Kinetics and mechanisms of the oxidation of hypophosphite and
phosphite with trans-[Ru'(L)(0),]** (L = 1,12-dimethyl-3,4:9,10-
dibenzo-1,12-diaza-5,8-dioxacyclopentadecane)
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The kinetics of the oxidation of hypophosphite and phosphite by trans-[Ru(L)(O),]** (L = 1,12-dimethyl-3,4:9,10-
dibenzo-1,12-diaza-5,8-dioxacyclopentadecane) have been studied in aqueous acidic solutions. The reactions have
the following stoichiometry (x = 2 or 3): trans-[Ru¥(L)(0),]** + H,PO,” + H,0 — trans-[Ru"(L)(O)(OH,)** +

HZPOX + 17
K)[Ru"[P]. For hypophosphite, k= (1.3 £ 0.1) dm®*mol!s

I=1.0 mol dm™3. For phosphite, k = (4.8 + 0.4) x 107 dm* mol "

. The two reactions have the same rate law (P = hypophosphite or phosphite): —d[Ru')/ds =
“land K=(9.7£0.5) x 1072 mol dm?
sland K=(1.2£0.2) X 1072 mol dm 3 at 298 K

kI(1 + [HY)/
at 298 K and

and I = 0.2 mol dm 3. The effects of temperature were studied from 15 °C to 40 °C. For hypophosphite, AH* =

(60 £ 2) kI mol ' and AS*=(—41 £ 4) Jmol ' K ' at pH = 1.86 and 7= 1.0 mol dm 3. For phosphite, AH* =

(59 + 4) kI mol ' and AS*=(—75% 13) J K ' mol ! at pH = 2.3 and I = 0.2 mol dm . Deuterium isotope effects
have also been investigated. For hypophosphite, the kinetic isotope effect, kK(H,PO, )/k(D,PO, ) is 4.1 at pH = 1.07
and 7= 1.0 mol dm™3. For phosphite, the kinetic isotopic effect, k(HDPO, )/k(D,PO;"), is 4.0 at pH =2.30 at /=0.2
mol dm 3. A mechanism involving hydride transfer from P-H to Ru=O is proposed for these two reactions.

Introduction

Ruthenium forms an extensive series of oxo complexes with
oxidation states ranging from 1v to vii.! These oxo compounds
are in general potent oxidants and there have been numerous
reports on their reactions with organic substrates."? We have
been interested in studying the oxidation of inorganic sub-
strates by these complexes, since much less is known in this
area. These studies would also help us to understand the redox
behaviour of ruthenium oxo complexes, many of which are
potential oxidation catalysts. Che and co-workers have prepared
a series of trans-dioxoruthenium(vi) complexes containing
macrocyclic tertiary amine ligands,*® and their reactions with
alkanes, alcohols and aromatic hydrocarbons have been
studied.” These complexes are particularly suitable for kinetic
studies for the following reasons. The macrocyclic ligands are
resistant to oxidative degradation and ligand exchange. These
complexes also have well-defined redox potentials, and the
reduced oxidation states Ru¥, Ru!¥ and Ru™ have been isolated
and/or characterized spectroscopically. All these factors ensure
clean kinetics, easy product identification and mechanistic
interpretation. We have recently reported the kinetics and
mechanisms of the oxidation of Fe**(aq),' iodide'" and sul-
fite'? by one of the macrocyclic dioxoruthenium(vi) complexes,
trans-[Ru¥(tmc)(0),**  (tmc = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane). This complex is, however, only a
mild oxidant; E° for the Ru""V and the Ru"" couples are
0.56 V and 0.90 V (pH = 1.0) vs. NHE respectively;* hence the
range of substrates that can be oxidized by this complex is
rather limited. We thus turn our attention to another dioxo-
ruthenium(vi) complex, [Ru(L)(O),]**, which contains the
macrocyclic ligand L (L =1,12-dimethyl-3,4:9,10-dibenzo-
1,12-diaza-5,8-dioxacyclopentadecane). This complex is a
much stronger oxidant, E° for the Ru¥"¥ and the Ru¥™" couples
are 094 V and 1.14 V (pH=1.1) vs. NHE respectively.?
We report here kinetic studies of the oxidation of hypo-
phosphite and phosphite by this complex in aqueous acidic
solutions.

The predominant form of hypophosphorous acid is tetra-
hedral with two P-H bonds: H,P(O)OH. The predominant
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form of phosphorous acid is again tetrahedral but with only
one P-H bond: HP(O)(OH),."* The protons in the P-H bonds
are known to exchange only very slowly with D,0." The oxid-
ation of these phosphorous oxoacids is of mechanistic interest
since potential pathways may include one-electron oxidation,
oxygen-atom transfer and hydride abstraction from P-H bonds.
Although there are quite a number of reports on the oxidation
of hypophosphite ' and phosphite,”*2® most of the kinetics
were complicated by prior coordination of the phosphorous
reductant to labile metal centres, or anhydride formation
between a M=0O and a P-OH group. In the present case, prior
coordination or anhydride formation may be excluded due to
the presence of the non-labile and bulky macrocyclic ligand L.
Thus less complicated kinetics are anticipated and more
information on the redox process may be obtained.

