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Abstract: Photochemical reaction of Ru(BP2 (PR = P(CH.CH,PPh)3) in THF under a rigorously inert atmosphere
yields the cyclometalated complex Ru[@PICH.CH,),P(CH.CH,PPhGH,)]H. The latter is converted back to
Ru(PR)H under H and reacts even with traces of kb yield Ru(PR)(N2). The dinitrogen complex may be
synthesized directly by a number of methods. NMR spectroscopy shows that photolysis of)Ru(fler GH,

and CO yields Ru(P{(C.H,4) and Ru(PB)(CO), respectively. Photolysis of Ru(gH, with HSiEt; in THF yields
Ru(PR)(SiEt;)H, while photolysis in mixtures of THF and benzene at low temperature yields R{EPH. The

latter is also generated by reduction of Ru{H, in the presence of benzene. Os{fPh)H is formed either by
photolysis of Os(PHH. or by reduction of Os(PfCl, in the presence of benzene. Irradiation of OgjARIN THF

or THF/hexane mixtures initially yields the THF-G1 activation product, Os(RR2-C,H;O)H. This complex is

also generated by reduction of OsgRE, with sodium naphthalenide under, i the presence of THF. Os(B)P
(2-C4H;0)H is converted to the cyclometalated complex, OsfFRHHLCH,).P(CH.CH,PPhGH.)]H, on irradiation

in THF and to Os(P§(Ph)H on irradiation in benzene. Reaction of Os{ff? with CH3OTf (Tf = triflate) yields
Os(PR)(OTfH, which is converted to the labile Os(EfCHs)H on reaction with methyllithium. Laser flash photolysis

of Ru(PR)H> in cyclohexane (laser wavelength 308 nm) yields transient R)(®#h an absorption maximum at

395 nm. The transient reacts with,HCsHe, HSIE, CO, Np, CoH4, and THF with little discrimination; the second-
order rate constants for these reactions lie in the rangel®—2 x 10° dm?® mol~! st at 295 K. Kinetic isotope
effects have been determined for the reaction with benzene and THF, as 1.5 (0.2) and 1.1 (0.2), respectively. Activation
parameters for reaction of Ru(pPare as follows: with HSiBtAH* = 35 (2) kJ mot?, ASF = —18 (6) J K1

mol~%; with CgHg AH* = 39 (4) kJ motl, ASF ~ 0 J K1 mol-1. The reaction with THF yields a short-lived adduct,
probably bound through oxygen, which is rapidly converted to the cyclometalated product. Laser flash photolysis
of Os(PR)H, generates transient Os@RAmax = 390 nm). The transient kinetics of Os@Rre substantially
different from its ruthenium analogue. It reacts with alkanes and shows different behavior toward THF but is unaffected
by addition of H. Rate constants in the range610*—6 x 10° dm® mol~! s71 (295 K) are presented for reaction

with CgHe, THF, HSIEg, CO, GHg, N2, and several alkanes. Kinetic isotope effects have been determined for the
reactions with methylcyclohexane and benzene as 5.6 (1.5) and 0.6 (0.1), respectively. The rate constants for reaction
with alkanes rise in the order, methylcyclohexan@entane< heptane< methane. The rate constants for reaction
with methane and benzene are insignificantly different. Following reaction of @s{®R THF to form Os(PE)-

(THF), C—H insertion occurs with a first-order rate constant of 4.2 £810° s 1 with kuy/kp = 2.6 (0.4). The
activation parameters for reaction of OsgPRith substrates are as follows: with pentakie® = 27 (1) kJ mot?,

AS = —59 (4) J K1 mol%; with HSIE AH* = 31 (5) kd mot?, ASF = —27 (12) J KX mol2; with CeHg AH*

= 38 (3) kd moti, ASF = —7 (9) J K1 mol™L.

Introduction iridium, and osmium complexés® One advantage of the
photochemical method lies in the ability to obtain kinetic data

Photochemical elimination of dihydrogen from metal dihy- |4 qer flash photolysis. We recently exploited this in our

dride complexes dates back to the discovery of the photoreaction
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Scheme 1Structures of M(PE and M(dmpe)

&0 & o

\
P Pl I\
—wm E( >n|n P—M—P
P P
\/P P
c:!v cs Dzn

studies of complexes of the type RUAFCHCH,PR,):H» (R
= Me, Et, Ph, GFs).”8 We showed that each of these

Osman et al.

cation, [Rh(PBHZ]*, which is isoelectronic with Ru(RH,,

has also been isolated and can be converted to the triflate-
stabilized Rh species, [Rh(PPOSQCFs)]*.112 The latter
coordinates CO, phosphines, and halides and also undergoes
oxidative addition with dihydrogen. However, [Rh@SO-
CR)]* neither undergoes cyclometalation nor reaction with
benzene. Intermolecular-€H activation of benzene or THF

can be achieved with [Ir(RF™ 11 or [Rh(NR)]* (NP; =
N(CH,CH,PPh)3).112 The fluxional behavior of complexes of

complexes undergoes photodissociation of dihydrogen to yield the type [M(PB)HZ]™" has been reportet.®1?

16-electron Ru(FlPCH,CH,PR,), fragments with characteristic
multiband UV/vis spectra. The fragments, Ru(dmpdju-

(depe), and Ru(dppe) (those with R= Me, Et, and Ph,
respectively, collectively abbreviated to Ru(dr)epre close

In this paper we explore the photochemistry of RujjP2
(1Ru) and Os(PB)H2 (10s9) by preparative and by in situ NMR
methods. We show that some of the products can also be
obtained by thermal routes involving reduction of MgRE,

to square planar and each exhibits a very low energy absorptionin the presence of suitable substrates or reaction of Giti?P
band at ca. 740 nm. The lowest energy absorption of Ru(dfepe) With methyl triflate. The rates of reaction of M(BPare

(the analogue with R= C,Fs) is shifted to 620 nm and may be
perturbed by F-coordination. The reactivity of Ru(dmp&ries
with substrate according to the pattéfhl,) > k(CO) > k(CzHy)

~ k(HSiEt). The rate constant for reaction withp kit 6.2 x
10° dm® mol~1 s71, remarkably close to the diffusion limit. The
reactivity of Ru(depe)follows the same pattern as for Ru-
(dmpe), but the rate constants are a factor of 15 lower fer H
and 200 times lower for HSigt The phenyl analogue, Ru-
(dppe), is less reactive stillk(Hy) is 250 times smaller than
for Ru(dmpe) andk(C,H,) is 3700 times smaller, while there
is no detectable reaction toward HSEMNNMR studies of the

photoproducts complement the flash photolysis measurements
by allowing conclusive identification of the final products. The |,

quantified by laser flash photolysis. Striking features include
(a) the scavenging of Noy the product of cyclometalation of
Ru(PR); (b) the completely different kinetic selectivity of Ru-
(PPR;) and Os(PE) compared to Ru(dppg)(c) the enhanced
reactivity of Ru(PR) toward benzene and HSigtompared to
Ru(dppe); and (d) the insertion of Os(BFinto aliphatic C-H
bonds of THF and alkanes, most notably of methane itself. Some
of the results with Os(PJ have been published as a com-
munication3

Experimental Section

Laser Flash Photolysis. The laser flash photolysis apparatus at York
s been fully described previousglyln summary, a XeCl excimer

flash photolysis and NMR measurements agree for Ru(depe) |aser (308 nm) is used as the excitation source, while detection is

Ru(dppe), and Ru(dfepe)in showing no reaction with benzene.

achieved with a pulsed Xe arc lamp, monochromator, and photomul-

However, there is a discrepancy between the methods fortiplier. The photomultiplier is linked to a digital oscilloscope (Tektronix
Ru(dmpe): no reaction with benzene is found by laser flash TDS520), and the system is controlled by a Dell PC with in-house

photolysis, but NMR studies show formation of Ru(dmpe)
(Ph)H.

The synthesis of M(PJH, (PR = P(CH,CH,PPh)3, M =
Ru, Os) complexéd?offered the opportunity to study how the
reactivity and spectra of the constrained M{P&nit compare
with those of Ru(drpe) The tetradentate ligand allows the
M(PPs) transient to adopt pyramidalCg,) or butterfly Cs)
geometries but prevents adoption of the square plaDay) (
structure characteristic of Ru(drpébcheme 1). The numbering
of the compounds is shown in Chart 1.

Chart 1. Key to the Compound Numbering System

compound number compound number
M(PPs)H; 1Ru/10s Os(PR)(2-CsH/O)H 80s
M(PP3)Cl, 2Ru/20s M(PPs)(C)H 9Ru/90s
[Ru(PR)(H)(N2)]BPh, 3Ru M(PPs)(CzHz) 10Ru/100s
M[(Ph,PCHCH,),P-  4Ru/40s Ru(PR)(SiIE)H  11Ru

(CH,CHoPPhGH,)H

M(PPs)(Ph)H 5Ru/50s Os(PR)(OTfHH 120s
M(PPs)(N5) 6RuU/60s Os(PR)(Me)H 130s
M(PP3)(CO) 7Ru/70s

software. Typically, transient data are collected as averages of between
two and ten shots. Pseudo-first-order decays were analyzed by fitting
a straight line plot of INA against time using in-house software, while
Microcal Origin was used to fit decays to complex analytical expres-
sions, and Simula was used to model decays where no analytical
function could be derived.

Samples were prepared in a 10 mm quartz cuvette, fitted with a
Young’'s PTFE stopcock and a degassing bulb. Solid was loaded into
these cells in an argon atmosphere glovebox. Solvents (Aldrich HPLC
grade) were dried over Cakdt reflux and stored under argon. These
were transferred to the flash cells via cannula through a silicone septum
on a Schlenk line fitted with a mercury diffusion pump. The
concentration of the samples was adjusted to obtain an absorbance of
0.6-1.0 at 308 nm and then degassed by three frepaenp—thaw
cycles (to 16* mbar), before backfilling with the required atmosphere.
Gas mixtures were made up manometricatiyLiL bulbs to a pressure
of typically 700 Torr. Liquid quenchers were usually prepared as 1
mol dn1 3 stock solutions, before addition to the samples with a
microliter syringe. UV/visible spectra were recorded before and after
laser flash photolysis on a Perkin-Elmer Lambda 7G spectrometer.

General Procedures. Solvents (THF, benzene, hexane) were of
AR grade and dried by distillation over sodium/benzophenone under
an Ar or N, atmosphere, while THF was also dried and purified by

The Florence group has already obtained considerable distillation under nitrogen over LiAlld The solvents were stored over

information concerning the conversion of M@R; to dihy-
drogen hydride cations, [M(RBR#?-H2)H] ", and other cationic
complexes, [M(PR(L)H]" (M = Ru, Os; L= CO, N;).%1°The

(5) (a) Janowicz, A. H.; Bergman, R. G. Am. Chem. S0d.983 105
3929. (b) Buchanan, J. M.; Stryker, J. M.; Bergman, RJGAm. Chem.
Soc.1986 108 1537. (c) Sponsler, M. B.; Weiller, B. H.; Stoutland, P. O.;
Bergman, R. GJ. Am. Chem. Sod 989 111, 6841. (d) Bloyce, P. E;
Rest, A. J.; Whitwell, 1.J. Chem. Soc., Dalton Trand99Q 813. (e)
Partridge, M. G.; McCamley, A.; Perutz, R. Bl.Chem. Soc., Dalton Trans.
1994 3519.

(6) (a) Kiel, W. A.; Ball, R. G.; Graham, W. A. Gl. Organomet. Chem.
199Q 383 481. (b) Brough, S. A.; Hall, C.; McCamley, A.; Perutz, R. N.;
Stahl, S.; Wecker, U.; Werner, H. Organomet. Cherml995 504, 33.

