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The reaction of the hexahydrido complex GEPPr3), (1) with 2,2-biimidazole (Hbiim) leads to the trihydrido
complex OsH(Hbiim)(PPr), (2). Complex 2 reacts with the dimers [M{OMe)(COD)p (COD = 1,5-
cyclooctadiene) to afford the heterobimetallic derivativeé®gpbH3z0s(-biim)M(COD) (M = Rh @), Ir (4)).

The structure oft was determined by an X-ray investigation. Compleorystallizes in the triclinic space group

P1 (No. 2) witha = 8.978(2) A,b = 13.629(3) A,c = 15.369(3) A,a. = 79.34(2), B = 86.31(2), y = 72.43-

(1)°, andZ = 2. The coordination geometry around the osmium atom can be described as a distorted pentagonal
bipyramid with the two phosphorus atoms of the phosphine ligands occujngng positions. The osmium
coordination sphere is completed by the hydrido ligands and by the chelating Ir(biim)(COD) group, bonded through
two nitrogen atoms. The HH separations are 1.57(5) and 1.59(7) A. Complealso reacts with pyrazole

(Hpz). The reaction gives Oskpz)(Hpz)(PPr), (5), which affords [OsH(Hpz)(PPrs),]BF, (6) and OsHCI-
(Hpz)(PPrs)2 (7) by reaction with HBE and HCI, respectively. ThéH NMR spectra of2—4 in the hydrido

region at low temperature display AM; spin systems (%= 31P), which are simplified to AM spin systems in

the IH{31P} spectra. The values faly—y are abnormally large (between 31.7 and 76.0 Hz) and temperature
dependent. Furthermore, they are inversely proportional to the electron density on the osmium atom, increasing
in the sequenc@ < 3 < 4. These results are interpreted in terms of the operation of quantum mechanical
coupling between the hydrogen nuclei in the Qsiit.

Introduction large and temperature dependent hydreggrdrogen coupling
_ N . i constants. Several trihydridos of Nbiim Mo,h Ru 849 and
The chemistry of transition-metal hydrido complexes is an | 6ce have been shown to display this behavior. For osmium,

area of great interest to organometallic chemists due to theHeinekey and Harper have reported quantum mechanical
possibilities offered by these compounds for the design of o, nange coupling between the hydrogen nuclei of the cationic
homogeneous catalytand the preparation qf other types of complexes [Osk{-CeHe)(PR)]* (PR; = PCys (Cy = cyclo-
complexeg. In the past few years, this chemistry has received hexyl), PPk, MPTB = 1-methyl-4-phospha-3,6,8-trioxabicyclo-
increasing attentiofwhile three major factors have contributed 2.2 2],octar;e7 and Gusev and Caulton havé o,bserved the same
tothe more recent development: (i) the dispovery of transition- phenomenon ,in the six-coordinate osmium (V) derivatives
metal dihydrogen complexes by Kubas et €l) the theoretical OSHX(PPr), (X = Cl, Br, 1) and in the trihydride-dihydrogen
work by Burdett and co-workers suggesting that other polyhy- OsH(y?-Ho)(PPE) s
drogen ligands such assHand H; may exis and (iii) the e ¥z
observations of quantum mechanical exchange coupling between

(6) (a) Heinekey, D. M.; Payne, N. G.; Schulte, G.XAm. Chem. Soc.
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ently attracting considerable interest, is revealed by abnormally Chem. Soc., Chem. Commua88§ 1210. (c) Zilm, K. W.; Heinekey,
D. M.; Millar, J. M.; Payne, N. G.; Demou, R. Am. Chem. Soc.

1989 111, 3088. (d) Arliguie, T.; Border, C.; Chaudret, B.; Devillers,

® Abstract published idvance ACS Abstract®yovember 1, 1996. J.; Poilblanc, ROrganometallics1989 8, 1308. (e) Heinekey, D. M;
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For several years, we have studied the synthesis, reactivity,
and catalytic potential of new dihydrogen and polyhydridoos-

mium compounds. Thus, 8 years ago, we reported the reaction

of the five-coordinate complex OsHCI(COY), with NaBH,
to afford OsHg2-H,BH,)(CO)(PPr); ,° which in the presence
of 2-propanol decomposes to the tetrahydrido ¢i€¥)(P-
Pr)..1° This complex, which is an active catalyst for the
hydrogen transfer from 2-propanol to ketones argtunsatur-
ated ketoned! reacts with terminal alkynes to give the alkyryl
hydrido—dihydrogen derivatives OsHR)(172-H)(CO)(P-
Pr3)2.12 Similarly, the six-coordinate osmium(lV) complex
OsH.Cl,(PPr), reacts with NaBHto give OsH(;72-H,BH,)(P-
Prs),,13 which, in the presence of 2-propanol, affords the
hexahydrido Osk(PPr),. This compound, which is also an
active catalyst for the reduction of ketones by hydrogen transfer
from 2-propanok? reacts withN-acetylt-cysteine to give the
dihydrido OsH{ OC(=0)CH[NHC(&=O)CHs]CH,S} (P Pr3),.1°

