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Abstract

The nitrido derivative (n-BusN)s[PW1,:05RU"'N] transfers its nitrogen atom to
triphenylphosphine to give quantitatively the  bis(triphenylphosphane)iminium  cation
[PhsPNPPhs]". A intermediate can be prepared by the reaction of a single molecule of
triphenylphosphine ~ with  the  polyoxometalate, the  iminophosphorate  derivative
(n-BusN)3[PW1105RUV{NPPhs}]. The reactivity of the latter species has been investigated to
complete the general scheme of the nitrogen transfer reaction. By addition of one equivalent of
hydroxide, [PW1,035Ru"{N(OH)PPh;}]* is obtained. The reaction can be reversed by the addition
of one proton. The phosphinoxime derivative [PW1;035Ru"{N(OH)PPh3}]* can be prepared in
solution, but is unstable. It decomposes to yield quantitatively (n-BusN)s[PW1:035Ru""{OPPh3}].
All those species have been thoroughly characterized by mass spectrometry, paramagnetic *'P
NMR, IR, Raman, UV-visible, XANES and EXAFS spectroscopies.
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Introduction

The chemistry of ruthenium encompasses a wide range of reactions,' such as olefin
metathesis,” solar energy conversion,” atom transfer,"” to cite only a few examples. In the latter
case, as in most oxidation catalysts, one of the significant problems encountered is the degradation
of the ligand and subsequent loss of activity of the catalyst.

Lacunary polyoxometalates, i. e. polyoxometalates (POMs) formally lacking metallic
centers, are a class of all-inorganic ligands with a set of properties, e. g. multidenticity, rigidity,
hydrolytical (providing pH control) thermal and oxidative stability, which makes them quite
attractive for oxidation catalysis.”® In particular, the past decade has witnessed the growing interest
for the incorporation of noble-metal cations into POMs® and has underlined the unique ability of
POMs to stabilize transition metal cations with high oxidation states.'”"> A similar quest for high
oxidation state ruthenium containing POMs'*'* has very recently come to a head with the report of
an adamantane-like Ru(IV) tetramer stabilized by two divacant decatungstosilicates'® which proved
to be catalytically active towards water oxidation.'”" Stabilization of high oxidation states should
be easier with the more 7 electron-donating nitrido ligands and indeed [PW;;030{RuN}]* (1)
formally includes a Ru(VI) center, from which we evidenced the first nitrogen atom transfer from a
functionalized POM.*® We present here a more detailed analysis of the reactivity of the
iminophosphorane [PW;039Ru" {NPPh3}]3' (2). Very little is known about the reactivity of
iminophosphorane complexes in general,”’*> and almost nothing in the case of ruthenium.” Our
contribution also provides spectroscopic characterization of ruthenium in various oxidation states in
the POM, which might be useful to elucidate the reaction mechanisms of ruthenium-containing
POMs. This will complete the analytical data gathered in the seminal article by Pope et al. in 1992**

and more recent papers from Sadakane et al.>>’

Experimental section

Instrumentation and techniques of measurement. IR spectra were recorded from KBr pellets
(dilution approximatively 2% in weight) on a Bio-Rad Win-IR FTS 165 FT-IR spectrophotometer.
Raman spectra were recorded on a Kaiser Optica Systems HL5R spectrometer equipped with a
near-IR laser diode working at 785 nm. The laser power was set to 8 mW. Solid samples were used
for all compounds, except for (n-BusN)sy[PW;;03Ru™ {N(OH)PPhs}] (3). In the latter case, a
4.4 mM solution in acetonitrile was used. UV-visible spectra were acquired on an Agilent 8453
UV-vis spectroscopy system or on a Shimadzu UV-2101 spectrophotometer and, for fast kinetics,

on a High-Tech SF-61SX2 stopped flow system equipped with a Bentham M300 monochromator.



Kinetic data analysis was performed using Gepasi software 2® for numerical integration and fit. The
31p (121.5 MHz), *C (75.6 MHz) and *H (300 MHz) NMR spectra were obtained at 300 K in 5 mm
0. d. tubes on a Bruker Avancell 300 spectrometer equipped with a QNP probehead. The chemical
shifts are given with respect to 85 % H3PO, for 3'P (measured by the substitution method) and with
respect to tetramethylsilane for *H (using non deuterated solvent as an internal secondary reference)
and *C (using the solvent peaks as an internal secondary reference). Cyclic voltammetry studies
were performed in acetonitrile solution with an EG&G model 273A system using a standard three
electrodes cell. The working electrode is a glassy carbon electrode (diameter 3 mm), the reference
is a calomel electrode filled with a 3 M LiCl solution (CE) equipped with a double junction, and a
platinum wire as the counter electrode. The electrolyte is (n-BusN)BF, (0.1 M) and the scan rate is
100 mV.s™ unless otherwise noted. All potentials are given relative to CE. ESI mass spectra were
recorded using an ion trap mass spectrometer (Bruker Esquire 3000) equipped with an orthogonal
ESI source. Sample solutions (50 puM in acetonitrile) were injected into the ESI source using a
syringe pump with a flow rate of 120 uL.min™%. The capillary high voltage was set to 3500 V. The
capillary exit and first skimmer were varied between -18.0 and -45.0 V for the former and -8.0 and

-15.0 V for the latter, in order to identify peaks due to in-source decomposition.