(7) Hall, C.; Jones, W. D.; Mawby, R. J.; Osman, R.; Perutz, R. N,;
Whittlesey, M. K.J. Am. Chem. S0d.992 114, 7425.

(8) Cronin, L.; Nicasio, M. C.; Perutz, R. N.; Peters, R. G.; Roddick, D.
M.; Whittlesey, M. K.J. Am. Chem. Sod.995 117, 10047.

(9) Bianchini, C.; Perez, P. J.; Peruzzini, M.; Zanobini, F.; Vacca, A.
Inorg. Chem.1991, 30, 279.

(10) Bianchini, C.; Linn, K.; Masi, D.; Peruzzini, M.; Polo, A.; Vacca,
A.; Zanobini, F.Inorg. Chem.1993 32, 2366.

(11) (a) Bianchini, C.; Masi, D.; Meli, A.; Peruzzini, M.; Zanobini, F.
Am. Chem. S0d.988 110 6411. (b) Bianchini, C.; Peruzzini, M.; Zanobini,
F. J. Organomet. Chenl987, 326, C79.

(12) Heinekey, D. M.; van Roon, M. Am. Chem. So&996 118 12134.

(13) Osman, R.; Pattison, D. I.; Perutz, R. N.; Bianchini, C.; Peruzzini,
M. J. Chem. Soc., Chem. Commd®94 513.
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molecular sieves or under argon in ampoules fitted with a PTFE SP{*H} NMR spectroscopy: the cyclometalated complex Ruffet-
stopcock. tert-Butyllithium (1.7 mol dnT? solution in pentane) and CH,).P(CH.CH,PPhGH4)]H (4Ru) was the only ruthenium product.

phenyllithium (1.8 mol dm?® solution in cyclohexanediethyl ether) After 2 h,3'P{*H} and'H NMR spectra showeda. 85% conversion
were purchased from Aldrich and used as received. The complexesof 1Ru into 4Ru.

Ru(PR)H: (1Ru),® Os(PR)H; (109),'° Ru(PR)Cl, (2Ru),® Os(PR)- (B) Preparative Experiment in THF. A solution of1Ru (200 mg,
Cl, (209, and [Ru(PB)(H)(N2)]BPhs (3Ru)® were prepared as  0.26 mmol) in THF (20 mL) was irradiated with UV light at 293 K
described in the literature. The gases,(Hr, CoHs, CHs, Hz, CO) under helium. After 2 h, addition of hexane (30 mL) to the resulting

were of BOC Research grade (99.999%) or high purity grade (He), light orange solution led to the precipitation 4Ru as pale yellow
while N, (99%) was obtained from MSD Isotopes. Deuterated microcrystals. Yield 75%. Anal. Calcd for,@HsPsRu: C, 65.37;
solvents for NMR measurements (Aldrich, Merck and Goss Scientific H, 5.49. Found: C, 65.21; H, 5.39. IR:(Ru—H) 1950 cnt! (m).
Instruments Ltd.) were dried over molecular sieves, or by stirring over Photolysis of Ru(PR)H. in Benzene/THFds. A solution of 1Ru
potassium/benzophenone before being distilled and stored underjn cHyTHF-d; (25:75 viv) prepared under argon in a 5-mm NMR
vacuum. All reactions and manipulations were routinely performed ype was irradiated with UV light at 243 K for ca 5 h. The sample
under a dry nitrogen or argon atmosphere using standard Schlenk, highyas kept at 243 K, and low temperatuf®{H} and 'H NMR
vacuum line and glovebox techniques. The solid complexes were gpactroscopy (223 K) showed thiRu had disappeared to give a new
collected on sintered glass-frits and washed with hexane before beingproduct Ru(PB(Ph)H GRu). On warming to 273 K5Ru decomposed
dried in a stream of nitrogen. rapidly to reform1Ru, in addition to4Ru and other products.
Preparative photochemical reactions were performed by using a Photolysis of Ru(PR)H- under Nitrogen in THF. A solution of
Helios Italquartz UV 13F apparatus. The photolysis source was a 135 1, (200 mg, 0.26 mmol) in THF (20 mL) was irradiated with UV
W (principal emission wavelength at 366 nm) high-pressure mercury |ight at 293 K under nitrogen. After 50 min, a sample of the resulting
vapor immersion lamp equipped with a wave filter to remove excess rgq orange solution (0.6 mL) was transfereed syringe into a 5-mm
heat or a 150 W high-pressure mercury vapor lamp with a water filter screw-cap NMR tube containing 0.3 mL of degassed TgRnd
(10 cm) to remove excess heat. In some cases a Schott UG11 filtergy,gied by*P{1H} NMR spectroscopy. The NMR analysis showed
was used to photolyze in the range 290 sm < 376 nm. Photolysis the partial conversionc. 30%) of 1Ru to Ru(PR)(N,) (6Ru) (see
NMR experiments were carried out in quartz NMR tubes (Wilmad) or below). Trace amounts @fRu (~2%) were also detected. After 2 h
in glass tubes fitted with a PTFE stopcock for manipulation under of photolysis thé!P{'H} NMR analysis gave the following composi-
reactive atmospheres. Low temperature photolysis was achieved bytion: 6Ru (44%), 4Ru (8%), 1Ru (48%).
passing the gas evaporating from liquid nitrogen through a thermostated Synthesis of Ru(PR)(N,) (6Ru). (A). A solution of sodium
dewar, using a 300 W xenon arc Ia_mp as the phc_)toly3|s source. naphthalenide prepared in THF (30 mL) from 130 mg (1.04 mmol) of
Photolysis and product characterization in York was achieved by loading naphthalene and 50 mg of freshly cut sodium (2.20 mmol) was added
th'e compound into an NMR tube with a PTFE stopcock in a glovebox in small portions with stirring to a THF (10 mL) suspension of Ru-
with an argon atmosphere. Dry solvents were added by cannula, and(P%)Clz (2RuU) (400 mg, 0.48 mmol) at 273 K. The pale yellow
the sample was degassed by three frequemp-thaw cycles before g, qhongion turned red-brown immediately, while the starting dichloride
backfilling with the required atmosphe_re. After photolysis the solvent dissolved completely. After stirring for 30 min at 273 K, the ice-bath
was removedn vacuobefore condensing deuteratedalsollvent onto the a5 removed, and the solution was slowly brought to room temperature
product mixture. The products were analyzediiyand*P{*H} NMR and stirred for an additional 30 min. The red-brown solution was
spectroscopy. filtered and concentrated to about 15 mL under vacuum. Addition of

'H and™C{'H} NMR spectra were recorded on Varian VXR 300, hexane (30 mL) gave red microcrystals of RuPR,) (6Ru). Yield
Bruker AC200P, Bruker AVANCE DRX 500, Jeol EX270, or Bruker 7894, Anal. Calcd for GHaNo.P.RU: C, 63.07; H, 5.30: N, 3.50.

AMX500 spectrometers operating at 200.13, 270.05, 299.94 or 500.13 Found: C, 62.95; H, 5.25; N, 3.31. IR((N=N) 2080 cnr! (m).

MHz (*H) and 50.32, 75.42, and 125.80 MHZG). Chemical shifts (B). Phenyllithium (0.072 mmol; 4Q.L of a solution 1.8 M in
are given relative to tetramethylsilane and were calibrated against thediethyl ether-cyclohexane) was syringed into a screw-cap NMR tube
residual solvent resonancé or the deuterated solvent multiplétC). containing a solution of [RuU(RKH)(N,)]BPh; (3RU) (36 mg, 0.033

31'_3{ *H) NMR spectra were measurg_d rglative to external 85”0 mmol) in THFds (0.8 mL) at 195 K. The yellow solution immediately
with downfield values taken as positivé>N{*H} NMR spectra were turned red-brown. Th&P{H} NMR spectrum showed th&Ru was

acquired on a Bruker AMX500 and calibrated relative to dissolvhid the main product (80%). Two other unidentified products were formed,
at o 309.5. 13C-DEPT experiments were run on the Bruker AC 200P neither of which contained hydride ligands.

spectrometer.!H,’3C-2D HETCOR NMR experiments were recorded . : . .

on either the Bruker AC 200P spectrometer using the XHCORR pulse méfg}egg:gg%; \;Jvr?gtgll;ts)it:)sl?fRI:t?Sg zog;ugo(r)]?)anl:rrznoI;-Z{Ec-iisr(;rlgon
program or the Bruker AVANCE DRX 500 spectrometer equipped with in a 5-mm NMR quartz tube. The reactic’)n 'Was monitoredByH}

a 5-mm triple resonance probe-head (inverse correlation mode, HMQC hich h d the selective formatiobR. A
experiment). ThéH,*H-2D COSY NMR experiments were conducted NMRlspectrosiopyw ich s owed ft. h in the dark ’
routinely on the Bruker AC 200P instrument in the absolute magnitude complete trans qrmatlon occurre. after 24 h in the dark. .
mode using a 450r 9¢° pulse after the incremental delay or were Several experiments were carried ou_t to study the thermal behavior
acquired on the AVANCE DRX 500 Bruker spectrometer using the ©f 6Ru in both THF and €Hs under either M or Ar atmosphere.
gradient-accelerated version of the conventional COSY sequenceEXt€nsive decomposition of the compound invariably occurred to
(COSYPS). H,'H-2D NOESY NMR experiments or8Os were unidentified products. In particular, the formation4iRu or 5Ru was
conducted on the same instrument operating in the phase-sensitive TPPEVer obsgrved. ) ]

mode in order to discriminate between positive and negative cross peaks. Synthesis of Ru(PR)(CO) (7Ru). A solution of sodium naphtha-
The proton NMR spectra, with broadband and selective phosphorus!enide prepared in THF (10 mL) from 65 mg (0.52 mmol) of
decoupling, were recorded on the Bruker AC 200P instrument equipped N@phthalene and 25 mg of freshly cut sodium (1.10 mmol) was added
with a 5-mm inverse probe and a BFX-5 amplifier device using the in small portions with stirring under a positive pressure of carbon
decoupling sequence GARP. Infrared spectra were recorded as Nujolmonoxide to a THF solution (8 mL) @Ru (200 mg, 0.24 mol) cooled
mulls or in solution on a Perkin-Elmer 1600 series or a Mattson-Unicam {0 273 K. The pale yellow suspension turned dark yellow immediately
RS FT-IR spectrophotometer between KBr plates. Elemental analysesWh"e the starting dichloride dissolved. After stirring for 5 min at 273

(C’ H’ N) were performed using a Car'o Erba Mode| 1106 elementa' K, the SO|UtiOI’1 was evapOI'ated to dl’yness undel’ vacuum to yleld a
analyzer. dark yellow solid which was washed with CO-saturated pentane (3

5 mL) before being dried under vacuum. Yield 92%. Anal. Calcd
for CssHs2OPRuU: C, 64.58; H, 5.29. Found: C, 64.72; H, 5.11. IR:
»(C=0) 1866 cnmrL.l4 3C{!H} NMR (295 K, THFds, 50.32 MHz,

NMR data {H and3'P{*H}) for the complexes synthesized as below
are listed in Tables 1 (Ru) and 2 (Os).