As a continuation of our work in this field, we have now
investigated the reactions of O Pr), with 2,2-biimidazole
(Hzbiim) and pyrazole (Hpz). During this study, we have
observed that complex OgfHbiim)(PPrs), shows mechanical
exchange coupling between the hydrogen nuclei of the3zOsH
unit, which can be increased by substitution of the acidic proton
of the [Hbiim]~ ligand by the metallic fragments M(COD) (M
= Rh, Ir). In this paper, we report the synthesis and charac-
terization of the first polyhydrido derivatives, containing
nitrogen donor ligands, which show quantum mechanical
exchange coupling.

Results and Discussion

2,2-Biimidazole Compounds. Treatment of Osk(PPr),
(1) with 2,2-biimidazole in 1:1 molar ratio, in toluene under
reflux, gives after 30 min a colorless solution from which the
complex OsH(Hbiim)(PPr), (2) is separated as a white solid
in 85% yield, by addition of methanol. The formationdfan
be rationalized in terms of the loss or four hydrogen atoms as
molecular hydrogen, accompanied by the chelation of the
monoanion [Hbiim] to the central metal (eq 1). We suggest

ipr.
NG e
\0 - NYN—H H /NYN\
H— —_ —_— J— +
— N + X H Os_ S H 2 H, (€N
H | H N7 \N-H H ‘ NN
\~/ \~/

that the first step of this reaction may be the protonation of
to give a cationic dihydrogen intermediate, probably [(gP
H.)2(PPrs),]+, which rapidly reacts with [Hbiin] by liberation

of molecular hydrogen to affor®. In this context, it is
noteworthy that a variety of polyhydridos of tungsten, rhenium,
osmium, and iridium react with HBFn acetonitrile to form

(9) Werner, H.; Esteruelas, M. A.; Meyer, U.; Wrackmeyer,@em.
Ber. 1987 120, 11.

(10) Esteruelas, M. A,; Lahoz, F. J./ pez, J. A.; Oro, L. A.; Schiloken,
C.; Valero, C.; Werner, HOrganometallics1992 11, 2034.

(11) (a) Esteruelas, M. A.; Sola, E.; Oro, L. A.; Werner, H.; MeyerJU.
Mol. Catal. 1988 45, 1. (b) Esteruelas, M. A.; Sola, E.; Oro, L. A;;
Werner, H.; Meyer, UJ. Mol. Catal.1989 53, 43. (c) Esteruelas, M.
A.; Valero, C.; Oro, L. A.; Meyer, U.; Werner, Hnorg. Chem1991,

30, 1059.

(12) Espuelas, J.; Esteruelas, M. A.; Lahoz, F. J.; Oro, L. A.; Valero, C.
Organometallics1993 12, 663.

(13) Esteruelas, M. A.; Jean, Y.; LlesloA.; Oro, L. A.; Ruiz, N.; Volatron,
F. Inorg. Chem.1994 33, 3609.

(14) Aracama, M.; Esteruelas, M. A.; Lahoz, F. J'pea, J. A.; Meyer,
U.; Oro, L. A.; Werner, HInorg. Chem.1991 30, 288.

(15) Atencio, R.; Esteruelas, M. A.; Lahoz, F. J.; Oro, L. A.; Ruiz, N.
Inorg. Chem.1995 34, 1004.
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Figure 1. Variable temperaturéH NMR spectra (300 MHz) in the

high-field region of OskH(Hbiim)(PPr) (2). T; for the intramolecular
hydrogen exchange process are also provided.

molecular hydrogen and solvento compleXesfecently, Tilset
and Caulton have also investigated the protonatiod wfith
HBF,, which leads to the cationic dihydrogen complex [G&#%
Ho)>(PPrs)2]*. In acetonitrile, the nitrogen donor ligand
displaces the two dihydrogen ligands to give [QICCHg)o(P-
Pr3)2]+.17