Synthesis.  K7[PW1;044].14H,0,% (n-BusN)[RUV'NCL,],®  (n-BusN)4[PW1;05RU"'N]
((n-BusN)41)*° were prepared following the published procedures; their purity was checked by
infrared spectroscopy and, when applicable, by *H or *P NMR spectroscopy. Reagent grade
solvents and reagents were used as received unless specifically indicated. (n-BusN)OH (initially

40 % by weight in methanol) was titrated by 0.1 M HCI in water before use.

(N-BusN)s[PW1;030RUY{NPPh3}] ((n-BusN)3;2) Compound 2 was prepared by a modification of
the previously published procedure.® To a green solution of (n-BusN)iPW1;05RU"'N]
((n-BugN)41) (665 mg in 15 mL CH3CN, 0.18 mmol) was slowly added a 1:1 mixture of PPhs
(48 mg, 0.18 mmol) and para-toluenesulfonic acid monohydrate (33 mg, 0.18 mmol) dissolved in
5mL of CH3CN. The resulting orange solution was poured into 200 mL of diethylether under
agitation, yielding an orange precipitate. Purification was achieved by column chromatography
using a 10 cm wide column, 850 mL of wet silica gel 60 (0.063-0.200 nm particle size) and 1:1
mixture of acetonitrile and methylene chloride as eluent. The first orange fraction was evaporated
to dryness by rotary evaporation at 35°C, yielding 580 mg (84 %) of (n-BuyN);2 as a red-orange
powder. IR (KBr) v (cm™): 388 (s), 518 (m), 690 (w), 724 (w), 806 (vs), 886 (s), 969 (s), 1049
(m), 1087 (s), 1114 (w), 1381 (w), 1438 (w), 1484 (m), 2874 (w), 2833 (W), 2962 (m). Raman Viax



(em™): 165 (m), 213 (m), 227 (w), 252 (w), 528 (m), 661 (m), 900 (m), 988 (vs), 1027 (w), 1103
(w), 1318 (w), 1449 (w), 1588 (W), 2892 (w). UV (CH3CN) Amax (nm) (log &): 442 (3.7). *'P NMR
(121.5 MHz, CD;CN, 300K) & (ppm): 322 (4w, = 90 Hz). 'H NMR (300.13 MHz, CDsCN,
300 K) & (ppm): 1.00 (t, 36H, (CH3(CH,)3)sN"), 1.41 (h, 24H, (CH3CH,(CH,),)4N"), 1.67 (m, 24H,
(CH3;CH,CH>CH,)sN"Y), 3.16 (m, 24H, (CH3(CH2).,CH,)sN"), 7.57 (t, J = 7.0 Hz, 3H, p-C¢Hs), 9.44
(d, J= 5.6 Hz, 6H, m-C¢Hs), 12.05 (br, Avi; = 25 Hz, 6H, 0-CgHs). °C NMR (75.6 MHz, CDsCN,
300 K) & (ppm): 14.1, 20.7, 24.7, 59.7, 143.9, 147.9, 190.3. ESI-MS: m/z (Da) 931 ([2 - PPhs]*,
degradation in situ), 1018 ([2]%), 1528 ([H2]"), 1649 ([(n-BusN)2]%). CV E;» (mV vs. CE in
CH;CN) (4E 5, mV) =713 (122), 311 (73). EPR? g,=2.51, g,=2.32, g:=1.68.

(n-Bu4N)4[PW11039Rum{N(OH)PPh3}] ((n-Bu4N)43) Compound 3 can be prepared by careful
addition of (7-BusN)OH to a solution of (n-BusN);[PW;030Ru" {NPPhs}] ((n-BusN);2) monitored
by P NMR and UV-visible spectroscopy. The synthesis from (n-BugN)4[PW,,030Ru"'N]
((n-BuyN)41) described below, however, allows skipping the lengthy chromatography step involved
in the preparation of 2. Also, the smaller amount of (n-BusN)OH added makes the solution of 3
more stable. A green solution of 1 was prepared by dissolution of 250 mg (66 umol) of
(n-BugN)4[PW,030Ru"'N] ((n-BugN)41) in 10 mL of CH;CN freshly distilled over CaH, and
cooled down to 0°C in an ice bath. To this vigorously stirred solution was added via a dropping
funnel (1 drop every 10s) 5 mL of a solution of PPh; (13.3 mM, 66 pmol) and (n-BusN)OH
(7.32 mM, 37 umol) prepared from PPhs;, (n-BusN)OH stock solution and freshly distilled
acetonitrile. If the presence of (n-BusN)s[PW;;03Ru" {NPPh;}] is detected by 3'P NMR, an extra
amount of (n-BusN)OH can be carefully added, until only the desired product is present. This
solution of 3 (4.4 mM, no impurity detected by *'P NMR) can be stored for months at liquid
nitrogen temperature but decomposes in a few hours at room temperature. Raman (4.4 mM in
acetonitrile) Vinax (cm™): 600 (br, m), 799 (m), 830 (w), 877 (w), 978 (m), 996 (w), 1036 (w), 2116
(m). UV (CH3CN) Amax (nm) (log &): 405 (4.1). *'P NMR (121.5 MHz, CD;CN, 300 K) & (ppm):
449 (Avi;, = 90 Hz). "H NMR (300.13 MHz, CD;CN, 300 K) & (ppm): 9.82, (4vi, = 17 Hz), 19.2
(Avip = 15 Hz). MS : m/z (Da) 947 ([H3 - PPhs]* degradation in situ), 1024 ([H3]*), 1105
([(n-BusN)31>), 1778 ([(n-BusN),31%).