Results and discussion
Spectral changes and stoichiometry

Preliminary repetitive scanning indicated rapid spectral
changes when a solution of Ru¥* was mixed with a solution of
hypophosphite (Fig. 1). The final spectrum showed quanti-
tative formation of trans-[Ru™(L)(O)(OH,)I** (UV-Vis: A, =
265 nm, &=2400 dm*® mol! s7').*> Analysis by ion chrom-
atography indicated that one mole of phosphite was produced
from one mole of Ru"". Thus the reaction can be represented by
the following equation:

[RuM(L)(0),*" + H,PO, + HLO—
[Ru™(L)O(OH,)** + H,PO,~ (1)
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Fig. 1 Spectral changes during the oxidation of excess hypophosphite
(1 1073 mol dm™®) by trans-[Ru¥(L)(0),** (1 x 107* mol dm™*) at
T=298.0 K, I=1.0 mol dm* and pH = 1.9. Path length »=1.0 cm.
Time between consecutive runs = 60 s.

Similar spectral changes were observed in the oxidation of
phosphite and one mole of phosphate was formed from one
mole of Ru(vr), indicating the following stoichiometry:

[Ru¥(L)(0),** + H,PO;~ + H,0 ==
[RuM(L)O(OH,)*" + H,PO,~ (2)

Kinetics

The kinetics for the oxidation of hypophosphite and phosphite
were separately studied. Since the oxidation of hypophosphite
by Ru¥ was found to be over 50 times faster than that of phos-
phite, there was no interference from the phosphite produced
when hypophosphite was the substrate. The kinetic patterns for
the oxidation of the two substrates were found to be the same,
hence they are described together below. In the presence of at
least a 10-fold excess of hypophosphite or phosphite, clean
pseudo-first-order kinetics were observed for over three half-
lives. The kinetics of the reactions were followed at 385 nm (4,
of RuY)). The pseudo-first-order rate constants, k., were
independent of [Ru""] from 2.5 x 107° mol dm™® to 1 x107*
mol dm™3. Thus the experimentally determined rate law is
(P = hypophosphite or phosphite):

—d[Ru"")/d7 = kgp[Ru""] = ky[Ru"'][P] A3)

Representative results are summarized in Tables 1 and 2. The
rate constant k, was found to decrease with ionic strength, indi-
cating a bimolecular reaction between ions of opposite charges.
The effects of acid concentration on k, were studied at 25.0 °C.
The value of k, was found to decrease with [H*], and a plot of
1/k, against [H] gave a straight line (Fig. 2 and 3). This is
consistent with the following relationship:

ky = kI(1+ [H*VK) )

Values of k and K were obtained from linear least-squares fits
of the data to eqn. (4). For hypophosphite, k= (1.3 + 0.1) dm®
mol ™ s7! and K=(9.7£0.5) x 1072 mol dm™* at 298 K and
I=1.0 mol dm3. For phosphite, k= (4.8 £0.4) x 107 dm’?
mol ' s!and K=(1.2£0.2) x 1072 mol dm* at 298 K and
I=0.2mol dm™.

The effects of temperature were studied from 15 °C to 40 °C.
Activation parameters were obtained from plots of In (k/T)
versus 1/T according to the Eyring equation. For hypophos-
phite, AH*=(60 £ 2) kJ mol™! and AS*=(—41%4) J mol™
K™ at pH=1.86 and I=1.0 mol dm3. For phosphite,
AH*=(59 £ 4) kJ mol ' and AS*= (=751 13) J K ' mol™! at
pH=2.3and /=0.2 mol dm3

Deuterium isotope effects have also been investigated. For
hypophosphite, the kinetic isotope effect, k(H,PO, )/k(D,-
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Table 1 Representative rate constants® for the oxidation of
hypophosphite by [Ru(L)(O),]**

TIK I/'mol dm™3 [H*)/mol dm ™3 ky/dm® mol ' s7?
298.0 1.0 3.23x 107! (3.05£0.06) x 107!
298.0 1.0 218 x 107! (4.26 £0.09) x 107!
298.0 1.0 1.12x 107! (6.25£0.10) x 107!
298.0 1.0 8.50 x 1072 (6.88 £0.10) x 107!
298.0 1.0 8.50 x 1072 (1.11 £0.06) x 10°'*
298.0 1.0 8.50 x 1072 (4.60 £0.10) x 107 ¢
298.0 1.0 5.25%x 1072 (8.54£0.10) x 107!
298.0 1.0 3.24 x 1072 1.03 £0.03