Photolysis of Ru(PR)H, under Helium. (A) NMR Experiment

in THF-ds. A solution Of 1RU (20 mg, 0.026 mmol) in THng(lO (14) Compare with [Ru(CO)(QP)] (QR P(0-CsH4PPh)3): 1(C=0)
mL) prepared under helium in a 5-mm NMR quartz tube was irradiated 1891 cnr?, see: Halfpenny, M. T.; Venanzi, L. Mnorg. Chim. Actal971,
with UV light at 293 K. The photolysis reaction was monitored by 5, 91.
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CO atmosphere in a sealed NMR tube):224.0 (dg,Jcm 72.1 Hz,
Jer 12.0 Hz, RO (R, = bridgehead; P= terminal inCs,)).1®
Reduction of Os(PR)CI; (20s) with Sodium Naphthalenide. A
slight excess of sodium naphthalenide prepared in THF (30 mL) from
130 mg (1.04 mmol) of naphthalene and 50 mg of freshly cut sodium
(2.20 mmol) was added in portions with stirring to a suspension of
20s (150 mg, 0.16 mmol) in THF (10 mL) thermostated at 273 K
under N. The starting dichloride dissolved to give a dark red solution.
After 15 min, the solution was concentrated in vacuo to give a dark
red oil. Due to the extreme air- and moisture-sensitivity of this product

Osman et al.

(B) Preparation of Os(PP)(CH3)H (130s). A Schlenk tube was
charged with 200 mg oflOs (0.23 mmol) and 10 mL of benzene
previously degassed under argon. After the solution was cooledl to
279 K, 1 equiv of both MeOTf and MeLi were added via syringe in a
quick sequence with stirring. Removal of the solventacuogave a
solid residue which was washed with pentane X23 mL) and
characterized as a mixture 60s (45%), 10s (25%), 130s (25%),
and 120s (5%) GP and'H NMR integration). IR data forl30s
v(Os—H) 2042 cn™.

Synthesis of the (Phenyl)hydride Complex Os(P§(Ph)H (50s)

neither a satisfactory elemental analysis nor a complete spectroscopicvia 120s. A Schlenk tube was charged with 200 mg 1s (0.23

characterization was obtained. However, based of'f{éH} NMR

mmol) and 10 mL of benzene previously degassed under argon. After

spectrum (253 K) as well as the chemical behavior (see below) and athe solution was cooled tca. 279 K, 1 equiv of both MeOTf (2@L)
comparison with the analogous Ru chemistry, this product was assignedand MeLi (145uL, 1.6 mol dm3 solution in E;O) was added via

the formula Os(PH(N,) (60s).

Synthesis of Os(PB)(2-C,H;O)H (80s). On standing at room
temperature for 30 min, the red solution@®s obtained as described

above, turned orange and, after addition of hexane and concentration

under nitrogen, pale orange microcrystals of the (tetrahydrofuranyl)-
hydride @09 separated in about 60% vyield. Anal. Calcd for
CueHaPsOsO: C, 59.15; H, 5.25. Found: C, 58.89; H, 5.16. IR:
»(Os—H) = 1996 cntl. 13C{H} NMR (295 K, GDs, 125.77 MHz,
assigned by HETCOR) 170 ring: ¢ 59.0 (dd,Jcpr 57.1 Hz,Jcris
10.4 Hz, G(P, = terminal Ptransto one P inC,, Pss = terminal Pcis

to all other P inCy), 6 47.8 (s, G),  28.2 (s, G), 4 71.0 (d,Jcpr 5.2

Hz, C;). The compound is extremely sensitive to air and moisture and
decomposes in THF at 343 K (sealed NMR tube) without formation
of any known product.

Photochemical Behavior of 80s in THF Solution. A solution of
80s(40 mg, 0.05 mmol) in THFs (0.8 mL) was irradiated with UV
light in a quartz NMR tube for 90 min at room temperatuféP{*H}
and 'H spectroscopy showed the transformation 8®s into the
cyclometalated complex Os[(FFCH.CH,).P(CHCH.PPhGH4)]H (409.
Decomposition to unidentified products (ca. 20%) was also observed.

Synthesis of the (Phenyl)hydride Complex Os(Pf(Ph)H (50s).

(A). A solution of 20s (100 mg, 0.12 mmol) in gHs (15 mL) was
stirred fa 4 h in thepresence of an excess of sodium amalgam (1.5%
of Na) under nitrogen. Afterwards, the yellow solution was filtered to

remove the amalgam, and the solvent was removed in vacuo to give a
solid residue that was characterized as the (phenyl)hydride complex

Os(PR)(Ph)H 60s) (86%) (IR: »(Os—H) = 2054 cn1?), occasionally
contaminated by the known complex Os¢ReI)H (90s).°

(B). A solution of80s (40 mg, 0.05 mmol) in €De (0.8 mL) in a
sealed NMR tube was monitored periodically B{P{H} NMR

syringe in a quick sequence with stirring. Addition of hexane (5 mL)
and slow concentration under argon gave off-white crystal©af¥ield
85%.

Resu

1. Product Studies of the Photochemical Reactions of Ru-
(PP,)H2 and Related Reductive SynthesesNMR studies of
Ru(PR)H2 (1Ru) show the hydride resonance as a broad doublet
in the proton spectrum & —6.66. The?P{1H} NMR spectrum
reveals the bridgehead phosphorug) @ a quartet at 157.0
and the three terminal phosphorus nucla) @ the tripodal
ligand as a doublet ai 76.7. The fluxional behavior ofRu
has been investigated previou8lySee Table 1 for details of
NMR spectra of complexes of Ru(pB

A sample oflRu was dissolved in THF and placed under an
atmosphere of Research Grade argon. After photolysis for ca.
20 h (290 nm< A < 376 nm) the3!P{IH} NMR spectrum
showed a product with an AMQX splitting pattern, and the
proton spectrum revealed a new hydride resonance. The same
product was made on a preparative scale by taking a solution
of 1Ru in THF and irradiating with UV light at 293 K under
helium. The yellow microcrystalline product is identified as
the cyclometalated species, Ru[(PRHCH,),P(CHCH,-
PPhGH4)JH (4Ru), on the basis of the large upfield shift
(approximately 80 ppm) of one of the phosphorus resonafces
and the relatively low field resonance of the hydride (Scheme
2). This complex reacted thermally under 1 atm of hydrogen
to reform1Ru within a few minutes (Scheme 3), behavior which

Its

spectroscopy at room temperature. After 4 days, all the starting materialis similar to that of Fe(P#*CHCH,PPh)(CsHsPPhCHCH,-

80swas transformed into Os(B#D)(CsDs) (50sds). (C). A solution
of 80s (40 mg, 0.05 mmol) in €De (0.8 mL) was irradiated with UV
light in a quartz NMR tube for 90 min at room temperatuf@P{*H}
and*H spectroscopy showed the complete transformatiodQxinto
50s-0s.

Synthesis of the §*-O-Triflate)hydride Complex Os(PPs)(OTf)H
(120s). A solution of 10s (200 mg, 0.23 mmol) in benzene (25 mL)
prepared under argon was treated with 1 equiv of MeOT§426under
vigorous stirring. On evaporation of the solvent under a brisk current
of argon, pale yellow needles of Os@®THH (1209 separated
within a few minutes. Addition of ice-cold hexane previously degassed
under argon completed the precipitationl®Os Yield 90%. Anal.
Calcd for GgHagF30sP,0sS: C, 51.08; H, 4.29. Found: C, 51.16; H,
4.42. IR: v(Os—H) 2027 cnm%; ¥(S—0)coora 1314 cnrl.

Reaction of 120s with MeLi. (A) In situ Generation of Os(PR)-
(CH3)H (130s). To a solution 0fL20sin C¢Dg in @ 5-mm screw-cap
NMR tube at room temperature, 1.25 equiv of MeLi (1.6 mol-dm
solution in EtO) were added with a syringe. #P{*H} NMR spectrum
of the resulting light orange solution was recorded immediately. The
NMR analysis revealed the quantitative formation of the (methyl)-
hydride complex Os(PJRCHz)H (1309. On standing, Os(RP
(CsDs)D (50sds) was formed at the expense D80Os

(15) Compare with [(triphos)Ru(C@)) (triphos = MeC(CHPPh)3):
Oruco 221.8 (m), see: Hommeltoft, S. I.; Baird, M. @rganometallics
1986 5, 190. The synthesis of [(triphos)Ru(C{yvas originally reported
by Siegl, W. O.; Lapporte, S. J.; Collman, J.IRorg Chem.1973 12,
674.

PPh)H with H,.17

The cyclometalated compleARu) also reacts thermally with
nitrogen (1 atm) at ambient temperature to form the dinitrogen
complex, Ru(PB(N2) (6Ru) (Scheme 3). Ru(PHN,) was
generated by several other means: (i) by direct photolysis of
1Ru in THF under N, giving 6Ru and4Ru in 40% and 25%
yields, respectively (Scheme 2); (ii) by the addition of sodium
naphthalenide to a solution of Ru(®€l; (2Ru) under an N
atmosphere; and (iii) by adding phenyllithium to a solution of
[Ru(PR)(H)(N2)]BPhy (3Ru) in THF-dg at 195 K (Scheme 4).
Ru(PR)(Ny) is a red crystalline complexv(N=N) = 2080
cm™L; Amax = 410 nm) which was fully characterized B¥P-
{H} and!H NMR. The3P{1H} NMR spectrum (Figure 1a)
shows an AM pattern with a large PP coupling (23.5 Hz). In
addition, the labeled complex, Ru®e°N,) (6Ru-1°N,) was
formed by photolysis. Th&P{1H} spectrum displayed the extra
couplings to twd>N nuclei (Figure 1b). Thé N{!H} spectrum
showed three resonances. A large sharp singlét329.5 is
assigned td®N; gas in solution. The inequivaleN nuclei
of 6RU-15N, appear as a doublet of quintetsaB817.9 and a
broad peak at 356.7 (Figure 1c). These splitting patterns
confirm the structure as thg-N, complex. Previou$®N{H}
NMR data for dinitrogen complexes are sparse. However,

(16) Garrou, P. EChem. Re. 1981, 81, 229.
(17) Azizian, H.; Morris, R. HInorg. Chem 1983 22, 6.