(n-Bll4N)4[PW11039RUIH{OPPh3}] ((n-BuyN)44) Compound 4 forms quantitatively when a
solution of 3 (see above) is allowed to sit at room temperature. However, completion of the
reaction, as determined by *'P NMR, is achieved after one or two days only. Alternatively, a

solution of 4 can be prepared more rapidly from the solution of 3 obtained above by addition of (n-

4



BusN)OH: 15 mL of the 4.4 mM solution of 3 (66 pmol) were brought back to room temperature
and 0.52mL of a 127 mM (n-BuN)OH solution prepared by dilution in acetonitrile of the
commercial stock solution (66 umol, one equivalent), were then added in 0.05 mL portions. The
solution turned from deep orange to dark brown. Addition of 30 mL of diethylether induced the
precipitation of 200 mg of (n-BusN)44 (75 % yield based on initial (n-BusN)s[PW;03Ru"'N]).
Brown cubic crystals of (n-BuN)4 (160mg, 60 % yield based on initial
(n-BugN)4[PW,,03Ru"'N]) were grown in two days from an acetonitrile solution under diethyl
ether diffusion. IR (KBr) Vi (cm™): 377 (), 495 (m), 516 (m), 588(s), 693 (w), 721 (w), 784(vs),
801(vs), 877 (s), 957 (s), 1002 (w), 1041 (m), 1078 (s), 1112 (w), 1152 (w), 1381 (w), 1438 (w),
1484 (m), 2874 (w), 2935 (W), 2962 (m). Raman Vs, (cm™): 212 (m), 236 (m), 335 (w), 380 (m),
468 (m), 498 (m), 687 (w), 797 (s), 872 (s), 961 (vs), 975 (vs), 1000 (m), 1029 (m), 1040 (m), 1105
(m), 1318 (w), 1460 (W), 1590 (w), 2892 (m). UV (CH3CN): Amax (nm) (log &): 360 (3.9) *'P NMR
(121.5 MHz, CD;CN, 300 K) & (ppm): -400 (Avy, = 875 Hz), 190 (Avy, = 270 Hz). '"H NMR
(300.13 MHz, CD;CN, 300K) & (ppm): 1.02 (t, 48H, (CH3(CH,);)4N"), 1.44 (h, 32H,
(CH3CH,(CH,),)sN"), 1.68 (m, 32H, (CH;CH,CH,CH,)4N"), 3.19 (m, 32H, (CH3(CH,),CH,);N"),
7.55 (t, J=5.9 Hz, 3H, p-C¢Hs), 7,73 (br, Avy, = 50 Hz, 6H, 0-C¢Hs, 8.90 (d, J=5.7 Hz, 6H, m-
CeHs)). ESI-MS: m/z (Da) 932 ([H4 - PPhs]*, degradation in situ), 1019 ([H4]"), 1650
([H(n-BugN)41%), 1771 ([(n-BusN),4]%). Crystallographic data: cubic, space group: [43m, a=17.59
A, v=5440 A°.

(n-BugN)4[PW;;03Ru"(OH,)] ((n-BusN)45) This compound was prepared using Rong and
Pope's synthesis,24 except that [Ru"(DMF)s](OSO;CF5),’! (DMF = N,N-dimethylformamide) was
used instead of [Ru"(OH,)s](OSOsCF3), for preparation of the intermediate
Cs4[PW11030Ru™{OH,}]. IR (KBr) Vinax (cm™): 374 (m), 390 (m), 513 (w), 800 (vs), 883 (s), 961
(s), 1047 (m), 1082 (s), 1381 (m), 1484 (s), 2876 (s), 2937 (m), 2963 (s). Raman Vi, (cm™): 212
(m), 225 (m), 310 (w), 323 (m), 800 (m), 878 (m), 970 (sh), 979 (s), 1043 (w), 1130 (w), 1460 (w),
2285 (w), 2892 (m). UV (CH3CN) Amax (nm) (log &) 360 (3.3). *'P NMR (121.5 MHz, CDsCN,
300 K) & (ppm): -70 ppm (Avi,, = 1000 Hz).** CV E};» (mV vs. SCE in CH3CN) (4E) 2, mV): -1600
(100), -240 (80), 950 (300).

Reaction of (n-Bu4N)3[PW11039RuV{NPPh3}] with PPh; To an orange solution of (n-
BuyN);[PW;,030Ru" {NPPh;}] (28.3 mg in 2 mL CH3CN, 7.5 pmol) were successively added 1 mL
of a 29 mM solution of para-toluenesulfonic acid (29 umol) and 1 mL of a 7.5 mM solution of
PPh; (7.5 umol). The solution slowly turned brown. The sole products detected by *'P NMR after
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three days of reaction were [PhsPNPPh;]" (8 = 22 ppm) and [PW;;030Ru"(OH,)]* (5) (8 = -70
ppm).