The spectroscopic data @fare consistent with the formula-
tion shown in eq 1. The IR spectrum in Nujol shows a very
broadv(NH) absorption from 3000 to 2300 crh indicating
the presence of a NH bond remaining in the coordinate
monoanion [Hbiim} .18 In agreement with the mutualtyans
disposition of the phosphine ligands, at room temperature, the
31p{1H} NMR spectrum in tolueneg shows a singlet at 19.8
ppm, which is temperature invariant down to 180 K. However,
the 1H NMR spectrum is temperature dependent. At room
temperature, the spectrum exhibits in the hydrido region a single
triplet resonance at11.5 ppm with a P-H coupling constant
of 12.90 Hz. This observation is consistent with the operation
of a thermally activated site exchange process, which proceeds
at a sufficient rate to lead to a single hydrido resonance.
Consistent with this, lowering the sample temperature leads to
broadening of the resonance. At very low temperature (210
K), decoalescence occurs and a pattern corresponding to an
AM X, spin system (%= 31P) is observed, which becomes well-
resolved at 190 K (Figure 1). WitHP decoupling (Figure 2a),
the spectrum is simplified to the expected ABpin system.
Line shape analysis of the spectra of Figure 2a allows the
calculation of the rate constants for the thermal exchange process
at different temperatures. The activation parameters obtained
from the Eyring analysis araH* = 9.29 + 0.22 kcal mot?
and AS' = —2.854 0.67 cal K molX. The value for the
entropy of activation, close to zero, is in agreement with an
intramolecular process, while the value for the enthalpy of

(16) Crabtree, R. H.; Hlatky, G. G.; Parnell, C. P.; SédenuB. E.; Uriarte,
R. J.Inorg. Chem.1984 23, 354.

(17) Smith, K. T.; Tilset, M.; Kuhiman, R.; Caulton, K. @. Am. Chem.
S0c.1995 117, 9473.

(18) (a) Garta, M. P.; Lpez, A. M.; Esteruelas, M. A.; Lahoz, F. J.; Oro,
L. A. J. Chem. Soc., Dalton Tran$99Q 3465. (b) Esteruelas, M. A.;
Lahoz, F. J.; Oro, L. A.; Oate, E.; Ruiz, NIlnorg. Chem.1994 33,
787.
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cases the value dh—y is of the magnitude of 9 Hz. F&the
large value ofla—y and its slight dependence on the temperature
suggest the operation of quantum mechanical exchange coupling
250 K JL L between the hydrogen nuclei in the Qgstthit.
In the iridium derivatives [IrH(;5-CsHs)(PRs)] * the exchange

can also be described as Algpin systems. However, in these
294 K J L 150000 s

9300 s"

240LJL~7 ) 41005’ coupling decreases as the basicity ogfiRrease$® The same
trend has been observed for the cationic complexes {@&H
23@! ‘meo s’ CsHe)(PRs)] ™ which shows hydrogenhydrogen coupling con-
2K N N seos stants of 89 and 374 Hz, at 173 K, for R Cy and Ph,
respectively. Qualitatively, it has been proposed that the
ok A A 20 magnitude of the exchange coupling rapidly diminishes as the

‘JJLA distances between the protor@ {s increased. The exchange
200K coupling is also greatly diminished by decreasing the amplitude

h 69
NA N of the vibrational motion ).22 The large variations in the
190K Juu = 34.3 H2 205 magnitude of the coupling are primarily due to an increase in

o with the less effective donor ligandsThis implies that the
180K “\ i Ju = 31.7 Hz lowering of the electron density at the metal center leads to
T increased motion of the hydrido ligands. In agreement with

-1 -12 13 ppm ; 7

this Lledas has recently shown that the presence of a low-energy
@ ) n?-H, geometrical configuration makes hydrogen exchange

Figure 2. Observed'H{*P} NMR spectra (300 MHz) (a) and  possible through a tunneling exchange mechafitsis is well-
simulated (b) in the high-field region of Ostitibiim)(PPr3). (2). known, goodr-acceptor ligands tend to diminish the electronic

Temperatures, rate constants for the intramolecular hydrogen Site'density at the metallic center and. thus. thback-donation to
exchange process, and-Hl coupling constants are also provided. the o* orbital of the molecular hy(':iroge,n