298.0 1.0 1.38 x 1072 1.14 £0.03

298.0 1.0 4.68x1073 1.19£0.03

298.0 1.0 1.55 %1073 1.48 £ 0.03

298.0 0.5 1.38 x 1072 1.46 £ 0.03

298.0 0.2 1.38 x 1072 2.17£0.04

298.0 0.1 1.38 x 1072 2.82 £ 0.06

288.0 1.0 1.38 x 1072 (4.47£0.10) x 107!
293.0 1.0 1.38 x 1072 (7.20 £ 0.10) x 107"
303.0 1.0 1.38 x 1072 1.68 £ 0.04

308.0 1.0 1.38 x 1072 2.41%0.08

313.0 1.0 1.38 x 1072 3.77 £0.05

“ pH was maintained with NaH,PO, + CF;COOH. Ionic strength was
adjusted with CF;CO,Na. ® D,PO, in D,0. ¢ H;PO, in D,0.

Table 2 Representative rate constants® for the oxidation of phosphite
by [Ru(L)O,J*"

T/IK I'mol dm™3 [H*)/mol dm* ky/dm® mol ! s
298.0 0.2 2.24 x 1072 (1.63 £0.05) x 1072
298.0 0.2 1.38 x 1072 (2.28 £0.10) x 1072
298.0 0.2 1.11 x 1072 (2.51 £0.10) x 1072
298.0 0.2 5.01 x 1073 (3.16 £0.12) x 102
298.0 0.2 5.01 x 1073 (1.90 £ 0.08) x 1072*
298.0 0.2 5.01 x 1073 (4.72£0.19) x 1073¢
298.0 0.2 1.70 x 1073 (4.35£0.16) x 1072
298.0 1.0 5.01 x 1073 (1.93 £0.08) x 1072
293.0 0.2 5.01 x 1073 (2.01 £0.08) x 1072
303.0 0.2 5.01 x 1073 (4.32£0.16) x 1072
308.0 0.2 5.01 x 1073 (5.96 £0.23) x 102
313.0 0.2 5.01 x 1073 (1.13£0.05) x 107!

“ pH was maintained with NaH,PO, + CF;COOH. Ionic strength was
adjusted with NaO,CCF;. * H;PO; in D,0. ¢ D;PO; in D,0.
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Fig. 2 Plot of 1/k, vs. [H*] for the oxidation of hypophosphite by
trans-[Ru¥(L)(0),]*" at T=298.0 K and /= 1.0 mol dm >,

PO, ) is 4.1 at pH =1.07 and I = 1.0 mol dm~3. For phosphite,
the kinetic isotopic effect, A((HDPO, )/k(D,PO,7), is 4.0 at
pH=2.30 and 7=0.2 mol dm™*.

Mechanism

The observed acid dependence of the rate constants for the two
substrates is consistent with the anion H,PO,” (x=2 or 3)
being the active species. The large kinetic isotopic effects indi-
cate that the activation process involves P-H bond breaking.
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Fig. 3 Plot of 1/k, vs. [H"] for the oxidation of phosphite by [Ru"-
(L)(O),* at T=298.0 K and /= 0.2 mol dm>.

Since the ruthenium oxidant is already coordinated to a bulky
macrocyclic ligand, coordination of the phosphorous substrate
to the metal centre prior to the redox process can be excluded.
Thus the most likely pathway that accounts for the large isotope
effect involves direct P-H hydride or hydrogen-atom abstrac-
tion by a Ru=0 bond. Although kinetically it is often difficult to
distinguish a two-electron hydride abstraction pathway from a
one-electron hydrogen-atom abstraction followed by another
rapid one-electron transfer, the hydride abstraction pathway
(eqn. (5)) is preferred for the following reasons. Intermediate
formation of RuY was not observed even on a stopped-flow
spectrophotometer. Moreover, a two-electron change is thermo-
dynamically more favourable than a one-electron change for
both the Ru" oxidant and the phosphorous reductants. At
pH <5, the Ru¥" couple is more positive than the Ru""v
couple.* Also a one-electron oxidation of P' or P™ would
generate an unstable radical intermediate.

The proposed mechanism for the oxidation of hypophos-
phite and phosphite by trans-[Ru¥(L)(O),]*" is shown in eqn.
(5)—(7) below:

H,PO, == H,PO,” + H" (5)

[0O=Ru¥=OP" + H,PO,” == [0-Ru-OH]" + HPO, (6)

HPO, + H,0 —— H,PO, ., 7

This mechanism leads to the observed rate law with k = k, and
K = K, under the condition that the &, step competes efficiently
with k_;. The experimental value of K, for hypophosphorous
acid (9.7 X 1072 mol dm™) is in reasonable agreement with
literature values of 1.07 x 10~' mol dm™3*'! and 5.7 x 1072 mol
dm? (at infinite dilution).?”” For phosphorous acid, the experi-
mental K, value (1.2x107%) is quite different from the
literature value of 5.5 % 1072 mol dm™* at infinite dilution.?
However, it is known from previous studies that the acidities
of hypophosphorous acid and phosphorous acid are rather
dependent on the ionic strength, the other species present and
the temperature of the solution.