X-Ray absorption spectroscopies. XANES and EXAFS data were obtained at the Soleil
synchrotron source, on the SAMBA beamline. The spectra were recorded at the ruthenium K edge
(22 117 eV). Detection in transmission mode at liquid nitrogen temperature was used for solid
samples ground and pressed into a pellet. Spectra of (n-BusN)jPW;;03Ru™{N(OH)PPhs}]
((n-BusN),43) as a frozen acetonitrile solution (4.4 mM, i. e. about 400 ppm weight in ruthenium)
were recorded at liquid nitrogen temperature with fluorescence detection. The experiments were
calibrated with a foil of metallic ruthenium. After background correction, the XANES spectra were
normalized at 22 230 eV. The EXAFS analysis was performed using the “EXAFS pour le MAC”
package.?* The EXAFS signal was extracted from the raw data by subtracting a linear pre-edge
background and normalized by the Lengeler-Eisenberger procedure.*®* The pseudo-radial
distribution was given by the Fourier transform of w(k)k®y(k), where x(k) is a Kaiser-Bessel
window with a smoothness parameter equal to 3. The k limits are 2.8 and 12.1 A™. Single scattering
fit of experimental curves were performed with the RoundMidnight program® with ab initio
amplitude and phase functions calculated in (n-BusN)s[PW1:035RuY{NPPhs}] ((n-BusN)s2), using
the FEFF7 code.® The FEFF7 code was also used to calculate the theoretical absorption spectrum
for (n-BusN)s[PW1105RUV{NPPhs}] ((n-BusN);2) using the structure determined by X-Ray
diffraction. A marginal improvement of the fit between the calculated and experimental spectra was
observed when double scattering was used instead of simple scattering. Longer scattering paths did

not improve the results.

Results

Interest in metal-nitrido and metal-imido complexes stems from their general relevance to

dinitrogen activation on one hand,’® and their potential role in carbon-nitrogen bond formation on

4,5,37-41

the other. Ruthenium nitrido complexes have been far less studied than their osmium

22,4243

analogues, although the reactivity of the {RuN} function appears to be more dependent upon

4 However, this function is generally expected to be electrophilic,” as we

the ancillary ligands.
have indeed verified. Following the report of our preliminary results,”’ we present here a more
comprehensive study of the reactivity of complexes (7-BusN);[PW;03Ru"'N] ((n-BusN),1) and
(n-BugN);[PW,;030Ru" {NPPh3}] ((n-BusN)32).

Reaction of [PW11039RuVIN]4' with PPh;. The reaction of 1 with one equivalent of

triphenylphosphine in acetonitrile, monitored by *'P NMR, yields a mixture of two species: 2 and 3.



The isolation and characterization of the former has been described in a previous paper.”’ We

noticed that the yield of 2 after separation by chromatography on a silica column (70%) was higher

[PW;;039Ru"'NT" (1)

+ PPh,
/ + PPhS

[PW,;039Ru" {NPPh;}1* (2) + Ol
+ OH-

+H*

+ PPhy [PW;,030Ru" N(OH)PPhs}1" (3)

[PW;1055Ru" {OH,}1" (5)

+ [PhyPNPPhs]*
[PW,,;05Ru"{OPPh; 1Y (4)
+ H,NOH

Scheme 1:

than an expected, while any trace of 3 disappeared. This prompted us to investigate the acid-base
reactivity of those species. Indeed, 3 is cleanly converted to 2 by addition of one equivalent of a
strong acid, thereby explaining our previous observation. Retro-conversion of 2 to 3 can be
achieved by the addition of one equivalent of (n-BusN)OH or any stronger base (Scheme 1), which
led us to formulate 3 as (n-Bu4N)4[PW11039RuIH{N(OH)PPh3}] (for assignment of the Ru-oxidation
state see below). It should be noted however that at variance with what is usually observed in
aqueous solution, the acid-base reactions reported here involve exchange of a hydroxide anion
rather than a proton. Regardless of whether a strong base or a sufficient excess of a weaker base
such as NEt; is used, water inevitably present in the acetonitrile solution quickly yields OH™ as the
reacting species. The concentration of water in acetonitrile can easily reach millimolar

concentrations,“’47

and even shortly after distillation, there is a hundredfold excess of water over 2
at the low concentration used for UV-visible spectra. The reaction between 2 and OH’, monitored
by stopped-flow in the UV-visible range is first order with respect to each reagent, with a rate
constant of 2.10° M™.s at 21°C. This extremely fast reaction suggests a minimal rearrangement
between 2 and 3. Under the same conditions, the reaction between 3 and para-toluenesulfonic acid
is completed in less than 2 ms. We could also achieve the selective and direct preparation of either
2 or 3 from 1 by adding PPh; in the presence of protons or hydroxides respectively, under *'P

monitoring.