T . Previously, we have reported that the complexes MH(Hbiim)-
activation lies in the range reported for similar thermal exchange (CO)(PPh)> (M = Ru, Os) react with the dimers [Il-OMe)-

processes in other trinydridos and hydrigtihydrogen deriva- (COD)L, (M = Rh, Ir) to afford the corresponding heterobi-

tives® _ _ metaliic derivatives [(PPI(CO)HM(u-biim)M'(COD)] and
TheT; values of the hydrogen nuclei of the Ostit were  pathangl. The replacement of the acidic proton of the [Hbiim]
determined over the temperature range of-1280 K. At 230 ligand in MH(Hbiim)(CO)(PPk), by M'(COD) units produces
K, the spectrum shows a broad resonance withealue of 86 4 gjgnificant decrease in the electron density of the M atoms,
ms. At 210 K, the spectrum contains two broad resonaces as;g shown by the shift of the(CO) absorptions to higher
a result of the thermal exchange process between the protongrequencies. This reduction of electron density is higher for
M and A with a rate constant of 250% and theT; values are M’ = Ir than for M = Rh18 |n order to decrease the energy
86 (M) and 77 ms (A). At190 K, th@ values forthe Mand ot the y2.H, transition state for the exchange coupling in this
A signals are 112 and 74 ms, respectively (Figure 1). system, and, hence, to obtain complexes with larger hydregen
At very low temperatures the complexes of the general type pydrogen coupling constants than those observed, foe have
[MH(7?-Hz)La]* (M = Ru, Os) give rise toH{*P} NMR carried out the reactions ¢ with the dimers [M(u-OMe)-
spectra which can be described as Aspin systems for the  (coD)},. Treatment o with these dimers in 2:1 molar ratio,
hydrido region, withJa—w between 1 and 3 Hz. Inthis case, it jn acetone under reflux, gives afté h yellow solutions from

has been previously proposed that above exchange rates of aboyfhich the heterobimetallic derivativesand 4 were obtained
100 s* the observed relaxation rates are averages of the 5ccording to eq 2.

dihydrogen and hydrido rates, weighted 24.Thus, we have

calculated IT;(min) at 210 K for the hydrogen nuclei of the PPr;

OsH; unit of 2 as the 1T; of the M and A signals weighted H |/N@N

2:1. The value obtained in this way is 12.1's Since, the 2+ 12[M(1-OMe)(COD)l;  ——= H—05_ X >M;@ +MeOH (2
dipole—dipole interactions between the hydridos and between H | N\Q/N

these ligands and the phosphine protons are responsible for the P'Pr3

total relaxation rate, and the latter contribution has been
estimated as46 s at 300 MHz8 the remainder of the rafe

(6.1-8.1 5 leads to an estimated-+H distance of 1.71 A? These complexes were isolated as yellow solids in 8306 (
An AM; spin system is defined by the parametégs o, and 81% 4) yield and characterized by IR aAl and3P{1H}
andJa-u. From the spectra at 190 and 180K, values-@2.15 VR spectroscopies. Complexwas further characterized by
(On), _11_-25 0Owm), and 34.3 (190 K) and 31.7 (180 K)/’(*M)_ an X-ray crystallographic study. The molecular structurd of
can readily be extracted and corroborated by computer simula-jq presented in Figure 3. Selected bond distances and angles
tion (Figure 2b). The complex Ost5-CsMes)(COY! with a are listed in Table 1.
dispositionlfor?’}he hydrido ligands similar to that proposed for — thg piimidazole dianion coordinates as a planar ligand in a
2 displays*H{*'F} NMR spectra in the hydrido region which gy mmetrical tetradentate manner to the iridium and osmium.

The coordination sphere around the iridium atom is ap-

M = Rh(3), Ir(4)

(19) (a) Earl, K. A;; Jia, G.; Maltby, P. A.; Morris, R. H.. Am. Chem. ; _ ; fati
Soc.1991, 113 3027. (b) Bautista, M. T.; Cappellani, E. P.; Drouin, gl’cf)ﬂmda’[gly tsquar.f planar tWIth th? tzoog!nQSOn lr)o'yhgdtr}?n
S. D.; Morris, R. H.; Schweitzer, C. T.; Sella, A.; Zubkowski,JJ. €lined Dy two nitrogen atoms or the biimidazole and the
Am. Chem. Socl991, 113 4876. (c) Jia, G.; Drouin, S. D.; Jessop, ~ midpoints of the two olefinic bonds of the cyclooctadiene ring.
(20) The cistancelt 4} has been calcuited from the following equaiion |- 1) @nd M(2) are the midpoints of the C(7(8) and
at 300 MHz: R(H—H) = 129.18/F(H—H)]5, whereR(H—H) = 3R/4 C(11)-C(12) bonds respectively, the deviations of M(1), M(2),

because of th€,, geometry of the Osklunit. See ref 8.
(21) Hoyano, J. K.; Graham, W. A. @. Am. Chem. Sod982 104, 3722. (22) J = —34(3/m)Vh2em(alo3) exp[—{3(@2 + A?)/40%]. See ref 7.
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O
H03)
Figure 3. Molecular diagram of complex (Pts).HsOsu-biim)Ir(COD) Figure 4. Geometry of the Osflunit in (FPrs);Hs0s(-biim)Ir(COD)
(4). Thermal ellipsoids are shown at 50% probability. (4) from X-ray determination.