M(PP3)H2 (M = Ru; Os; PR = P(CH,CHyPPhy)3)

J. Am. Chem. Soc., Vol. 119, No. 36, 198463

Table 1. Selected'H, *>N{'H}, and3'P{'H}NMR Data for the Ru(PfL and Ru(PR)(X)H compound§'

coupling constant)/Hz

complex nucleus d/ppm assignment
Ru(PR)H: 1Ha —6.66 brd fluxional hydride
1Ru 3ipa 157.0 q J(P) 7.2 R
76.7 d JPy) 7.0 R
cyclometalated 1HP -0.25 dq J(Py) 80.5,3(Pey, Peis, Pr) 17.5 hydride
complex 31pe 145.0 dd J(Pgy) 9.7,J(Py) 6.2 R
4Ru 83.7 ddd J(Pey) 275.7,3(Peis) 15.2,3(Py) 6.1 R
76.6 dd J(Py) 15.2,(P,) 24.3 Ris
-7.7 ddd J(Py) 275.0,J(Peis) 24.3,J(Py) 9.4 Ry
Ru(PR)(Ph)H Ha —8.22 brd fluxional hydride
(300 K) 3ipa 142.9 q J(P) 9.2 R
5Ru 59.4 br fluxional [~
49.7 br fluxional R
Ru(PR)(Ph)H IHe —-8.22 dtd J(Peis) 81.2,J(Py) 24.7,3(Py) 12.9 hydride
(273 K) 31pe 141.1 td J(Py) 11.3,3(Pais) 2.2 R
5Ru 55.7 pst J(Ps, Psis) 11.8 R
47.4 td J(Py) 11.6,3(Py) 2.1 Pis
Ru(PR)(*N>) 31pp 159.4 q J(P) 23.5 R
6RU 69.4 d J(Py) 23.5 R
Ru(PR)(**N>) 31pb 159.5 dqd J(No) 29.8,J(P) 23.6,J(Np) 2.2 R
6RU-15N, 69.4 ddd J(Py) 23.6,J(No) 4.8,J(Np) 1.8 R
5NP 317.9 dquin J(P) 29.4,3(P,, Np) 4.7 N.
356.7 br N
Ru(PR)(CO) 31pa 163.7 q J(P) 30.5 R
7Ru 79.5 d J(Py) 30.5 R
Ru(PR)(CHH 1H2 —7.95 dq J(Py) 96.8,J(Px, Peis) 23.8 hydride
9Ru 3ipa 150.2 td J(Py) 14.1,J(Psis) 6.8 R
48.3 pst J(Ps, Peis) 14.2 R
38.4 td J(Py) 14.6,J(Py,) 6.9 Ris
Ru(PR)(CzHa) IHa 2.49 dq J(Py) 3.8,J(P) 0.8 GHa
10Ru 3ipa 160.9 q J(P,) 30.0 R
73.9 d J(Ps) 30.0 R
Ru(PR)(SiEts)H 1o -9.77 dg J(Ps) 8.8,J(Py, Peis) 5.4, fluxional hydride
(300 K) 0.74 t J(SI(CH2CH3)3) 7.5 S||y| CHg3's
11Ru 0.82 q J(Si(CH,CH3)3) 7.5 silyl CH,'s
31pp 153.2 q JP) 14.7 R
69.7 d J(Py) 14.6 R
Ru(PR)(SiEt)H IHP —9.63 dtd J(Peis) 66.7,(Py) 24.8,J(P) 7.8 hydride
(175 K) 3ipe 156.9 br B
11Ru 75.9 br R or Psis
70.7 br R or Psis

a|n CgDe. P In THF-ds. In 3:1 mixture THFdg: CsHs. ¢ See text for comments on signs of coupling const&rKey to subscripts: = bridgehead,;
P, = terminal (inCs,); Peis = terminal Pcis to all other P inCs; P, = terminal Ptransto one P inCs, Py = cyclometalated P; N= nitrogen
attached to metal center;sN= nitrogen furthest away from metal centéiH NMR data for the PPligands excluded.

RhCI(Np)(PPf3), shows similar shifts and couplings &Ru-
15N,.18 Like the cyclometalated complexRu), 6Ru reacts
thermally with H at room temperature, to forrhRu over a
few minutes (Scheme 3). Experiments designed to study theatures (273 K) théP{1H} NMR spectrum sharpened to give a
thermal behavior of6Ru in THF under either N or Ar
atmosphere invariably resulted in decomposition. Photolysis triplet of doublets ath 47.4, which is a characteristic AMQ
of 1Ruin THF under argon atmospheres containing only trace pattern. The stereochemistry &Ru was determined by
amounts of N (BOC Pureshield Argon, 99.995%) still yields
6Ru in small amounts. At such low concentrations this must
be attributed to the efficient scavenging of by the cyclom-

etalated complex4Ru).

Photolysis oflRu in a large volume of hexane under an
atmosphere of CO fdl h resulted in the formation of a product
which showed an AM pattern in the’’P{1H} NMR spectrum
and a large coupling constardpp = 30.5 Hz) suggestive of a
Ru(0) product with locaCCs, symmetry. A doublet of quartets
at 0 224.0 in thel3C{1H} NMR spectrum assigned to the
carbonyl carbon atom confirms the trigonal bipyramidal structure
of Ru(PR)(CO) (7Ru, IR, hexane: »(CO) = 1890 cnt?,
UV/visible: Amax = 380 nm). Complex7Ru could be made
on a preparative scale by reduction2Ru in the presence of
carbon monoxide (Scheme 4).

When1Ru was photolyzed fo5 h in a 3:1(v/v) mixture of

THF-dg and GHe at 243 K, low temperaturé'P{H} NMR

spectrum obRu at 233 K exhibited a hydride resonancedat
—8.22 with a doublet of triplets of doublets splitting, while the
31p{1H} NMR showed three broad triplets. At higher temper-

triplet of doublets at) 141.1, a pseudo triplet @ 55.7 and a

selective phosphorus decoupling of thENMR spectrum. This
revealed that the hydride wéamnsto P, with the largetrans
coupling destroyed by irradiation at47.4. As the solution is
warmed to 293 K5Ru reacts with expelled pito reform1Ru;
formation of4Ru together with small amounts of a new species
is also observed.

In contrast to the low temperature experiments, photolysis
of 1Ru in benzene (AR Grade) under an atmosphere of argon
(99.995%) at room temperature led to a mixture of products by
31p{1H} and'H NMR analysis, in which the major product was
identified as4Ru. When Ru(PE)Cl, (2Ru) was stirred with a
Na/Hg amalgam in benzene at room temperature, a mixture of
5Ru and4Ru were formed (Scheme 5). On placing this mixture
under nitrogen the products were converted to Rg)(RB)
(6Ru). Conversely,5Ru could not be formed by thermal
reaction of6Ru with benzene.

A sample oflRu in toluene was photolyzed (90 min) under

spectra of the resulting orange-yellow solution showed selective an atmosphere of ethene and redissolvedsDC The31P{1H}

formation of Ru(PB)(Ph)H GRu) (Scheme 2). ThéH NMR

NMR spectrum featured an Adpattern with a large coupling
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Scheme 2Photochemical Reactions of Ru(#R; .
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Scheme 3Reactions of the Cyclometalated RugpP
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Figure 1. (a)%'P{*H} NMR spectrum of Ru(P(**Ny); (b) 3'P{H}
NMR spectrum of Ru(PH(**N,); and (c)**N{*H} NMR spectrum of
Ru(PR)(**N,). Resonances marked * due to residual RyfPfN,).

Scheme 4Thermal Routes to Ru(BRN,) and Ru(PB)(CO)
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constantJpp= 30.0 Hz), which is typical of &3, Ru(0) species. . /\

The IH NMR spectrum showed a doublet of quartets which P(\T 1 < T

collapsed to a singlet on selective phosphorus decoupling. This ey’ __ P ~Ru_
p g phosp pling Q/P — wﬁ”

resonance is assigned to four equiv ethene protons coupled to

the unique apical phosphorus and the three equiv terminal N

phosphorus donor atoms. The product is assigned ag%he
ethene complex1ORu) (Scheme 2). No attempt was made to
isolate the product. (PP3)H, and Related Syntheses.The 'H NMR spectrum of

A sample oflRu dissolved in a 2:1 (v/v) mixture of THHs Os(PR)H; (10s) shows a broad hydride resonancéat7.85.
and HSiEt was photolyzed for 2 h. The resulting solution was The 3'P{*H} NMR spectrum shows an Appattern with a
evaporated to dryness, washed with hexane (to remove involatilequartet atd 134.8 § = 5.0 Hz) and a doublet at 45.8 J =
organosilanes), and redissolved in Tkg- The TH NMR 4.9 Hz). These observations indicate that the dihydride is
spectrum at 175 K showed a hydride resonance as a doublet ofluxional (cf. Ru(PB)H,).1° The NMR data for complexes of
triplets of doublets, and th&P{*H} NMR spectrum exhibited ~ Os(PR) are listed in Table 2.
three broad resonances. The product is assigned as the silyl A sample oflOsin benzene solution was photolyzed for 1
hydride complex, Ru(PRSIEt)H (11Ru). Selective phos- h (290 nm< A < 376 nm). The!H NMR spectrum of the
phorus decoupling of the#H NMR spectrum revealed that the product showed a doublet of triplets of doublets in the hydride
hydride ligand ofL1Ruis transto Ps. Complex11Ruproved region and new multiplets in the aromatic region which
to be highly fluxional. At room temperature, tF#{H} NMR integrated in the ratio 1:2:2 relative to the hydride resonance.
spectrum showed an Ajpattern, and théH spectrum showed  The 3P{'H} NMR spectrum can be analyzed in terms of an
a doublet of quartets for the hydride resonance. The hydride AMQ pattern with some unresolvable couplings. The product
couplings to Bs and R for 11Ru at room temperaturely = of the reaction can therefore be identified as Og)fiFR)H 609
8.8, 5.4 Hz) agree with the average of those at 175 K, provided (Scheme 6). Confirmation is obtained by synthesis of the
that the couplingl(P.s) is taken as the opposite sign &(P;). compound via reduction of Os(BEl, (209 in benzene with

2. Product Studies of the Photochemical Reactions of Os-  Na/Hg amalgam (Scheme 7).

N
3Ru 6Ru



M(PP3)H2 (M = Ru; Os; PR = P(CH,CHyPPhy)3)

Scheme 5Thermal Synthesis of Ru(BRPh)H
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Products of the photolysis dfOsin alkane solvents proved
unsuitable for analysis by NMR as the solubilities were poor,
and hence concentrations of the product were too low. The
photolysis of 10s for 1.5 h in hexane/THF (3:2 v/v) was
attempted in order to overcome low solubility in alkane and
give the alkane activated product in yields suitable for NMR
analysis. The3'P{H} NMR spectrum showed an AMNQ
pattern, with the resonances assigned to the thans phos-
phorus atoms appearing as a second-order quartet’HTN®R
spectrum showed a new hydride resonance coupled to two
inequivalent phosphorus nucleiy@d Ris) and equally coupled
to the two inequivalentrans phosphorus nuclei (J leading to
a doublet of triplets of doublets. Photolysis in THF alone for

abou 2 h yielded the same product as that observed in a hexane/

THF mixture, while photolysis in THHE)s yielded the same
product, except that there is no hydride resonance and the
resonance assigned tgsfs broadened. This product is assigned
not as the alkyl hydride complex as hoped, nor as the
cyclometalated producttQ9) as described previoush,but as

the tetrahydrofuranyl hydride complex, Os@rRR-C4H7O)H
(809 (Scheme 6). In additiorBOs has been synthesized by
reducing Os(PHCI, (20s) with sodium naphthalenide at 273

K under N, and leaving the red product (see below) to stand in
THF solution for a short period at room temperature to give
orange microcrystals. The compound is extremely air and
moisture sensitive and decomposes thermally (343 K). The
effect of deuteration allows us to determine the stereochemis-
try: the hydride must b&aansto P.s and the tetrahydrofuranyl
ring trans to the bridgehead phosphorus. A combination of
COSY and NOESY spectra of the purified compound allows
full assignment of the stereochemistry of the tetrahydrofuranyl
ring (Figure 2, Scheme 6).

Prolonged photolysis (ca. 15 h) dfOs in THF solution
destroyed80s and yielded a new product which shows four
resonances in théP{*H} NMR spectrum, including one which
was shifted upfield by about 80 ppm from the terminal
resonances ifiOs In addition the!H NMR spectrum showed
a new hydride resonance at relatively low fiedd;-2.03. These
two factors allow assignment of this product as the cyclometa-
lated complex40s) (see comments for reaction of Ru@pf,
with THF). Selective phosphorus decoupling showed that the
hydride istransto the bridgehead phosphorus in this complex.
Thermal and photochemical experiments on puri8&xs show
that the conversion Osonly occurs photochemically (Scheme
8).