Further reaction of [PWnOggRuV{NPPh3}]3' with a second equivalent of PPh; in an acidic
acetonitrile solution yields the bis(triphenylphosphane)iminium cation [Ph;PNPPhs;]" and
[PW,03Ru™(OH,)]* (5) as sole products identified by their 3P NMR chemical shifts compared to
those of authentic samples, thus achieving in two steps complete nitrogen atom transfer from the
nitrido polyoxometalate, 1, to PPhs. A similar reaction involving [Os" (tpy)CL(NPPhs)]"
(tpy = terpyridine) has been reported but an excess of PPh; had to be used in that case.



While 2 is stable in solution and in the solid state, its hydroxo derivative, 3, is hydrolyzed in

solution in a matter of minutes to hours, depending on the temperature, the concentration and the
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Figure 1A: Cyclic voltammetry of (I’Z-BU4N)3[PW11039R11V{NPPh3}] ((n-BugN)32)
in CH;CN at a glassy carbon electrode (rate 100 mV.s”, calomel reference
electrode). B: Plot of Al =i,-ireq as a function of the square root of the scanning
speed for the Ru"/Ru"Y couple. C: Plot of Al = i,-i;eq as a function of the square root
of the scanning speed for the Ru"'/Ru" couple.

basicity of the solution. This hydrolysis selectively produces a single polyoxometalate 4
characterized by two broad signals in >'P NMR. Alternatively, 4 can be prepared more rapidly by
addition of (n-BuyN)OH to a solution of 3, under *'P monitoring. We assign this product as
(n-BugN)4[PW,030Ru" {OPPh3}] ((n-BusN)44), with hydroxylamine as the likely by-product
(cf. Scheme 1). Furthermore, every attempt to precipitate 3 leads to mixtures of 2 and 4 with no or

very little 3 present. All studies on 3 were consequently completed in solution.

Ocxidation states. The now well-established ability of lacunary polyoxometalates to stabilize both
high and low oxidation state transition metals was illustrated for ruthenium more than fifteen years
ago when Rong and Pope isolated and characterized derivatives of the monolacunary
polyoxotungstate [PW;,;03]" with the ruthenium center ranging from Ru(Il) to Ru(IV). The
oxoruthenium (V) species, though not isolated, was also implicated as an intermediate in oxidation
reactions.”* But the drawback of this versatility of polyoxometalates as ligands is that changes of
oxidation state sometimes happen unexpectedly.*® According to the literature, one would expect the
product of the reaction between [PW11039RuVIN]4' and PPh; to be a ruthenium (IV) specie:s.23’49
But even if phosphorus is indeed oxidized from +III to +V, the oxidation state of ruthenium is

decreased by only one unit to yield [PW;03Ru" {NPPh3}]*" as the only product.*® The cyclic
voltammogram of 2 displays at 0.31 and - 0.71 V/CE two quasi-reversible waves (see Figure 1) that



we suggest to attribute respectively to the Ru"'/Ru" and the Ru"/Ru'" couples, since both oxidation
states VI and IV are precedented in ruthenium susbtituted POMs. Additional waves below -

1.20 V/CE mark the first reductions of the tungsten framework, with a possible contribution from a

Species 1 2 3 4 5  [PhsPNPPhs]"*
Sexp (ppm) | -13.8 322 449 -400,190 -70 22
Avip, (Hz) | 1 90 90 875,270 1000 0.7

a: Compared to an authentic sample

Table 1: *'P NMR chemical shifts and half-widths (CD;CN, 300 K)

1.4
= = = (n-Bu,N), [PW, 0, Ru"N] (1) P
1.2 | ===== (nBu,N), [PW, O, Ru{NPPh}]  (2) £ T ——
Ru"0, " -

8 1. -~
c 7
9 e
2 [ (n-Bu,N), [PW, O, Ru"{OPPh}] (4)
o 0.8- ’
é L | = (n-Bu,N), [PW, O Ru"{OH}] (5) / 4 /
B o6l |~ Cs [PW, 0, Ru'{(p-cyméne}] / /7
N 7
B
E 04
o L
z

0.2

0 | ‘ - |

i | ‘ | ‘ | =
22116 22120 22124 22128 22132 22136 22140 22144 22148
Energy (eV)

Figure 2: Ru-K edge XANES spectra

Ru"'/Ru"™ couple. The values for the Ru"'/Ru" and Ru"/Ru'"" couples are remarkably low, testifying
of the excellent ability of the polyoxometalate framework to stabilize the high oxidation states of
the ruthenium atom. A relatively easy oxidation of the putative intermediate
[PW,,030Ru" {NPPh3}]* is thus expected. The intervention of dioxygen as the potential oxidant,
however, can be ruled out, since conducting the reaction under Ar or O, results in the same
products and kinetics. Consequently, one of our main concerns was to reliably identify the
ruthenium oxidation state in the different species we present here.

