dioxan (50% v/v)
medium. The reactivity of PR, towards catalytic oxidation by molecular oxygen decreases
in the order tris(p-fluorophenyl)phosphine > triphenylphosphine > tris-(cyclohexyl)-
phosphine. A reverse reactivity order was observed in the case of stoichiometric oxidation
of PR; by [O=Ru"(EDTA)]}~. The proposed mixed-ligand complex Ru"™-EDTA-PR;
intermediate in the catalytic oxidation of PR; with molecular oxygen has been isolated and
its structure solved by single-crystal X-ray diffraction. The experimental results are discussed
in terms of the o-basic and n-acidic character of the phosphine substrates in the homolytic
bond cleavage of O—O bonds of the y-peroxo intermediate and oxygen atom transfer to
the substrate. The bond dissociation energy for O—O bond cleavage is computed by the
kinetic data obtained for oxygen atom transfer from the oxo complex [O=Ru"(EDTA)]".
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The oxidation of phosphines by transition-metal
oxo complexes has been the subject of much current
interest.!”* In our laboratory we have been engaged
in developing non-porphyrinic ruthenium(I1I) com-
plex catalysts for the oxidation of a variety of
organic substrates.*!® These non-porphyrinic
ligands involve aminopolycarboxylic acids such as
ethylenediaminetetraacetic acid (EDTA), pro-
pylenediaminetetraacetic acid (PDTA), N-hydroxy-
ethylethylenediaminetriacetic acid (HEDTA),
Schiff bases and dimethylglyoxime, which do not
undergo self-oxidation during the catalytic
processes. In our earlier contribution'' we reported
the oxidation of PPh; to PPh;O with molecular
oxygen catalysed by the Ru™-EDTA complex
where we proposed the formation of a mixed-ligand

1 Author to whom correspondence should be addressed.
i Present address: 17-3-479 Yakutpura, Hyderabad
500023, A.P., India.

Ru-EDTA-PPh; intermediate in the catalytic cycle.
We have now successfully isolated the complex
Ru™(EDTA-H)PPh, and determined its structure.

In order to gain an insight into the mechanistic
details of the reaction, such as coordination of the
phosphine ligand to the metal ion and the nature
of the oxygen atom transfer, we have studied the
oxidation of various phosphines (PR;; R = p-fluo-
rophenyl, phenyl and cyclohexyl) by molecular oxy-
gen catalysed by complex 1. We have also studied
the stoichiometric oxygen atom transfer reaction
in the oxidation of PR; by the Ru¥Y(EDTA)O)~
complex. The experimental results are discussed in
terms of o-basicity and w-acidity of PR, substrates,
which governs the reactivity of Ru™ and Ru” com-
plexes.

EXPERIMENTAL

The complex K[Ru"(EDTA-H)CI] (1) was pre-
pared following the published procedure.!? Dis-
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tilled dioxane (HPLC grade) and doubly distilled
water were used to prepare all solutions. All other
chemicals used were of A.R. grade.

Synthesis of K[Ru¥—O(EDTA)]-2H,0

The complex K[Ru"=—O(EDTA)] was prepared
by interacting K[Ru"(EDTA-H)CI] with iodosyl-
benzene.'® To a stirred solution of K[Ru(EDTA-
H)CI] [1 mmol in 10 cm® water—dioxane (1 : 1)] was
added iodosylbenzene (1.1 mmol) and the solution
was stirred for 1 h in the dark. The greenish-brown
product, [Ru¥=—0(EDTA)]", thus formed was pre-
cipitated by adding acetone; immediately filtered
and washed with a cold acetone-water mixture
(9:1) and dried. Found: C, 24.9; H, 3.3; N, 5.8.
Calc.: C, 25.0; H, 3.3; N, 5.8%. UV-vis spectra,
Amax (M) [€0, (Mol dm? cm~1)] = 390(1860). IR
spectra: (Ru=0), 870 cm~'. E,;, (determined by
cyclic voltammetric studies) for Ru’*/Ru*",
Ru**/Ru’* and Ru**/Ru?* redox couples are 0.91,
0.14 and —0.21 V (vs S.C.E.), respectively.