The solubility of10sin alkanes is too low for study by NMR
spectroscopy. Therefore, the methyl hydride complex, Q${PP
(Me)H (1309, was synthesized frortOsvia the triflate hydride
complex, Os(PR(OTHH (1209 (Scheme 7). Addition of
methyl triflate to a benzene solution b®syielded pale yellow

J. Am. Chem. Soc., Vol. 119, No. 36, 198465

needles ofl20s When MelLi was added immediately after
the MeOTf to a GDg solution of10s the solution became light
orange. A¥P{H} NMR spectrum of the solution revealed the
guantitative formation 0£30s The solution was left to stand,
and3!P{H} NMR spectra showed the conversion k§Osto
50sds by reductive elimination of methane and reaction with
solvent (Scheme 7)

Photolysis ofLOsin THF under an ethene atmosphere gave
a new species in high yield. TH&l NMR spectrum showed
no resonances due to a new hydride, while 3 H} NMR
spectrum showed a product with an Alplitting pattern. This
product can be assigned as tffeesthene complexiQO9 which
is fluxional, hence making the three terminal phosphorus atoms
equivalent (Scheme 6).

Addition of sodium naphthalenide to Os@el, (20s) in
THF at 273 K under a platmosphere yielded an extremely air
and moisture sensitive red oil, which was provisionally char-
acterized by?1P{*H} NMR as Os(PB(N,) (609 (Scheme 7).
However, photolysis oflOs under a N atmosphere did not
generate60s.  Solutions of the phenyl hydride5Qs) and
cyclometalated complexed®9) did not convert thermally or
photochemically téOsunder an atmosphere ofKin contrast
with the behavior of the Ru analogues).

3. Transient Photochemistry of Ru(PR)H,. Ru(PR)H,
(1Ru) is a pale yellow solid; its UV/visible spectrum shows an
absorption which increases into the UV with a resolved shoulder
at 335 nm in cyclohexane (333 nm in THF). At the laser
wavelength of 308 nm, it has an extinction coefficient of 7300
dm? mol~t cm~1 (THF solution). It is only slightly soluble in
cyclohexane but dissolves readily in THF.

Laser flash photolysis of samples &Ru in cyclohexane
solution (ca. 10* mol dnm~3) under an atmosphere of,Hin
order to ensure reversibility) generated a transient within the
risetime of the apparatus (ca. 100 ns). The transient showed a
broad maximum centered at 395 nm (Figure 3) with no other
absorption maxima out to 900 nm. The absorption maximum
was shifted to 390 nm on changing the solvent to pentane (also
under B). All subsequent data were recorded at 400 nm unless
otherwise stated.

In cyclohexane solution under an argon atmosphere, the
transient signal decayed over several milliseconds and did not
return to the baseline, indicating the formation of a longer-lived
photoproduct. The decay fitted a plot of /A against time
and gave a first-order rate constant of 350.% In heptane
solution under an argon atmosphere, the behavior was similar
but the rate constant increased to 618. s

Laser flash photolysis ofRu in cyclohexane was carried
out under varying pressures of 200—760 Torr), always made
up to ca. 1 atm with argon (Figure 4). The decay now returned
to the baseline with pseudo-first-order kinetics in hundreds of
microseconds, an observation consistent with a reaction which
reverses thermally. A plot d§,sagainst [H] yielded a straight
line and a second-order rate constant of @.0.4) x 10° dm?3
mol~! s71 (Table 3, Figure S1 in Supporting Information). A
similar rate constant was obtained with hydrogen in pentane.
Addition of benzene (021.5 mol dnT3) to cyclohexane
solutions under argon dfRu quenched the transient, but the
signal did not return completely to the baseline. A plokgf
against [benzene] is linear (Table 3, Figure 5). The experiments
were repeated with benzeng-(0.09-0.74 mol dnT3) and
yielded a kinetic isotope effecky/kp = 1.5+ 0.2 (Tables 3
and 4, Figure 5¥° The quenching kinetics with triethylsilane
(0.01-0.06 mol dn13) in cyclohexane solutions dfRu gave a
second-order rate constaks,= (5.4 4 1.1) x 10° dm® mol?!

s 1 (Table 3).

Flash photolysis in the presence of THF (0.6@B068 mol

dm~3) yielded an instantaneous rise when monitored at 470 nm,
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Table 2. SelectedH and3'P{*H} NMR Data for Os(PEL and Os(PB)(X)H Complexes

coupling constant)/Hz

complex nucleus o/ppm assignment
Os(PR)H. 1Ha —7.85 br fluxional hydride
10s 31pa 134.8 q J(P) 5.0 R
457 d J(Py) 4.9 R
cyclometalated 1HP —2.03 dq J(Py) 58,(Py, Peis, Pey) 14 hydride
complex 31pp 128.4 dd J(Py) 9, I(Peis) 10 R
40s 53.6 ddd J(Poy) 258,J(Ps) 9, I(Pais) 4 =3
50.6 ddd J(Pey) 19,3(P) 10,J(Py) 4 Peis
—-36.4 dd J(Py) 258,3(P.i¢) 9 Pey
Os(PR)(Ph)H 1Ha —8.68 dtd J(P:i) 67.8,J(Py) 29.4,J(Py) 8.7 hydride
50s 8.41 m phenyl
7.89 m phenyl
6.58 m phenyl
31pa 122.1 d J(Pgs) 9.0 R
25.8 dt J(Py) 9.0,J(Py) 4.5 Pis
23.9 d J(Peis) 4.5 R
Os(PR)(N2) 31pe 136.9 q JP) 12.1 R
60s 39.2 d J(Py) 12.1 R
Os(PR)(2-CH-,0)H IHP -9.12 dtd J(Peis) 65.5,J(Py) 28.9,J(Py) 8.3 hydride
80s 6.17 m H1
2.55 m H2
2.80 m H3
2.05 m second order, masked bysfgand H4, H5
3.92 td J(H6—H7) 7.8 H6
4.32 td J(H6—H7) 7.8 H7
31pb 123.6 ddd J(Psi) 10.6,J(Py1) 2.0,3(Py2) 3.3 =3
31.0 ddd J(Py2) 243.1,3(Psis) 6.0,3(Ps) 2.0 Ra
28.1 ddd J(Py1) 243.1,3(Psis) 6.0,3(Py) 3.3 Re2
23.0 dt J(Py) 10.6,J(Py1,Py2) 6.0 Ris
Os(PR)(C2Hq) 31po 140.2 q JP) 12.1 R
100s 42.4 d J(Py) 12.9 R
Os(PR)(OTHH 1Ha —5.82 dtd J(Pcis) 74.5,J(Py) 25.3,J(Py) 13.6 hydride
120s 31pa 104.1 dt J(Peis) 8.3,J(Py) 4.2 R
30.1 dt J(Py) 8.3,J(Py) 5.7 Ris
26.9 dd J(Peis) 5.7,3(Ps) 4.2 R
Os(PR)(CHg)H 1H2 -9.37 dtd J(Peis) 68.3,J(Py) 28.3,J(Py) 9.1 hydride
130s 1.24 dg J(Py) 18.8,3(Pcis, Pr) 7.5 methyl
3ipa 127.4 d J(P.s) 8.6 R
26.7 d J(Peis) 6.4 R
20.3 dt J(Py) 8.6,3(Py) 6.4 Pis
abkey to subscripts and superscripts as Tablelh. THF-dg at 253 K.
Scheme 6Photochemical Reactions of Os@H, Scheme 7.Thermal Syntheses with Os(BpRI, and
Os(PR)H
A, /> (O R)H. ~
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followed by a further rise over tens of microseconds (Figure [/P\ i/ N P~ dod RT Qp\ "
6a). This growth showed a linear dependence on THF S~ L o THE N <273k "/::f Ry /|\®
concentration (Table 3, Figure 6c). The resulting photoproduct © sg
s s 80s

(Amax 435 nm) decayed over a few milliseconds (Figure 6b),
with a rate constant which showed an inverse dependence ortotal pressure of ca. 1 atm with argon. The transient decayed
the THF concentration (Figure 6d). The reactions were repeatedwith pseudo-first-order kinetics, but a long-lived photoproduct
with THF-dg (0.003-0.054 mol dn1®) and identical behavior ~ absorbed strongly at the usual monitoring wavelength. By
was observed (Table 3). The kinetic isotope effect proved monitoring the solutions at 440 nm, decay signals were obtained
insignificant (Table 4). The lifetime of the photoproduct is with minimum product absorption and maximum decay ampli-
extended to approximately 200 ms in pure THF (12.3 mol tude (cf.Amaxfor Ru(PR)(CO)= 380 nm). A plot of observed
dm=3). rate constant against CO concentration is linear (Figure S1,
The rate of reaction of the transient with CO was determined Table 3). As a test for a spin triplet state for the transient, a
under varying pressures of CO (2650 Torr) made up to a  sample was prepared under 11 Torr of CO filled to 1 atm with
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6 5 4 3 2 9%
Figure 2. (a) Contour plot of a section of tHél,*H-COSY spectrum
of Os(PR)(2-CsH;0)H showing the scalar couplings for the protons

of the tetrahydrofuranyl ring. The relevant cross-peak between protons

H; and H is marked. (b) Section of the phase sensitid¢H-NOESY
spectrum (with both positive and negative contours shown) of Qs(PP

(2-C4H,0)H, showing the spatial relationships between the protons of
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Figure 3. (a) Transient spectrum recorded 49 after the laser flash
photolysis of Ru(PBH; in cyclohexaneW). (b) Transient spectrum
recorded 13us after the laser flash photolysis of Osgp® in
cyclohexane 4). The spectra were recorded under atmospheres.of H

The reactivity of the transient with ethene was investigated,
and a long-lived photoproduct was observed which absorbed
strongly at 400 nm as with quenching by CO. Even at 440 nm
the difference in extinction coefficients between the transient
and photoproduct was low, but small amplitude decays were
obtained at three different partial pressures (Table 3). The
reactivity of the transient toward nitrogen (6@70 Torr) was
monitored in a similar way. Flash photolysis generated a
transient which decayed with pseudo-first-order kinetics to a
photoproduct which absorbed very strongly at 400 nmAgfx
for Ru(PR)(N2) = 410 nm). Kinetic measurements were made
at 390 nm (Figure S1, Table 3).

Reactivity toward methane was investigated with two samples
side-by-side ofLRu in cyclohexane, under argon and methane,
respectively. The transients produced on flash photolysis
decayed with identical rates.

The temperature dependences of the rate constants for the
decay of the transient in cyclohexane in the presence of HSIEt
(0.013 to 0.018 mol drr?) and benzene (0.15 mol di¥) were
studied from 285338 and 286-327 K, respectively. Eyring

the tetrahydrofuranyl ring. The relevant negative cross peaks pertaining pl_ots of In/T) against 1I yielded Str_aight lines (Table S1,
to the H proton are marked. Note that resonances due to the phosphineFigure 7). From these plots the activation parameters were

alkyl backbone are also present in this region.

Scheme 8Reactions of Os(P2-C4H,O)H

343 K -
Decomposition products
(\ THF-dg, N,
P
r_| M
e
P | (\P
o hv, RT P
S|
80s THF-dg, N, E(\,£| ~u
P

40s
Xe rather than Ar. Xe has a significantly higher solubfity

determined (Table 5).

The transient observed on laser flash photolysis is readily
assigned as Ru(RBPon consideration of (i) the regeneration of
1Ru under H, (ii) the quenching behavior with simple
substrates, and (iii) the consistency with the NMR studies of
the photochemistry. The transient behavior is summarized by
Scheme 9 for all substrates except THF. The more complex
behavior on laser flash photolysis @Ru in the presence of
THF may be understood through Scheme 10a, where Ru(PP
reacts reversibly to form Ru(BROC;Hg), which acts as a
temporary sink. Meanwhile Ru(BPis converted irreversibly
to the cyclometalated compleXRu). Both Ru(PR) and Ru-

than Ar, and its heavy atom effect should assist in overcoming (PFs)(OC4Hs) contribute to the transient absorption, but the latter

the spin selection rules. However, the rate constants for reactionhas Amax at much longer wavelength (435 nm).

with CO in the presence of Ar and Xe were not significantly
different.