Our primary tool for assessing the speciation of polyoxometalates is *'P NMR, but this
technique provides little further information on the oxidation state. Still, the position and width of
the peaks (Table 1) are indicative of the magnetic properties of the ruthenium center: diamagnetic

(Ru"" in 1, Ru") or paramagnetic (Ru" in 2, Ru'" in 3, 4 and 5). Further, the NMR data might not
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always be conclusive since a ruthenium (IV) center might be either dia- or paramagnetic.”>~%>

X-ray absorption near edge spectroscopy (XANES) at the ruthenium K edge is the technique of

choice to determine the oxidation state of the metal center. Figure 2 shows the spectra for reference

N+50

IF (R)]

3 4
R (A)

Figure 3: Ru-K edge EXAFS signal of (n-BugN);[PW,;03Ru" {NPPh;}] (n-BusN)s2) and
its Fourier transform: calculated (plain line) and experimental (dotted).
compounds Css[PW,,03Ru" {p-cymene}], (n-BusN),[PW,;03Ru™{OH,}] ((n-BusN)45), Ru"V O,
and (n-BusN)4[PW,;030Ru"'N] ((n-BusN)41) as well as those of (n-BusN);2, (7-BusN),3 and (n-

BuyN).4. All spectra were recorded in transmission on solid samples except for (n-BusN)43,

whose spectrum was registered from a frozen 4.4 mM acetonitrile solution (about 400 ppm of Ru in
weight) by detection of fluorescence. Since the environment of the ruthenium, a distorted
octahedron constituted mainly of oxygen atoms, is similar in all those species, the position of the
edge is expected to be a function of the oxidation state only. The data indicate this is actually the
case, with the energy of the edge increasing as the oxidation state of the ruthenium increases. The
edge for 2 lies between the edges of the Ru'" and Ru"" references, thereby confirming the oxidation
state of the iminophosphorane derivative as +V, in accordance with our previous findings.”® On the

I

other hand, the edges for 3 and 4 are very close to those of 5 and [Ru (acac);]

(acac = acetylacetonate, not shown) which indicate that these compounds contain ruthenium +III.
EXAFS. Slow diffusion of ether into an acetonitrile solution of (n-BusN)44 yields crystals
suitable for X-ray diffraction. Unfortunately, they belong to the cubic crystallographic system with
the well-known unit cell characterized by a=17.59 A and V=5440 A, often encountered in o-
Keggin compounds of global charge -4 and this precludes any detailed analysis by X-ray
diffraction. The asymmetric unit indeed displays only one averaged metallic center composed of
11/12 W and 1/12 Ru, one disordered terminal ligand, one doubly bridging oxygen and one
quadruply bridging oxygen linked to phosphorus, as previously observed.*® The disorder observed

in the crystal however indirectly indicates that the ruthenium atom lies in an « in-pocket » position,
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the polyoxometalate framework providing five coordination sites in a similar fashion to what is
observed in 1, 2 and 5, and not in the out-of-pocket position in which the bonds between the Ru, the

heteroatom oxygen and two oxygens of the lacuna are broken, as it sometimes happens.>*°
_. 15 —_
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Figure 4: First (above) and second (below) shell filters of the EXAFS spectrum and Fourier
transform of (7-BusN)4[PW,039Ru {OPPh3}] ((n-BusN),4): experimental (dotted line) and
simulated (plain).To address such an issue, extended X-ray absorption fine structure

spectroscopy (EXAFS) analysis has been carried out. The iminophosphorane derivative 2, whose
structure we know from the X-ray diffraction, can be used as a benchmark for the EXAFS study of
other compounds of similar structure (Figure 3). Optimization of the parameters requested to
simulate the spectrum indicates that the environment of the ruthenium center in 2 is constituted by
four Ru-O bonds at 1.96(3) A, one Ru-O bond at 2.15(6.5) A and one Ru-N bond at 1.87(3) A, in
agreement with the distances of 1.962(13) (average value), 2.200(11) and 1.923(16) A obtained
from the X-ray structure. The second shell is found to be constituted by two tungstens at
3.24(5.2) A, two tungstens at 3.58(5.3) A and two phosphorus atoms at 3.19(3.7) and 3.30(3.7) A,
versus 3.302(2) and 3.611(2) A for the Ru-W and 3.199(11) and 3.307(5) A for the Ru-P distances
in the crystal. Further contributions in the Fourier transform of the EXAFS signal could be

attributed to tungsten atoms as far off as 6 A from the ruthenium center.

The EXAFS and Fourier transform signals of 2 and 4 display only few differences. The first
shell of neighbors, albeit similar in overall shape, lies about 0.05 A further from the ruthenium in 4,
which is consistent with the lower oxidation state of the metal. However, the second shell is almost
exactly identical in both cases, validating the hypothesis concerning the presence of the
phosphorus-containing ligand as well as the fact that the ruthenium lies completely in the lacuna,

the polyoxometalate acting as pentadentate ligand. The environment of the ruthenium, as obtained
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from the optimization of the simulation of the EXAFS and Fourier transform signals (Figure 4),

0.20 -
< 0.00 T
o) 1% (i
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0.40 1 . . . . :
4 5 6 7 8 9
R(A)
0.15
1% "
- 0054, & .
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Figure 5: First (above) and second (below) shell filters of the EXAFS spectrum and Fourier
transform of (n-BusN)s[PW,,03Ru™ {N(OH)PPh3}] ((n-BusN)43): experimental (dotted

line) and simulated (plain). The bad agreement at low k values for the second shell is due to the
very low signal to noise ratio.

consists of a first shell of six oxygens (4x2.01(5.4) A, 1x2.45(6) A, 1x1.97(5.4) A) and a second
shell of four tungstens (2x3.24(5.5) A, 2x3.57(5.5) A) and two phosphorus atoms (3.32(5.5) A).