Synthesis of [Ru(EDTA-H)(PR )] complexes

[Ru(EDTA-H)(PPh,)] (2). To a refluxing solu-
tion of K[Ru"(EDTA-H)CI] (500 mg, 1 mmol) was
slowly added triphenylphosphine (260 mg, 1 mmol)
dissolved in a minimum volume of dioxane. The
mixture was refluxed (under nitrogen) for a period
of 2 h until the colour of the solution changed from
yellow to orange-yellow. The solution was then
allowed to cool down and an orange-yellow prod-
uct precipitated. The product was filtered, washed
with cold water several times and finally with ether
and dried in vacuo (yield: 89%). Found: C, 51.0;
H, 4.8. Calc.: C, 51.5; H, 4.3%. UV-vis in H,0,
Amax (nm) [g., (mol™ ! dm3¢m~1)]: 485 (3.8 x 10?),
375 (1.6 x 10%), 260 (6.7 x 10°). IR : W(Ru—P) = 532
cm™ !, g (Evans’ method): 1.78 B.M. at 300 K.

Complexes [Ru'(EDTA-H)(P(CH,—F)))| (3)
and [Ru™(EDTA-H)(C¢H,,)s] (4) were prepared
following a similar procedure as described for the
preparation of 2. Found: C, 49.4; H, 5.8; N, 3.9.
Calc. for [Ru"™(EDTA-H)R(C;H,—F),]: C, 50.1;
H, 6.9; N, 4.3%. UV-vis, Ay (DM) [£ex (mol™!
dm?® cm™ 1)} = 481 (3.67 x 10%).

[RUM(EDTA-H)P(C¢H,,);]. Found: C, 47.5; H,
3.4; N, 39. Calc.: C,47.6; H, 3.5; N, 4.0%. UV-
ViS, Amax (M) [en., (mol™! dm?® cm™')] = 487
(4.1x10%).

The redox potentials for the Ru**/Ru?* couple
of complexes 2, 3 and 4 determined by cyclic vol-
tammetric studies (vs S.C.E.) are —0.11, —0.14and
—0.27 V, respectively. The 3'P NMR spectra of
complexes 2, 3 and 4 give a singlet at §
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(ppm) = 25.79, 23.51 and 52.3, respectively. The
shifts are in accordance with the decreasing shield-
ing on the phosphorus atom in the phosphines in
the order 4, 2, 3.

Instrumentation and techniques

Microanalyses were performed using a Carlo—
Erba elemental analyser. The electronic spectra of
the complexes were recorded with a Shimadzu-160
UV-vis spectrophotometer. The IR and far-IR
spectra were recorded on Beckman Aculab-10
(4000-600 cm™') and Perkin—Elmer-621 (600200
cm™') spectrometers, respectively. pH measure-
ments were performed using a Digisun pH meter
with an accuracy of +0.01 unit. Electrochemical
studies were performed with PAR 174A electro-
chemical apparatus. Cyclic voltammetric studies
were performed in 0.1 M HCIO, medium using a
glassy carbon working electrode.

Kinetic studies

Kinetics of the catalytic oxidations of PR, with
molecular oxygen were followed by measuring the
absorption of oxygen with time as described
earlier.!! Stoichiometric oxygen atom transfer from
RuY(EDTA)O~ to PR, was studied spectro-
photometrically by following the decrease in the
peak at 393 nm of the complexRuY(EDTA)O~ with
time. For this purpose equal volumes (1 cm?®) of
solutions (pre-equilibrated at the desired tem-
perature) of the oxo complex (5 x 10~* M) and PR,
(2.5x107%-2,5x10-? M) were mixed in a spec-
trophotometric cell and the corresponding pseudo-
first-order rate constant (k) values were obtained
from the absorbance vs time trace by the usual
procedure. The rate constant data are reproducible
to within +4%.

Product analysis

The oxidation products PR,O were analysed by
3P and '*F [(p-fluorophenyl);P] NMR spectra
recorded on a JEOL FX-100 NMR spectrometer
using phosphoric acid and trifluoroacetic acid,
respectively, as standards. The formation of tertiary
phosphine oxide with time is shown in Fig. 1.