In the oxidation of hypophosphite by another metal-oxo
species, [CrY’L’,(O)(OH)]~ (L’ = 2-ethyl-2-hydroxybutanoate),
a substrate isotopic effect of 3.9 was observed and a hydride
abstraction mechanism was also proposed.?! In the oxidation of
phosphite by HCrO,~, a large substrate isotope effect of ~4 was
also reported, but a mechanism involving initial anhydride
formation and base removal of H* by H,O and/or H,PO,” was
proposed."® It is possible that a hydride abstraction mechanism
was also operating in this case. In this regard the oxidation of
these phosphorous oxoacids by metal-oxo species is analogous
to the oxidation of alcohols, where there is also strong evidence
for a hydride abstraction mechanism.??

In conclusion, trans-[Ru(L)(O),]** oxidizes hypophosphite

and phosphite cleanly and efficiently, and most likely through
a hydride abstraction mechanism, without any need for prior
coordination of the phosphorous oxoacids to the metal centre.
This is different from previous studies involving mostly labile
metal oxidants, where there was strong evidence for prior
coordination or anhydride formation.

Experimental
Materials

trans-[Ru¥(L)(0),][PF,], was prepared by a literature method?
(Found: C, 33.3; H, 3.9; N, 3.5. Calc. for C,;H,sN,0,P,F,Ru:
C, 33.0; H, 3.7; N, 3.7%.) Hypophosphorous acid (50 wt% in
water, RDH), hypophosphorous acid-d; (50 wt% in D,0, 99+
atom% D, Aldrich) and phosphorous acid (30% in water,
Merck) were used as received. They were standardized by titra-
tion with cerium(1v).* D;PO, was prepared by repeatedly dis-
solving H;PO, in D,0, refluxing for 8 h, and evaporating excess
D,O under vacuum.'* Ionic strength was maintained with
sodium trifluoroacetate. Water for kinetic experiments was dis-
tilled twice from alkaline permanganate. The pH of solutions
used for kinetic experiments was determined with a Corning
Model 250 Ion Analyzer and a Hanna Instrument glass elec-
trode after calibration with standard buffers at 25 °C. For D,0
solutions pD was determined either by direct titration with
standard NaOH solutions and/or by using the pH meter using
the relationship pD = pH,.,s + 0.4.

Kinetics

Kinetic experiments were performed under pseudo-first-order
conditions using a Hewlett-Packard 8452A diode-array spec-
trophotometer. The progress of the reaction was monitored
by measuring absorbance changes at 385 nm (4,,, of Ru"Y).
Pseudo-first-order rate constants, k., were obtained by non-
linear least-squares fits of A4, to time ¢ according to the equation
A=A, +(Ay — A)exp(—kqut), Where A, and A, are the initial
and final absorbances, respectively.

Products

In the oxidation of hypophosphite, analysis of phosphorus con-
taining products was done by ion chromatography (IC) using a
Wescan ICM 300 ion chromatograph equipped with an Alltech
335 suppressor module and an Alltech Allsep anion column.
The mobile phase was 0.9 mmol dm~* Na,CO; and 0.9 mmol
dm™* NaHCO,. In a typical experiment a solution containing
1.4%107* mol dm™* of [Ru(L)(O),]*" and a 8.0 x 10™* mol
dm™? solution of hypophosphite in 1 x 10™* mol dm™* of
CF,CO,H was prepared. After a reaction time of 2 h analysis
of the solution by ion chromatography indicated the presence
of 1.2x107* mol dm™* of phosphite. Thus 1 mol of Ru(vi)
produced 1 mol of phosphite.

In the oxidation of phosphite, the product phosphate was
analyzed by colorimetry using the phosphovanadomolybdate
method.” In a typical experiment a solution containing
8.0 x 10 ~* mol dm™* of [Ru(L)(0),]*" and a 4.0 x 10~* mol
dm™? solution of hypophosphite in 1 x 10~* mol dm™?* of
CF;CO,H was prepared. After a reaction time of 2 h, the solu-
tion was passed through a Sephadex SP C-25 cation exchange
column. Vanadate-molybdate reagent was then added and the
absorbance at 470 nm measured. 7.4 X 10~* mol dm 3 of phos-
phate was detected, indicating that 1 mol of Ru(vi) produced
1 mol of phosphate.
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