Since 3 cannot be isolated in the solid state, it is impossible to use EXAFS in transmission
mode as we did for 2 and 4. However, thanks to the high intensity of the X-ray beam at the Soleil
synchrotron facility, we were able to work in fluorescence mode on a frozen acetonitrile solution.
Despite the relatively high level of noise due to low ruthenium concentration (4.4 mM, about
400 ppm), the close similitude between the EXAFS data and Fourier transform signals of 3 and 4
point to a parent structure for both compounds. The optimization of the parameters requested to
simulate the spectrum indicates the following distances around the ruthenium center: 2.02(6.5) A
(4xRu-Ow), 2.48(7.2) A (Ru-Op), 1.99(6.5) A (Ru-N), 3.29(5.3) A (2xRu-W), 3.59(5.2) A (2xRu-
W), 3.20(6.5) A (Ru-Ppp), 3.36(5.5) A (Ru-Po) (Figure 5), emphasizing the kinship between 3
and 4. We can therefore conclude from the XAS data that in both 3 and 4 the lacunary
polyoxometalate [PW1:030]" acts as a pentadentate ligand towards a ruthenium (111) center and the

sixth ligand is a triphenylphosphine derivative.
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Figure 6: Proposed structures of [PW;,03Ru™{N(OH)PPhs}]* (3) (left) and
[PW,,03Ru™{OPPh;}1* (4) (right).

Discussion

Structure of compound 4. Several lines of evidence led us to formulate compound 4 as
[PW1,030Ru™ {OPPh;}]* and to propose the structure shown in Figure 6. The incorporation of one
ruthenium atom in the [PW11039]7' framework is indicated at first by the dark brown color of the
solution, caused by a broad charge transfer band (Anax = 360 nm , log(e) = 3.9) and was confirmed
by mass spectrometry as well as by the intensity of the X-ray absorption during the XAS
experiments. The complete incorporation of the ruthenium in the lacuna (“in-pocket” configuration)

is supported by the EXAFS data and by crystallization in a cubic space group.

The oxidation state of the ruthenium was found to be +III by XANES (see previous
paragraph), with an edge close to what is observed for [PW;;03Ru™ {OH,}]* (5). The similarity
between the electronic properties of those two compounds is also indicated by the identical
positions (albeit with different absorption coefficients) of their charge transfer band. This in turn
indicates that the overall charge of those two species is likely to be the same, i. e. that the ruthenium

in 4 bears a neutral ligand.

The incorporation of a ligand derived from PPhs in 4 is suggested by the observation of two
signals in its >'P NMR spectrum (Table 1) and is confirmed by mass spectrometry and '"H NMR, IR
and Raman spectroscopies. The presence in the IR spectrum of a band at 1112 cm™ is very close to
the PN double bond stretching mode in 2 (1114 cm™) which suggests the presence of a P=X bond,
where X is either oxygen or nitrogen (discrimination between these two is impossible from mass
spectrometry because of the broadness of the peaks generated by the wide isotopic distribution of
tungsten). We infer from the electrochemical study that the reduction of the iminophosphorane
derivative of ruthenium +IV is very probably centered on the tungsten framework, which rules out a
reduced form of 2. The structure of 4 is thus likely [PWnOggRuIH{OPPh3}]4', with the 1112 cm™ IR
band assigned to the P=O double bond stretch of the coordinated triphenylphosphine oxide
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Figure 7: Titration of [PW;O3%Ru"{NPPhs}]” (2) by OH, yielding
[PW1,030Ru"{N(OH)PPhs}]" (3)

molecule. This value is among the lowest reported for PO stretches in transition metal complexes of
triphenylphosphine oxide: the free ligand displays this band at 1195 cm™', while the reported values
for coordinated molecules are found between 1105”7 and 1192 cm™.>® This relative weakness of the
phosphorus-oxygen bond suggests in turn a strong binding of the ligand to the ruthenium center. As
a result, we expect the ruthenium to oxygen distance to be rather short when compared with the
metal-oxygen distance in other triphenylphosphine oxide complexes, which lie between 1.9” and
2.5A%° Concerning ruthenium, an extended search of the literature yields only a few reports of
triphenylphosphine oxide complexes that are fully characterized structurally. Among those, most
deal with Ru" derivatives, with Ru-O distances ranging from 2.22°' to 2.29% A. As expected, the
Ru"-0 distance in 4 deduced by EXAFS, 1.97 A, is significantly shorter. The shortness of the bond
between the ruthenium and OPPh;, and hence its strength, might be significant in accounting for the

stability of compound 4.