X-ray crystallographic studies

Large yellowish-orange crystals of the complex
could be obtained by recrystallization from an
aqueous solution. A crystal of the dimensions
0.19 x 0.28 x 0.31 mm was used for data collection.
Crystal data are summarized in Table 1. Density



Oxidation of tertiary phosphines by O, 1445

Wk Ao _ |

Fig. 1. 3P NMR spectra for the formation of
(C¢H,—F);PO with time at 35°C: (a) ¢ = 30, (b) 60,
() 90 and (d) 120 min.

considerations (Table 1) indicated the presence of
two independent [Ru(EDTA-H)PPh;] moieties
with some solvent of crystallization. Two sets of
reflection controls were used to monitor orientation
and decay. Absorption corrections were applied
using three intense reflections near Chi = 90°,
employing the empirical absorption correction
method.'*

Table 1. Crystal data for [Ru(EDTA-H)PPh,],- 3H,0

Formula Ru,P,0,,N,C,;Hy,
Molecular weight 1359.22

a(d) 18.572(2)

b (R) 14.786(2)
c(R) 22.000(2)
B 110.33(2)
Space group P2,/a

V(A% 5665.0(9)

VA 4

Density (g cm™?) 1.593

(Cu-K,) 1.54184
F(000) 2784
#(Cu-k,) (cm™") 56.230

26 range (°) 4-130

No. of reflections measured 7103

No. of reflections observed 3207

Data collected +h, +k,, 1
Temperature (K) 293

Transmission factors

Min. 51.67%
Max. 99.25%

Av. 75.08
R 0.031
R, 0.039
(A/6) 0.03

The structure was solved by the heavy atom
method and was developed by alternating cycles
of isotropic least-squares followed by difference-
Fourier syntheses. Three water molecules in
addition to two [Ru(EDTA-H)PPh;] moieties could
be located. Hydrogens could be either generated
using stereochemical constraints or obtained from
difference maps. A mixed mode refinement was
adopted in which ruthenium, phosphorus and oxy-
gen were refined anisotropically and carbon and
nitrogen isotropically. The hydrogens were fixed
employing a weighting scheme with a Dunitz—Seiler
factor.!® This resulted in convergence at an R of
0.031 (Rw = 0.039). Because of the large number
of atoms refinement was performed in blocks. At
the end of the refinement the largest shift-to-error
ratio of refined parameters was 0.03; the difference
map had ripples of 0.9 ¢ A~ ! around the ruthenium
atoms. The scattering factors for ruthenium, phos-
phorus, carbon, nitrogen and oxygen were from
Vol. IV of the International Tables for Crys-
tallography,'® while those of hydrogens were from
Stewart et al.'” All the crystallographic com-
putations were obtained using the SDP set of pro-
grams available on the PDP-11/73 system.'®

RESULTS AND DISCUSSION

Figure 2 shows a PLUTO view of molecule 1;
the structure of molecule 2 is similar. The selected
bond lengths and angles along with e.s.d.s are
shown in Table 2. The PPh, moiety is trans with
respect to one of the nitrogens of the bound EDTA
ligand in both the molecules and the resulting
ruthenium(I1l) octahedra are distorted; the dis-

Fig. 2. PLUTO of Ru(EDTA-H)(PPh;) (molecule 1).
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Table 2. Some important bond distances (A) and angles (°) in structures 1 and 2

Atoms 1 2 Atoms 1 2
Ru—P 2.351(2) 2.376(2) P—Ru—0O(2) 92.6(2) 92.9(2)
Ru—N(1) 2061(5)  2.079(7) P—Ru—0(4) 92.9(1) 95.7(2)
Ru—N(2) 2.116(8) 2.136(6) P—Ru—O0(6) 91.4(1) 88.9(2)
Ru—0O(2) 1.998(6) 1.995(6) P—Ru—N(1) 173.2(2) 172.9(2)
Ru—0O(®4) 1.981(5) 1.984(6) P—Ru—N(2) 102.2(2) 101.4(2)
Ru—O(6) 2.060(5) 2.041(6) O(2)—Ru—0®4) 94.1(3) 93.8(2)
C(4)—0(1) 1.20(2) 1.24(2) O(2)—Ru—0Q(6) 88.3(3) 90.9(2)
C(6)—0(2) 1.313(8) 1.26(1) O(2)—Ru—N(1) 82.1(3) 80.2(2)
C(6)>—0(3) 1.18(2) 1.24(2) O(2)—Ru—N(Q?2) 160.6(2) 162.5(3)
C(6)—04) 1.332(8) 1.28(1) O(4)—Ru—O(6) 175.0(2) 173.2(2)
C(@)»—0(5) 1.24(2) 1.17Q2) O(4)—Ru—N(1) 83.5(2) 83.3(2)
C(8)—0(6) 1.27(2) 1.32(2) O(4)—Ru—N((2) 97.7(3) 94.8(2)
C(10—O(7) 1.21(1) 1.18(2) O(6)—Ru—N(1) 92.5(2) 92.8(3)
C(10)—0O(8) 1.33(D) 1.32(1) O(6)—Ru—N(Q2) 78.8(2) 79.4(2)
C(1)—N(1) 1.5(1) 1.500(5) N(1)»—Ru—N(2) 84.1(3) 85.7(3)
C(2—NQ2) 1.518(9) 1.54(2) O —C4)—0(2) 127.7(8) 123.3(7)
C(1)—C2) 1.52(1) 1.53(1) O(3)—C(6)—04) 123.2(7) 124.8(8)
O(5)—C(8)y—0(6) 123.3(8) 124.8(9)
O(N)—C(10)—0(8) 125.2(9) 127.0(2)