(18) Thorn, D. L.; Tulip, T. H.; Ibers, J. Al. Chem. Soc., Dalton Trans.
1979 2022.

(19) The experiment was repeated in cyclohexdpeand the pseudo-
first-order rate constant was determinedkas= 550 s'1, yielding a kinetic
isotope effect of 0.6. Assuming cyclohexetg-reacts with a similar rate
constant to ethend{~ 5 x 10° dm* mol~1s71), the rate increase can also
be accounted for by small amounts of cyclohexdigl mM) impurity in

Figure 6
represents a fit to this scheme. Although we have no direct
evidence, we surmise that the product of photolysi¢Ré in
pure alkanes is the cyclometalated compléR\).

4. Transient Photochemistry of Os(PR)H,. Os(PR)H;
(109 is a creamy-white solid; its UV/visible spectrum shows
no visible absorption maximum but an absorption which
increases into the UV region with a shoulder at 310 nm. It has
an extinction coefficient of 4600 diimol~! cm™ at the laser

the cyclohexaneh,. Consequently we do not place any emphasis on this wavelength (308 nm) in THF solution. Itis only slightly soluble

result.
(20) Similar arguments regarding cyclohexehg-impurities were
considered as for Ru(RfM,,1° but the observed rate constant was an order

in alkanes but dissolves readily in THF and benzene.
Flash photolysis (308 nm) of a cyclohexane solutiorl Ok

of magnitude greater than expected for quenching by 1 mM cyclohexene- (ca. 8 x 10-5 mol dm3) under argon resulted in a transient

dio, derived on the basis of the rate constant for reaction with ethene and
heptene. Consequently we believe that the observed kinetic isotope effect

is reliable.
(21) Wilhelm, E.; Battino, RChem. Re. 1973 73, 1.

absorption with an instrument-limited risetime (ca. 100 ns). The
maximum absorption was observed at approximately 390 nm
(Figure 3), with no further absorption maxima at longer



8468 J. Am. Chem. Soc., Vol. 119, No. 36, 1997

Table 3. Second-Order Rate Constants for Reaction of MRM = Ru, Os) with Quenchers at 296 K

Osman et al.

gas solubility/ k/dm® mol~t st k/dm? mol~t s®
quencher mol dn12 atnm? Ru(PR)® Os(PR)°
Ha 3.8x 103 (2.0+£0.4)x 10°
cyclohexane 1.5x 10%
cyclohexaned;, 5.3x 104

pentane

heptane
methylcyclohexane
methylcyclohexaneh,

(6.0+ 1.0) x 10
(9.5+ 1.4) x 10
(3.1+0.5) x 10
(5.5+ 1.5) x 10°

benzene (1.301)x 10 (3.2+£0.5)x 10°
benzeneds (6.8+0.7) x 10° (6.7+1.0)x 1
THF (1.6 0.2) x 108 (3.2+0.6) x 10°
THF-dg (1.540.1) x 10° (45+1.1)x 10°
HSIEt (5.4+1.1)x 10° (3.3+£0.7)x 10°
co 9.3x 1073 (1.04 0.1) x 10° 6.5x 107

ethene 0.14 7.6 10° (3.2+ 0.4) x 10°
N 7.1x 103 (7.5+ 1.8) x 10° 2.2x 10P

methane 3.0 102 (2.6£0.4) x 10°

a All measurements were taken in cyclohexane solutidkeference 21 for gas solubility Error bars as 95% probability on least squares fit.
When no error bars are shown, rate constant based on measurements with 1 atm gaEhenipte constants for reaction with cyclohexane are
taken from measurements in neat cyclohexane.

0.15- o By varying the concentration of pentane in cyclohexane (6.24
; 2 TraR':;'sgt ﬁ"ﬁt'“ 1.32 mol dnT3) and repeating the experiment it was found that
g kS ‘gj: ¥z kobs Varied linearly with pentane concentration (Figures 8 and
5 0109 % 2. 9a) giving a second-order rate constant of (&0.0) x 104
B fi;o dm?® mol~t s71 (Table 3). Similar experiments were undertaken
§ "'\ A with heptane (0.1£0.98 mol dnt3), methylcyclohexane (0.68
< 0057 N Tmeims 1.26 mol dn3) (Table 3, Figure 9a), and methylcyclohexane-
S dis (0.09-7.84 mol dnt3) (Table 3). The results with
N methylcyclohexane allowed a kinetic isotope effect to be
0.00- oo e s s calculated okpy/kp = 5.6+ 1.5 (Table 4). The striking results

Tirme / ms with pentane, heptane, and methylcyclohexane led to investiga-

Figure 4. Decay of the transient formed on the flash photolysis of 10N of methane as a quencher (see below).
Ru(PR)H. in cyclohexane solution under 500 Torr of hydroge260 In benzene solution, the decay of the transient formed on
Torr of argon. The decay is first-order (inset), and the signal decays to flash photolysis ofLOs was too fast to observe. By varying

the baseline. the concentration of benzene in cyclohexane (8634 mol
dm~3), it was shown that the rate of decay of the transient varied
1.01 Quenching olot for linearly with [benzene] (Table 3, Figure 9b). The experiments
0.8] Ru(PPy) +gbznzene were repeated with benzewg{0.09-0.87 mol dn) to give
" CHg a second-order rate constant (Table 3, Figure 9b) and a kinetic
o 0.6 e C.D, isotope effect oku/kp = 0.6 + 0.1 (Table 4). The quenching
) kinetics of10sin cyclohexane with added HS#HD.004-0.067
:w 0.4 mol dn13) proved to be linear with respect to [HSiE(Table
3 3).
021 Quenching with tetrahydrofuran (0.086.060 mol dn3)
00 yielded a double exponential decay (Figure 10a). The fast
00 02 0.4 06 0.8 component showed a linear dependence on THF concentration

[Benzene] / mol dm™ (Table 3, Figure 10b). The longer-lived produtt{x 440 nm)
Figure 5. Plot of pseudo-first-order decay constant against concentra- decayed with a first-order decay constant of (£.2.8) x 10°
tion of benzeneM) and benzenek (®) for the transient formed on S * Which showed no dependence on the THF concentration
flash photolysis of Ru(P#H.. (Figure 10c). Experiments with THés (0.007-0.016 mol
dm~3) demonstrated similar double exponential behavior (Table
wavelength. All subsequent kinetic data were recorded at 3903). The longer-lived product decayed with a first-order decay
nm unless otherwise stated. constant of (1.64 0.5) x 10® s! which again proved
In cyclohexane under an argon atmosphere the transient signaindependent of [THFg]. The resulting kinetic isotope effect
decayed over several hundred microseconds and did not returrfor the fast component was not significant, but for the slow
to the baseline, indicating the formation of a longer-lived component the kinetic isotope effeckigkp = 2.6+ 0.4 (Table
photoproduct. The decay was first-order as shown by the 4).
linearity of a plot of INAA against timekops= 1.4 x 10* s, Quenching by hydrogen was investigated by preparing two
The experiment was repeated in cyclohexdpg-and the samples ofLlOsin cyclohexane solution, under atmospheres of
pseudo-first-order rate constarky,s = 4.9 x 10° s71 was argon and hydrogen, respectively. The transient signals ob-
determined; thus the approximate kinetic isotope effect for this served on flash photolysis decayed with identical rates. Even
reaction iskq/kp = 2.8 (Table 4%° when the H pressure was increased to 3 atmf[H 1.1 x
When pentane was used as a solvent, a transient signal wad02 mol dm3), there was no change in the rate of decay
observed with a similakmax to that observed in cyclohexane. relative to an argon atmosphere.
However, the signal now decayed in just a few microseconds Quenching by CO was investigated by preparing two samples
(kobs = 7.3 x 1P s71) and still did not return to the baseline.  in cyclohexane under atmospheres of argon and CO respectively.
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Transient Kinetics for Ru(PP,) with THF
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Figure 6. Analysis of photoreaction of Ru(RB, with THF in cyclohexane: (a) fitted datd & 470 nm, [THFég] = 0.018 mol dn3) on short
timescale, showing growth of Ru(BPOC4Hs); (b) fitted data { = 470 nm, [THFds] = 0.018 mol dm?) on long time scale, showing decay of

Ru(PR)(OC4Hs); (c) kobs for fast growth against [THF]M) and [THFds] (®); and (d) 1kes for slow decay against [THF] showing experimental
data @) and modeled dataa).

- Scheme 10Transient Photochemistry of M(BJPI, in the
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Figure 7. Eyring plots for the reaction of Ru(RPwith triethylsilane
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P ,I, Ho Hak | Table 4. Kinetic Isotope Effects (KIE) for the Reaction of M(RP
1Ru R Transients with Selected Quenchers
u
qguencher KIE Ru(PR)® KIE Os(PR)°
(\ cyclohexane 2.8

4 methylcyclohexane 5615

Ri. Cote Q”\ I CeHs 15402 0.6+0.1

k THF: growth of M(PR)(OC4Hs) 1.1+0.2 0.7£0.2

THF: decay of M(PB)(OCsHs) 0.9+0.1 2.6+04
R = Ph, SiEt,

5Ru, 1'1;‘ 2 All measurements were taken in cyclohexane solution, except for

cyclohe;gane vlvhere neat sollventhwas uddgkror bars ash 95%
In the presence of CO, the decay was sightly, but reproducioly, onatant based on massurements wih one concentration only.
faster kops = 2.0 x 10* s71) than that under argorkdps =
x 10* s1). These data can be used to give an approxmate
value for the second-order rate constant for the reaction of thethe transient decay was slightly faster under an atmosphere of
transient with CO (Table 3). methane than under argoRnthane= 2.2 x 10* 71, kargon =
A similar experiment with a methane atmosphere showed that 1.4 x 10* s™1). The experiment was repeated with 2 and 3
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Figure 8. Decay of osmium transient in the presence of 0.47 molddm £ 104
. . . . [ .
pentane in cyclohexane and first-order plot (inset). The decay is more N ?:;?;:zi6denm Plot
than twice as fast as in cyclohexane alone. 0 . . . . . .
e heptane T 8.0
N Slow Decay :
3) Os(PPy pentane © C) [THV;] Dep;’ndence Plot
15404 = methylcyclohexane :
2 Y
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0.0 . . i Figure 10. Analysis of photoreaction of Os(BWP, with THF in
0.0 0.4 0.8 1.2 cyclohexane: (a) fitted transient with [THE 0.025 mol dm?; (b)
.0

kobs for fast decay against [THF) and [THF-dg] (®); (C) kops for
slow decay against [THF) and [THFdg] (®).

Table 5. Activation Parameters for the Reactions of M{PM =
Ru, Os) and Related Compounds with Various Quenéhers

AH¥ AS AG¥ed
kJ molt JmoltK-1 kJ molt

00 " o6 08 1 Ru(PR) + HSIEt 3542 —18+6 40+ 4

. 2 0 . . .