Structure of compound 3. Because of the instability of 3 in solution and the impossibility
to isolate it in the solid state, elucidation of its structure was more difficult. The reaction between 2
and 3 implicates a hydroxide exchange (see above). The resulting formulation of 3 as
[PW]1039Rum{N(OH)(PPh3)}]4' is also in agreement with mass spectrometry, Raman and 'H NMR
spectroscopy data, while XANES and EXAFS data underline the structural similarity between 3
and 4. Next comes the question of the position of the hydroxide fragment. The two most likely
possibilities are coordination to the Ru" center or to the nitrogen atom as illustrated in Figure 6. In
the first case, the Ru" center would either become seven coordinated or adopt an « out-of-pocket »
configuration, thus having coordination sites available for the hydroxide. This possibility is
supported by the similarities between the UV-visible spectra of 2 and 3, with charge transfer bands
at 442 nm and 405 nm respectively (Figure 7). However, the out-of-pocket configuration can be

ruled out from the EXAFS data which strongly indicate the presence of the “in-pocket”
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configuration. The second case is akin to a reductive elimination at the ruthenium center, yielding
the neutral triphenylphosphine oxime PhsPNOH, coordinated through a dative N-Ru bond to the
+I1I metallic center. This second scenario, with a nucleophilic attack on the nitrogen is consistent
with formation of [PhsPNPPhs]" from 2 and is in accordance with both the XANES and EXAFS
data. The reduction of ruthenium from Ru(V) in 2 to Ru(III) in 3 corresponds to an internal electron
transfer within the metal-ligand function, akin to the reduction of Ru(VI) by PPh; addition to the

starting nitrido complex 1.

Compound 3 is to our knowledge the first phosphine oxime derivative reported, but it can be
related to  several parent phosphine imine  derivatives such as the N-
methoxytriphenylphosphinimium cation® or triphenylphosphinaminoimine.®* *> Classical imines
derivatives are easily hydrolysed to the corresponding ketone, thus it is not surprising that all the
aforementioned species tend to decompose quickly in the presence of water to give
triphenylphosphine oxide, a fate from which 3 does not escape. Nevertheless, if care is taken to
keep a solution of 3 as devoid of extra hydroxide or water molecules as possible, it can be
preserved at room temperature for several minutes. In the absence of better structural data, one can
only speculate on the origin of this relative stability. The combination of steric and electrostatic
repulsion due to the polyoxometalate framework is likely to slow down the reaction between 3 and

H,0 or OH’, but some more subtle electronic effect might also be playing a role.

Summary and conclusion

This study of the reactivity between triphenylphosphine and a ruthenium(VI) nitrido
function, embedded in the lacunary polyoxometalate [PW;039]", shows that the reaction proceeds
in two well-separated steps. The iminophosphorane derivative [PW;,03Ru" {NPPh;}]> (2) we
reported earlier® is the product of the first, fast step. In the presence of hydroxide, the unstable
phosphine oxime complex [PW11039Rum{N(OH)PPh3}]4' (3) can also form, emphasizing the
necessity of a careful control of the acid-base conditions even if only a small amount of water is
present, which is almost unavoidable in acetonitrile. Compound 3 will then cleanly convert to
[PW,,030Ru" {OPPh;}]* (4). Compound 2 reacts with a second equivalent of triphenylphosphine
in a subsequent, slower step, to yield the bis(triphenylphosphane)iminium cation [PhsPNPPh;]" and
[PW1,03Ru™(OH,)]*, thus achieving complete transfer of the nitrogen atom from the
polyoxometalate to the organic substrate. We thus provide some unprecedented insights into the

reactivity of a ruthenium iminophosphorane function, in the peculiar environment of the POM.

In the course of this investigation, we characterized two new ruthenium derivatives,
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[PW,;05Ru™{N(OH)PPhs}]* (3) and [PW,;03Ru™{OPPhs}]* (4). With the structural
characterization of those two compounds by X-ray diffraction being impossible, we had to resort to
several other techniques including XANES and EXAFS, mass spectrometry, 'H and *'P NMR, UV-
visible, IR and Raman spectroscopies to identify them. Ultimate identification was only possible
with the help of thoroughly characterized references such as [PW;;0sRu"'N]* (1),
[PW11039R11V{NPP1’13}]3 “(2) and [PWllOggRuIH{OHz}]4' (5). In the course of this work, we have
accumulated spectroscopic data on all those species. Together with Rong and Pope's study?* as well
as others from our laboratory,”® ' this study makes the [PW;;O3RuL]™ system the most
extensively investigated of all ruthenium-substituted polyoxotungstates, with oxidation states of the
ruthenium center ranging from +II to +VI, both in water and in acetonitrile. As such, it might prove
to be a useful reference for further studies of ruthenium containing polyoxometalates, a subject that

is likely to attract much interest in the near future. '7 %160
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Table of contents synopsis

The nitrido derivative (n-BusN)s[PW1:03RU"'N] transfers its nitrogen atom to
triphenylphosphine  to give [Ph;PNPPh;]". The  reactivity  of  intermediate
(n-BugN);[PW,,05Ru" {NPPh;}] was investigated. By addition of one equivalent of hydroxide,
[PW11039RuHI{N(OH)PPh3}]4' is obtained. The reaction can be reversed by the addition of a
proton. The phosphinoxime [PW;;03Ru™{N(OH)PPh;}]* decomposes to yield quantitatively
(n-Bu4N)4[PW11039RuIH{OPPh3}]. All those species have been thoroughly characterized by mass
spectrometry, paramagnetic 3p NMR, IR, Raman, UV-visible, XANES and EXAFS
spectroscopies.
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