tortion being reflected in the cis angles which span
from 78.8(2)° to 102.2(2)° in molecule 1 and from
79.4(2)° to 101.4(2)° in molecule 2. The range from
trans angles in molecule 1 is 160.6(2)-175.0(20)°
and for 2 162.5(2)-173.2(2)°. The EDTA-aquo
complex has a span of 17° in cis angles. Part of the
increase in the span of cis angles in our complex is
due to the steric effects produced by the bulky PPh,
group and part of it comes from the elongated
Ru(1)—N(1) distance produced by the trans influ-
ence of the PPh, ligand. The distances involving
oxygen atoms coordinating as a pair are smaller
[1.998(6), 1.981(5), av. 1.990(6) A in molecule 1;
1.999(5), 1.984(6), av. 1.992(6) A in molecule 2] than
those which coordinate singly [2.060(8) and 2.041(6)
A in molecules 1 and 2]; a phenomenon found in
other metal-EDTA structures®!*?° and may have
resulted due to the greater ¢oordinating ability of
the carboxylate group whén’ both the oxygens are
pulled into the coordination sphere of the metal
ion. The difference in Ru—O and Ru—N distances
involving the coordinated jacetato groups and the
connecting amino moiety are 0.071(6) and 0.056(6)
A for molecule 1 and 0.087(6) A for molecule 2.
While part of the differenc¢e arises from the differ-
ence in the ionic radii of dxygen and nitrogen, the
remainder can be attributépl to steric factors. Other
metal-aminopolycarboxylate derivatives also exhi-
bit the same trend.

The Ru™—O and Ru™---N distances in the struc-
ture are within the range feported for [Ru(EDTA-

H)(H,0)L," as well as in K[Ru(EDTA-H)C]]
2H,0.2° The Ru™—P distances of 2.351(2) A in
the structure compare well with those found for
Ru,0[0,(Ph),MeCN(PPh,),](Cl0,) - H,0,' Ru,0
(0,C—C¢H,—P—OMe (PPh,),”> and Ru,Cl
(DPPM),.%3

The coordinated C—O lengths (Table 2) in mol-
ecule 1[av. 1.305(1) A] and molecule 2 [av. 1.287(15)
A] are longer than the uncoordinated C—O bonds
(Table 2) [av. 1.21(2) A] in molecules 1 [av. 1.23(2)
A] and 2; a situation encountered in other metal
complexes of aminopolycarboxylic acids. A differ-
ence of 0.07-0.09 A exists between the C—O
lengths, of which the larger value is associated with
the oxygen involved in coordination resulting in a
stronger metal-oxygen binding. By this com-
plexation the single bond is shortened by 0.03 A,
while the double bond becomes elongated by
0.04 A.

The O—C—O angle is widened from the value
of 120° by 3.3° in 1 and 4° in 2, which is com-
pensated for by a contraction in the —CCO angles
in the coordinated carboxylate groups. In the pro-
tonated non-coordinating carboxyl group the
difference in C—O lengths is more pronounced;
0.12(1) A in1and 0.14(1) A in 2. One of the —CCO
angles is widened and the other compressed in mol-
ecule 1, whereas in molecule 2 both the —CCO
angles are compressed. The compression of the
—CCO angles is due to its involvement in hydrogen
bond formation.