00 O el fp Ru(PR) + benzene 3a 4 +1+13 3846

] . . Os(PR) + pentane 2% 1 —59+4 45+ 2
Figure 9. Plots of observed pseudo-first-order decay constant against  og(pR) + HSiEt 3145 —274+12 39+ 6
quencher concentration for the decay of the transient formed on flash  og(PR) + benzene 38 3 749 40+ 4
photolysis of Os(PBH.: (a) pentane4), heptane @) and methylcy- Ru(dmpe) + HSIEtP 9+1 —53+4 254 2
clohexane M) inset: methane#); (b) benzene M) and benzenes Fe(dmpe) + HSIE® 22+ 2 —87+6 48+ 3
(®). Ru(depe) + HSIEt¢ 11+3 —112+4 444 1

o . . 2 Error bars as 95% probability on least squaresfee ref 7° See
atm pressure of methane yielding a linear plotkgf against ref 24b.9 See ref 8.

methane concentration (Table 3, Figure 9a, inset). . _
Quenching with nitrogen (1 and 2 atm) and ethene<(B60 Scheme 11Transient Photochemistry of Os(§R;

Torr) was investigated (Table 3). The decays did not return to /\P
the baseline and had a large residual absorption. L, CeHrz \P\olﬁ
The temperature dependences of the rate constants for the k L] )
decay of the transient with pentane (1.64 mol-dmntriethyl- P(\T " L =Ny, CO, CaH,
silane (0.004-0.04 mol dn13), and benzene (0.19 mol dr) E( >o< — " o ospry 60s, 70s, 100s
were studied from 286325, 283-337, and 28#326 K, v A\
respectively. Eyring plots of lif/T) against 1T were used to 10s RH, CaHirz P T,H
extract the activation parameters (Tables 5 and S2, Figure S2). I — E(P /°|S\R
The laser photochemistry 4fOscan be interpreted in terms e
of Os(PR) as the principal transient. The argument for the R = Ph, CHj,
assignment is similar to that for Ru(pPexcept that the pentyl, heptyl, cyclohexyl
precursor is not regenerated under a hydrogen atmosphere. The methylcyclohexyl, SiEty

quenching behavior is summarized in Scheme 11 for all o

quenchers except THF. Unlike Ru@Rhe transient behavior 10a. It also accounts for the kinetic isotope effect on the slower
of Os(PR) provides direct evidence for reaction of heptane, Step but the lack of KIE on the fast step.

pentane, methylcyclohexane, and methane. The kinetic isotopeDiSCUSSion

effect in cyclohexane provides evidence for the formation of

Os(PR)(CeH11)H, although the cyclometalated specid©§) The photochemistry of both Ru(BP, (1Ru) and Os(PR)-
cannot be excluded as a possible product. The double expo-H, (109 in solution proves to be extensive, leading to many
nential behavior in the presence of THF is suggestive of products which can also be obtained by reductive synthesis from
conversion of Os(P§ to the oxygen-bound THF adduct, M(PPR;)Cl, (2Ru/20s). In some cases the photochemical route
followed by conversion to the €H insertion product §09 is preferred, while reductive routes are more facile for others.
observed by NMR. This sequence represented in Scheme 10b Product Studies. Photolysis of 1Ru in THF under a
forms the basis for the fit to the kinetic data shown in Figure rigorously inert atmosphere yields the cyclometalated complex
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(4Ru). This reacts readily with kto regeneratéRu and also
acts as an efficient scavenger fos fd give Ru(PB)(N.) (6Ru).
Hence4Ru can be considered as a store for some of the photon

energy in the absence of other quenchers. We deduce an order

of thermodynamic stability:4Ru < 6Ru < 1Ru. However,
Ru(PR)(Ph)H GRu) cannot be produced thermally by addition
of benzene to a solution @Ru. Ru(PR)(Ph)H is best formed
photochemically at low temperature in THRHE mixtures,

which also generates some of the cyclometalated species.

Although dinitrogen complexes of Ru(ll) are abund&@Ru is
a rare example of a dinitrogen complex of Ru(0).

The photochemistry ofiOs proved substantially different
from its ruthenium analogue. Photolysis in THF yielded the
tetrahydrofuranyl hydride comple8Qs), which could also be
formed by reductive synthesis from Os@®,, and has no
ruthenium analogue. Secondary photolysi86fs was found
to be the only route to the cyclometalated compk®¢). The
formation of Os(PB)(N>) (609 proved inaccessible by photo-
chemical routes. Howeve8Os could be generated in THF at
low temperature by a thermal method but reacted with THF
upon warming. Finally, in contrast to the ruthenium analogue,
Os(PR)(Ph)H GOy is thermally stable and can be obtained
by both photochemical and reductive routes.

Dahlenburg et al. have studied the reduction of a variety of
related MRCI, (M = Ru, Os) complexes in which the
phosphines have methyl rather than phenyl substitdérithey
have employed the tetradentate phosphines PQERCH,-
PMe)s (P4), P((GH4)PMe)s (P48), and combinations of bi-
and tridentate phosphines with PMeThe RuRCl, species
invariably yield RuR(Ph)H on reduction in the presence of
benzene, while a photochemical route from the dihydride has
also been employed for RyB(Ph)H. Unlike our Ru(PB-

J. Am. Chem. Soc., Vol. 119, No. 36, 198471
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Figure 11. Schematic diagram showing the rate constants for reaction
of M(PPs) compared to those for Fe(dmpeRu(dppe), and Ru(depe)

characteristic of the square planar geometry adopted by the M
complexes with two bidentate phosphine ligands. An additional
influence on the UV/visible spectrum may come from an
interaction of the metal with a phenyl group of thesRigand
(see below). These conclusions are also consistent with
observations on Fe(dmpeyhich exhibits a UV/visible spectrum
with a single maximum at 390 niP The proposed geometry
of the transient Fe(dmpgj)s Cs rather than the square planar
Dy, for the ruthenium analogues.

Reactivity of Transients. The rate constants for reaction
of M(PPs) are shown schematically in Figure 11, together with
those for Fe(dmpe) Ru(depe), and Ru(dppe) A notable
feature is the narrow range of rate constants, varying for Ru-
(PR;) between 5.4< 1P and 2.0x 10° dm® mol~! s~ and for
Os(PR) between 1.5¢< 10° and 6.5x 10° dm?® mol~1s71. This

(Ph)H these are stable, isolable complexes. The reduction oflack of selectivity contrasts with the behavior of Ru(dpyze)d

Ru(PA)Cl, in THF yields Ru(R*)(2-C4H70)H, which is an
exact analogue 880s

The methyl hydride complex, Os(BMe)H, was generated
from Os(PR)(OTfH in benzene solution but proved unstable
with respect to Os(PRPh)H. The low solubility of Os(P#-

H, prevented us from carrying out product studies by NMR in
alkane solvents.

For comparison, Flood et al. have studied the thermolysis of
Os(PMe)4(CH,CMe3)H with hydrocarbons, isolating €H
activation products, Os(PMRr(R)H, from benzene, Mg&i,
mesitylene, and metharé. In the absence of these substrates
a cyclometalation product is formed. The reaction with benzene
proceeds via oxidative addition of benzene to Os(BMEH,-
CMeg)H to form an O¥ intermediate, whereas reaction with
Me,Si involves oxidative addition to Os(PMe.

Transient Photochemistry. Laser flash photolysis of M(RJP
H, yields transients within the instrumental risetime (ca. 100
ns) which are assigned to M(B)P They exhibit a single
absorption maximum at 395 nm (M Ru) and 390 nm (M=
Os), respectively. These spectra contrast with those of Ru-
(drpe}® and Os(dmpe)*2 all of which show a series of

absorption bands across the visible spectrum including one at
very long wavelength between 700 and 800 nm. We deduce

that the C3, or Cs geometry (Scheme 1) enforced by the
tetradentate PPligand removes the long wavelength bands

(22) (a) Antberg, M.; Dahlenburg, L1. Organomet. Chenmi986 312
C67. (b) Dahlenburg, L.; Frosin, K.-MChem. Ber.1988 121, 865. (c)
Dahlenburg, L.; Kerstan, S.; Werner, D. Organomet. Cheni991, 411,
457.

(23) (a) Desrosiers, P. J.; Shinomoto, R. S.; Flood, TJ.GAm. Chem.
So0c.1986 108 1346 and 7964. (b) Harper, T. G. P.; Shinomoto, R. S,;
Deming, M. A.; Flood, T. C.J. Am. Chem. Socl988 110, 7915. (c)
Shinomoto, R. S.; Desrosiers, P. J.; Harper, T. G. P.; Flood, 0. 8m.
Chem. Soc199Q 112 704. (d) Ermer, S. P.; Shinomoto, R. S.; Deming,
M. A.; Flood, T. C.Organometallicsl989 8, 1377.

Ru(depe).® Thus the ratio of rate constants for reaction with
H, and GHy, k(H2)/k(C,H,) is 2.6 for Ru(PB) but 410 for Ru-
(dppe)}. The comparison with selectivity for Abver HSIEg

is even more dramatick(Hz)/k(HSIEt) is 3.7 for Ru(PB) but
3600 for Ru(depe)

The reactivity of Ru(Pg) is also enhanced toward some key
substrates compared to Ru(deped Ru(dppe) The species
with the tetradentate ligand reacts rapidly with H3iEnhd
benzene. The closest analogue with bidentate ligands, Ru-
(dppe}, reacts with neither HSignhor GHg in the presence of
photogenerated hydrogen. Ru(depepcts with HSiEtbut not
with CgHg. Thus the striking reactions of Ru(p)Rre as a result
of reduced selectivity for hydrogen coupled with enhanced
reactivity toward other species.

When we consider Os(BR the changed reactivity is even
more remarkable. The back reaction of Os{jRkith H, fails
to compete with solvent activation even under 3 atm histead
we observe a first-order decay of the transient in cyclohexane
with a rate constant of 1.4 10* s™%. This measurement enables
us to calculate an upper limiting rate constant for reaction of
Os(PR) with H, of ca. 1§ dm®* mol~! s™1. The rate constants
for reaction of Os(P§ with CO, HSIEg, and ethene are all
reduced marginally relative to Ru(B)P However, the striking
feature is that Os(RJPreacts with alkanes containing a primary
alkyl group and with methane itself. The rate constants increase
in the order methylcyclohexarne pentane< heptane< methane
< benzene. The large kinetic isotope effect for the reaction
with methylcyclohexanek{/kp = 5.6) provides evidence that
the observed quenching by alkanes involvedHbond breaking
and the formation of new alkyl hydride species. Remarkably,
the rate constant for reaction with methane is only about 20%