Oxidation of tertiary phosphines by O,

The bond lengths and angles in the EDTA moiety

lie in the range reported for other structures.'®?°

The torsion angles [N()—C(1)—C(2)—N{2)]in 1

and 2 have values of —56.6(8)° and lie in the range
(53-63°) reported for similar structures. The ethyl-
enediamine ring adopts an unusual envelope con-
formation, with the atom C(1) displaced by 0.668(6)
A from the plane of Ru(1)N(1)N(2)C(2) [maximum
deviation 0.086(6) A]. This conformation has been
found in other mono-substituted pentadentate
EDTA complexes of ruthenium.'®2° Rings R, in 1
and 2 are planar within 0.015(6) and 0.035(6) A,
while rings R, and G are more strained and exist
as envelopes with N(2) out of the Ru(1)C(7)
C(8)O(6) plane by 0.413(6) A. In ring G N(1)
is displaced by —0.508(6) A from Ru(1)C(3)
C(4)O(6) in 1. The acetate groups are planar
within experimental error.

Equilibrium studies for the formation of mixed-
ligand [Ru"(EDTA)(PR )]~ complexes

The formation constants (K;) of Ru™-EDTA-
PR; mixed-ligand complexes determined spec-
_trophotometrically'® at A,,, = 481 nm under nitro-
gen are summarized in Table 3. The values of the
formation constants decrease with a decrease in z-
acidity of the PR; ligands (Table 3). The stability
of the mixed-ligand complex [Ru™(EDTA)(PR,)]~
decreases in the following order :

[Ru(EDTA)P(C4H—F),]-
> [RUEDTA)P(CH,),]-
> [Ru(EDTA)P(C(H, )5l

1447
Catalytic oxidation of PR with oxygen

Catalytic oxidations of PR ; to PR ;O with molec-
ular oxygen were studied in 50% water—dioxane
medium. The rate of reaction was found to be first-
order with respect to catalyst concentration for each
substrate studiéd. The rate of reaction increases
with an increase in PR, concentration. At high PR,
concentration ([PR;}/[Cat] > 10?) a limit in rate’
was observed for all the phosphine substraies
studied. At constant catalyst (5 x 10~* M) and PR,
(5 %1073 M) concentrations the rate of reaction
was found to be half-order with respect to dissolved
oxygen concentration. The kinetic details are simi-
lar to those published earlier'' at 35°C. Based on
the above kinetic results a mechanism is proposed,
as outlined in Scheme 1, which is similar to that
reported earlier.'!

The catalyst K[Ru™(EDTA-H)CI] (1) is rapidly
aquated when dissolved in water to the cor-
responding aquo complex (1a) at low pH (= 3).2
Complex 1a reacts with PR ; to give a mixed-ligand
complex (2) in a pre-equilibrium step (1) (Scheme
1). The formation of this complex is supported by
the successful isolation of (Ru™-EDTA-PR;) com-
plexes in the present studies. Complex 2 sub-
sequently reacts with dissolved molecular oxygen
to form a transient u-peroxo intermediate (3), which
undergoes a homolytic cleavage of the O0—O bond
with one oxygen atom transfer to the substratein a
concerted rate-determining step to give the catalyst
(Ru"-EDTA complex) along with the oxidation
product (PR;0). The equilibrium constant (K,)
(determined kinetically)'! and the rate constant (k)
values are summarized in Tables 3 and 4, respec-

Table 3. Values of equilibrium constants (K, and K,) for the
oxidation of PR; with oxygen catalysed by the Ru™EDTA

complex
Temperature  K° K
System (°C) M H MY
LRu"/P(C¢H,/F),/0, 25 87 3.3x10°
35 136 3.9x10°
45 228 4.3%x10°
LRu"/P(C,H),/0, 25 78 3.9x10°
35 115 4.7x10°
45 172 49x10°
LRuIH/P"(C6H1 1)3/02 25 55 4.3 x 103
35 68 49x10°
45 87 5.3x10%

“ Determined spectrophotometrically.!!

® Determined kinetically. !
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K
[LRu™ (H,0) ]1- +PR,=== [LRG®PR,] " + H,0 (1)
la 2
K 0——0
2 [LRUZPR, |- + 0, == | LRy 7~ N gy e 2)
\PR3 R3P/
2 3
0O —20 k,
LRu™ RUFL [P —— 2[LRu™ (H,0) ]~ +2PR,0 3)
\ 3
PR, R,P H.0
3 la
Scheme 1.

tively. The reactivity of the phosphines towards
oxidation by molecular oxygen decreases in the
order P(C{H,F—P), > P(C¢Hs); > P(C¢H))s,
which can be explained in terms of the stability
of the Ru™-EDTA phosphine and Ru—y-peroxo
bond strengths in the intermediate 3 (Table 3). The
fluoro-substituted substrate P(C¢H,—F); has
maximum reactivity since it is more n-acidic in
nature than P(C¢Hs),. The electron density at the
ruthenium centre is depleted by increasing n-acidity
of the PR, ligands in the [Ru™(EDTA)(PR,)]~
mixed-ligand complexes. This is further supported
by the positive shift of the redox potentials for
Ru3*/Ru?* couples, increasing in the order
3 > 2 > 4. The stability (K,) of the u-peroxo ter-
nary [RuY(EDTA)PR,},0, complexes also
increases in the same order.

It is of interest to note that Taqueshi has syn-
thesized Ru"Y=0 complexes with phosphine coor-
dinated cis to the oxo ligand in the complex
[O=Ru"(bipy)(PPh;)].2* The coordinated phos-

phine in this complex is not oxidized to OPPh,. The
complex nevertheless oxidizes PPh; in solution by
an outer sphere mechanism, without the “‘spec-
tator”” phosphine coordinating to the metal ion. In
our case, however, the presence of the o-basic
EDTA ligand makes the oxo oxygen of the Ru—0O
intermediate (after cleavage of the O—O bond in
3) sufficiently labile for oxygen atom transfer to
coordinated phosphine. Thus, the oxygen atom
transfer in our case occurs through a coordinated
phosphine, as supported by the kinetic evidence
(first-order dependence on phosphine concen-
tration). The reaction is slowest in the case of the
most basic P(C,H )5, in which the o-donation of
electrons from phosphine to the metal centre streng-
thens the O—O bond towards homolytic cleavage.
Triphenylphosphine falls between the fluoro and
the tricyclohexylphosphine in terms of o-basicity
and n-acidity and thus has a reactivity intermediate
of the two extremes.

The catalytic oxidation of PR; with molecular

Table 4. Rate and activation parameters for the catalytic oxidations of different aryl-phosphines (PR ;) with molecular
oxygen; [Cat] = 5x 10~* M, O, pressure = | atm., pH = 3.0

Temperature AH} AS} AG}
System (o)) ki(s™) (kcalmol™") (cal ° mol~") (kcal mol™")

Ru™(EDTA)H,0)~/P(C;H.F),/0, 25 1.8x10~*
35 3.0x10°* 8+1 —48+2 22.5

45 4.6x10*

RU(EDTA)(H ,0)~/P(C¢Hs)5/O, 25 1.4x10-*
35 22x10~4 9+1 —46+2 22.6

3.9x10°4

Ru™(EDTA)(H,0)~/P(CH,,)5/O, 25 0.5x10~*
35 1.0x10~* 1342 —36+3 233

45 1.9x10-*
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oxygen was studied at three different temperatures
and the activation parameters calculated from the
temperature dependence of the rate constant are
summarized in Table 4. The low value of AH* and
negative value of AS* are consistent with the con-
certed oxygen atom transfer process, as shown
in Scheme 1.

Stoichiometric oxygen atom transfer from Ru’
(EDTA)O)~ to PR,

In order to probe into the nature of the oxygen
atom transfer step in the catalytic oxidation of PR,
with oxygen we have studied the stoichiometric oxy-
gen atom transfer reaction from the oxo complex
Ru'(EDTA)(O)~ to the phosphine PR; under the
pseudo-first-order condition of excess phosphine,
where the rate of reaction was found to be first-order
with respect to the oxo complex concentration.

The rate of reaction increases with an increase in-

PR; concentration (Fig. 3). The above kinetic data

suggest the following mechanism [eq. (4)] for the

oxo transfer reaction:

[RuY(EDTA)(O)]~ +PR,—%»

1449

88—

Kops x10° s~

J L
¢} 5 10 15 20 25

[PRy1 x 10 M

Fig. 3. Effect of [PR;] on rate constant (k) at 30°C:
(@) P(CeHs)s, (b) P(CH—F)3; [Ru' =5x107* M,
pH = 3.0 and u = 0.2 M (KCI).

fer reaction in the oxidation of PR; by RuY

(EDTA)(O)~ decreases in the order P(CH, )3 >
P(C¢Hs); > P(C¢H,—F),, in accordance with the
decrease in nucleophilicity of the phosphines. The
rate and the activation parameters are reported in
Table S. The small positive value of AH* and nega-
tive AS* values are in good agreement to the pro-
posed mechanism [eq. (4)].