(24) (a) Nicasio, M. C.; Perutz, R. N. Unpublished observations. (b)
Whittlesey, M. K.; Mawby, R. J.; Osman, R.; Perutz, R. N.; Field, L. D.;
Wilkinson, M. P.; George, M. WJ. Am. Chem. S0d.993 115 8627.
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lower than that with benzene. The kinetic isotope effect dependence onthe THF concentration which was consistent with
measured for the reaction of Os@mith cyclohexaneKu/kp the observed KIE for the second mechanism.
= 2.8) suggests that the transient is even capable of activating The kinetic isotope effects are collected in Table 4. All
secondary €&H bonds in the absence of more reactive significant KIEs are normal except for Os@@@mvith benzene
substrates, despite the possibility for intramolecular activation for which an inverse effect is observekl{kp = 0.6 £+ 0.1).
to form the cyclometalated species. The rate constant for Inverse isotope effects are usually interpreted in terms of a pre-
reaction with cyclohexane is, however, at least 20 times smaller equilibrium to form any?-CgHs complex. However, ab initio
than that for the reaction with alkanes containing methyl groups. calculations of kinetic isotope effects suggest a considerable
It is this selectivity which has enabled us to determine full need for caution in deducing mechanisms from inverse kinetic
kinetic quenching plots for reactions with alkanes in the presenceisotope effects’
of cyclohexane as solvent. Thus OsgpPPrings reduced The differing reactivities of M(P§ and Ru(drpe)should be
reactivity toward H but enhanced reactivity toward alkanes, apparent through activation parameters. The enthalpies of
with substantial selectivity for CiHover primary C-H bonds, activation (Table 5) vary between 35 and 39 kJ mdobr Ru-
and primary over secondary- bonds. (PRs) and between 27 and 38 kJ mélfor Os(PR). All these
Kinetic selectivities for different alkanes have been deter- values are much higher than those for reactions of Ru(dmpe)
mined previously for TRRh(CNR) (Tp = HB(3,5-dimethyl- or Ru(depe) with HSiEtz. The entropies of activation are
pyrazolyly). The selectivity for primary over secondary-& surpri_singly_close to zero for bimolecular processes, the most
bonds of Os(Pg is at least five times higher than that for negative being for Os(RP+ pentane. The small value mst.
TP'Rh(CNR) which previously displayed the highest kinetic for Ru(PR) and HSIE§ contrasts with much more negative
selectivities for hydrocarborf8. The kinetic selectivities are ~ values for the reactions of the bidentate analogues. The
calculated as a ratio of the rate constants for the hydrocarbonentropies of activation for M(Pf+ HSIEg are similar to that
involved and normalized with respect to the number eflC ~ for CPMn(CO}S (S = solvent)+ HSIEE (-28 + 10 J K™
bonds of interest present in the hydrocarbon. The kinetic mol~1),¢ which has been interpreted in terms of an early
selectivity of Os(PB) for methane over cyclohexane is at least transition state. N
520 times greater than for TRh(CNR), where reaction with Key differences in the reactivity of Ru(gand Os(PE) may
methane was not observed at atmospheric pressure. Reaction@€ Summarized as follows: (a) Ru@Ryclometalates ther-
of osmium complexes with alkanes, including methane, have Mally, Os(PB) cyclometalates only via secondary photolysis
been recorded previously in arene half-sandwich compfexes Of 80s (b) Ru(PR) reacts with H under our conditions, Os-
and in other phosphine complex@s. (PBR;) does not; and (c) only Os(BRundergoes €H activation

The reactions of M(P# with THF require analysis of more rea_ctio_ns . a_lkan_es and THF' T.he ab“?‘y to undergetC
complex kinetics. For Ru(RJPthe oscilloscope traces measured ﬁﬂcﬂ\(_‘a:‘?& r'(\a/la_cct:log1osn|§sa;fnoocr|%t?gevvtlrt1ri\réh;eoac;;a:ﬁgggtrength of
2;] gvcgdng] rgggrgtroewmaéamuln% sforngsrg_abao)ufgﬂ O-I\—,\I/-Iez ?S,dgd) Structural Implications of Reactivity. The reactivity pat-
slow decay (ca. 10 s Figuré 6b), Each trace could be fitted terns of M(PR) may be summarized as low selectivity with

. . - . " reduced reactivity toward Hbut enhanced reactivity toward
to a simple exponential function to yiekgdfast) for the growth, . other substrates )r/elative toHRu(drpe)Nhere compari)éons are
or kopgdslow) for the decay. The data were analyzed according possible, the value akH¥ is higher than for Ru(drpeland the
to the mechanism of Scheme 10a. A plotkgf{fast) versus '

[THF] was linear and yielded the rate constant for reaction of value Of.A§ Is less negative. W‘? havg co_nS|dergd three
Ru(PR) with THF to form an O-bound adduck; = (1.6 + explanations of these phenomena involving (i) a spin triplet

0.2) x 10° dm® mol-1 51 (Figure 6¢). A plot of Tpdslow) ground state, (ii) specific solvation, and (iii) a barrier created
versus THF was linear. This reciprocal plot could be modeled by the p03|t_|o_n_ of the phosphme phenyl groups. .

most satisfactorily whek 1 = 2 x 10* s+ andk, = 400 s* T_he poss@hty Qf a t.rlplet ground state for M(pRequires
(Figure 6d). The kinetic modeling does not represent a unique Z?(It:iObLiltsschT;I]dzeiratrlgEr]s(ljing('[aa?eo?zli(]gP;o] dN(Ch;g(e::ést%)é)r
solution but is consistent with the measurements in pure _". 9 . P ; S
cyclohexane which give a value flagbsof 350 s%. This slow spin crogg,bover effects should result in an entropic barrier as for
step is attributed to cyclometalation of the fragment. The values Fe(CO).™ Moreover, the absence of a heavy atom effect when

of ki and k-, combine to give an equilibrium constant for (26) The analytical equation derived for fitting the double exponential
formation of Ru(PB)(THF) of ca. 80. The lifetime of Ru(RP decay traces (Figure 10a) to the proposed mechanism (Scheme 10b) for
(THF) in pure THF of ca. 200 ms also suggests a weakly bound the reaction of Os(P# in the presence of THF is shown below:
adduct. AA = e’(kl+k3)t { a+ bk:l_ _ Ck1k3 _

The reactivity of Os(P§ in THF follows a different pattern. (ke =k —kg)  (ky = kg = kg)(ky + k)
The kinetics are fitted to Scheme 10b. The model was fitted dks S I L cky + dkg
using an analytical expressi®nfor multistep irreversible (K, + ko) (ky — kg — ko) * (ky + ky)

reactions, as derived from the first-order differential equations. wherek is the pseudo-first-order rate constant &geas assumed to take

Here, trapping of Os(PJPto form an oxygen bound adduct the same value as that observed in neat cyclohexane<(1@ s%). The
(which displays no kinetic isotope effect, Tables 3 and 4) other variables are defined as= ¢(Os(PR)) x [Os(PR)]o; b = €(Os-

i i (PP)(OC4He)) x [Os(PR)]o; ¢ = €(Os(PR)(2-CsH70)H) x [Os(PR)]o;
competes with the decay process found in pure cyclohexaney ;' €(Os(PR)(CeH11)H) x [Os(PR)]o where [Os(PB)]o is the initial
(which is probably G-H activation, see earlier). The oxygen concentration of Os(RPgenerated by the laser. The valueskofks, a, b,
bound adduct converts to Os(@etrahydrofuranyl)H with a ¢, andd were fitted to the observed kinetic traces for each concentration of

= “1 Thi i inati THF.
rate constant of, 4'2f 16 s™1. This step exhibits a kinetic (27) (a) Abu-Hasanayn, F.: Goldman, A. .. Krogh-Jespersod, Rhys.
isotope effect ofku/kp = 2.6 == 0.4. We also considered &  chem.1993 97, 5890. (b) Hall, C.; Perutz, R. NChem. Re. 1996 96,

reaction scheme in which the oxygen-bound adduct is formed 3125.

i i i (28) Hill, R. H.; Wrighton, M. S.Organometallics1987, 6, 632.
reversibly and Os(PRtetrahydrofuranyl)H is formed _dlrectly (29) Martinho-Simoas, J. A.. Beatichamp, J.Chem. Re. 1690 90,
from Os(PR). However, we were unable to obtain a rate gog
(30) (a) Sacconi, L.; Orlandini, A.; Midollini, Snorg. Chem1974 13,
(25) Jones, W. D.; Hessel, E. J. Am. Chem. S0d.993 115 554. 2850. (b) Weitz, EJ. Phys. Chem1987, 91, 3945.




M(PP3)H2 (M = Ru; Os; PR = P(CH,CHyPPhy)3)

Xe was dissolved in a solution of Ru(BH, + CO lends no

J. Am. Chem. Soc., Vol. 119, No. 36, 198473

of their reactions with a range of substrates have been

support to this hypothesis. Of course, high spin ground statesdetermined. Key features are summarized below: (a) Photolysis

for ruthenium and osmium complexes would be highly unusual.
For these reasons a spin triplet ground state for MR
excluded.

of Ru(PR)H, in THF under an inert atmosphere yields the
cyclometalated compleXdRu), which acts as an energy store,
and scavengesNand H. (b) Photolysis of Os(P#H, in THF

The presence of a solvent molecule coordinated to a reactiveyields the tetrahydrofuranyl hydride comple&ds), which is

intermediate is characteristic of many dpecies such as
Cr(CO)S (S= solvent§! and CpMn(C0O)S32 Solvent coor-
dination has also been observed for Ru(g&P)es),S* but not

for Ru(drpe). If this model is correct, the barrier to reaction
would arise principally by displacement of the solvent molecule
by the incoming substrate. Since M@PBpecies are so reactive

and the parent dihydrides are not soluble in perfluoroalkanes,

better synthesized reductively. The cyclometalated osmium
complex @0Os) is only formed on photolysis 0BOs (c)
Benzene activation leads to formation of M@RIPh)H com-
plexes. The osmium product is isolable, but the ruthenium
product is thermally labile. Os(B®Me)H has been synthesized
but proves unstable with respect to reductive elimination of
methane. (d) The UV/visible spectra of the M@PRitermedi-

this model has proved hard to test. We note that the rate ates are quite different from the square planar transients such

constant for reaction of Ru(BPwith H; increased significantly

as Ru(dppe) The change reflects the enforcé&, or Cs

between cyclohexane and heptane as solvents, but the changstructure and the likely agostic interaction of a phenyl group.

was within the limits of general solvent effects.

In the third model, motion of the phenyl groups to a less
favorable conformation where they are out of the way of an
incoming ligand gives rise to the highH* and an early
transition state, and hence Io&S’. The steric effects of the
phenyl groups in eithe€s, or Cs structures may be modeled

(e) The reactivity of Ru(P§ is quite different from Ru(dppe)

and Ru(depe)with a more rapid reaction with HSiEbut a
much slower reaction with i Of these three transients, only
Ru(PR) reacts with benzene. (f) Os(PHAnserts into C-H
bonds of alkanes in addition to those of benzene and THF. The
high sensitivity of UV/visible spectroscopy coupled with the

by an examination of the crystal structures of analogous 18 use of kinetic isotope effects enable these reactions to be

electron rhodium and iridium complex&s.Moreover, there is
the additional possibility that a phenyl group may act as an
agostic ligand to ruthenium or osmium in M#P The
plausibility of an agostic interaction is made clear by model
building and by analogy with the structures of [Re(triphos)-
(CO)]BF4 (triphos= MeC(CH,PPh)3)3° and Ru(PP¥)3Cl,.36

If correct, the agostic interaction will certainly affect the UV/
visible spectrum of M(PE. Although the agostic model cannot
be distinguished experimentally at this stage from solvent
coordination, we consider that it offers the most satisfactory
explanation of the observed behavior.

e
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Conclusion

A range of complexes, M(R. and M(PR)(X)Y (M = Ru,
Os), have been synthesized by reduction of MJERB and by
photolysis of M(PRB)H,. The transient intermediates, M(®P

established despite very low solubility of the precursors in
alkanes. The rate constants follow the order: cyclohexane
methylcyclohexanes pentane< heptane< methane< benzene

~ THF. The selectivity for primary alkyl groups and methane
over cyclohexane is sufficient that full quenching experiments
can be carried out. The rate of reaction with methane is only
about 20% slower than that with benzene. (g) The enforced
Cs, or Cs structure successfully prepares Ru§PRand more
especially Os(P®, for C—H activation. The barrier to inter-
molecular C-H or Si—H activation must be lower than for
square planar analogues because of the prearranged geometry.
Most remarkably, the barrier to cyclometalation is high enough
that this process does not compete effectively with intermo-
lecular processes for Ru(p)Pand is only accessible photo-
chemically for Os(PE. It is equally significant that the
reactions of M(PE) with H, are not fast enough to inhibit-€H
activation.
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