4
Fast It is of interest to compare the free energy of
[Ru"(EDTA)(OPR;)]~ o activation, AG?, for the catalytic oxidation of phos-

5
[Ru"(EDTA)H,0)]- +OPR;. - (4)

In the above mechanism the substrate PR,
attacks the oxo oxygen in a rate determining redox
step to give an [Ru™(EDTA)(OPR,)]~ inter-
mediate, which undergoes rapid hydrolysis to give
the Ru™(EDTA)(H,0)~ complex and PR ;O as an
oxidation product.

The reactivity order for the oxygen atom trans-

phine by molecular oxygen to those observed for
the stoichiometric reaction with the oxo complex
4. AG1} is more positive (2-3 kcal mol~!) for the
molecular oxygen reaction compared with AG} for
the stoichiometric reaction with complex 4. The
small difference (AG{—AG3$), which is significant,
reflects on the lowering of the O—O bond dis-
sociation energy in the intermediate y-peroxo com-
plex 3. ‘

The interaction of one n* orbital of the oxygen

Table 5. Rate and activation parameters for the reaction (EDTA)RuY=0~ +PR, —» (EDTA)Ru"(H,0)~ +PR,0;
[Ru]=5x10"*M, pH = 3.0

Temperature AH} - AS} AGi
System 0 kyM~'s™")  (kcalmol!) (cal°mol~') (kcalmol™ ")
RuY(EDTA)(O)~P(C.H.F), 30 0.7%10~3
40 1.5x1073 14+1 —26+1 219
50 3.1x1073 ‘
RuY(EDTA)(O)~/P(C.H.) 30 27x10-3
40 50%x1073 12+1 —31+2 21.2
50 9.84+1073
Ru'(EDTA)(O)~/P(C¢H, ) 30 3.8x10~2
40 6.7x1072 10+1 —3442 20.5

50 12.1x10-2
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K,
[LRU"(H,0)]" +PR; == [LRu®(PR;)]" + H,0

la

K2
2 [LRU™ (PR} + 0, =—

2

20
[LRu7=0]"+ PR, 2 o[LRU" OPRJe2o| L RU? 7 |
4 5 P
H0 l Fast 3a
LRu™ (H,0)” + OPR,
(L=EDTA) o
Scheme 2.
atom of the u-peroxo group with the substrate has Venkatasubramanian and M. M. Bhadbhade, Inorg.
been suggested by Solomon et al.>’ as the crucial Chem. 1992, 31, 2711.
step in the oxygen atom transfer reaction in tyro- 7- M. M. Taqui Khan, S. A. Mirza, A. Prakash Rao
sinases. The oxygen atom transfer to phosphine in and Ch. Sreelatha, J. Molec. Catal. 1988, 44, 107.
the molecular oxygen oxidation occurs through a 8- M- M. Taqui Khan, D. Chatterjee, N. H. Khan,
concentrated homolytic cleavage of the u-peroxo R. L. Kureshy and K. N. Bhatt, J. Molec. Catal.
bond, assisted by electron withdrawal by the sub- 1992, 77, 153.
’ . 9. M. M. Taqui Khan, R. R. Merchant and D. Chet-
strate and transfer of oxo oxygen to phosphine to teriee. J. Molec. Catal. 1
s i o t riee, J. Molec. Catal. 1991, 66, 23.
form Ru™-OPR; (5) species. This interaction may 19, M. M. Taqui Khan, M. A. Moiz, R. R. Merchant,
be triangular 3a with the association of phosphine S. D. Bhatt and D. Chatterjee, J. Molec. Catal. 1991,
either with the metal ion or/and the oxo oxygen. 67, 1.
The rate-determination step in this case is the trans-  11. M. M. Taqui Khan, M. R. H. Siddiqui, A. Hussain
fer of oxo oxygen to the phosphine to form Ru'- and M. A. Moiz, Jnorg. Chem. 1986, 25, 2765.
OPR, species (Scheme 2). 12. A. A. Diamentis and J. V. Dubrawski, Inorg. Chem.
1981, 20, 1142,
13. M. M. Taqui Khan, D. Chatterjee, S. A. Samad and
R. R. Merchant, J. Molec. Catal. 1990, 61, 55.
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