Table 1. Selected Bond Lengths (A) and Angles (deg) for the

Complex (FPr),H;0s-bilm)IrCoD (4) The hydrido ligands and the osmium atom are strictly planar.

The Os-H(01), Os-H(02), and Os-H(03) bond lengths are

Os—P(1 2.349(1 N(2yC(5 1.402(5 i

OS—szg 2-3388 Nggc% 1.3298 1.65(5_), l._59(4), and 1.40(4_) A respectively, and_the angles

Os-N(1) 2.247(2) N(4)-C(6) 1.379(4) H(01)-0Os—H(02), H(01)-Os—H(03) and H(02}-Os—H(03)

Os-N(2) 2.225(3) C(5%-C(6) 1.379(5) are 58(2), 122(3), and 64(2)respectively. This disposition

Os—H(01) 1.65(5) H(01)-H(02) 1.57(5) leads to a situation where the hydrido ligands, between them,

Os—H(02) 1.59(4) H(02)-H(03) 1.59(7) form the isosceles triangle shown in Figure 4.

Os-H(03) 1.40(4) I=N(3) 2.117(4) The Os-N(1) (2.247(2) A) and OsN(2) (2.225(3) A)

mgg:ggg igé?% :LN:E% %éég((g)) distances are about 0.1 A longer than the related bond lengths

N(3)-C(1) 1:336(4) IF-C(8) 2:118(3) in cation [OSCK’]Z'HZ)(sziim)(P'Prs)z]+ (2.135(6) and 2.110-

N(3)-C(3) 1.393(5) I-C(11) 2.098(4) (8) A). However, the OsP(1) (2.349(1) A) and OsP(2)

C(2-C(3) 1.387(5) I-C(12) 2.112(4) (2.338(1) A) distances are about 0.05 shorter than those found

C(1)-C(4) 1.428(5) C(7¥C(8) 1.421(6) in the cationic derivative (2.396(2) and 2.390(2)‘&).

N(2)-C(4) 1.321(4) clnca2) 1.424(5) Each imidazolate ring of the biimidazole ligand is strictly
P(1-Os-P(2) 168.53(3)  N(1L)yOs—H(03) 158(2) planar, but the ligand is slightly folded, making a dihedral angle
P(1-0s—-N(1) 92.91(8) N(2-Os—H(01) 157(2) of 8.0(1y. Similar angles have been reported for the complexes
Egigzimgg)l) 3?’(75(8) “((5;82::83 lgf% [(PPhy)o(CO)HRug:-biim)Rh(COD)] (2.6(2))**2and [Rh(CO)-
P(1)-Os—H(02) 86(1) H(01)- Os—H(02) 58(2) (biim);] (4_.0°),25 whereas the two rings have been found to be
P(1)-Os—H(03) 91(2) H(01)-0s-H(03)  122(3) coplanar in [Rh(CODYu-biim),2¢ where the [biim}~ behaves
P(2)-0s—-N(1) 97.83(8)  H(02)-Os—H(03) 64(2) as a symmetrical bichelating ligand as4n
P(2-0s—N(2) 92.51(8)  N(3%Ir—N(4) 82.0(1) The IR and'H and3P{'H} NMR spectra of3 and4 agree
P(2)-0s-H(01) 87(2) N(3)-Ir—=M(1) 94.7(1) well with the structure shown in Figure 3. The IR spectra in
ﬁg{_gi:ggg 238 “g’l;:;:mggz ggzg; Nujol containv(Os-H) absorptions at 2160 and 213) &nd
N(1)—-Os—N(2) 77.7(2) N(4)-Ir—M(2)2 94:5(1) 2175 and 2130 cnt (4). At room temperature, the'P{1H}
N(1)—Os—H(01) 80(2) M(L}—Ir—M(2)? 88.9(2) NMR spectra in toluenes show singlets at 24.83) and 25.7
N(1)-Os—-H(02)  137(1) ppm @), which are temperature invariant down to 170 K. In

a I accordance with the symmetrical square planar disposition of

C(lg(éfeﬁﬂddgﬂlfﬁfeagﬁrfﬂsm'dpo'”ts of the C{73:(8) and C{1Ty ligands around the rhodium and iridium atoms, gand 4,

respectively, the!H NMR spectra contain three resonances
assignable to the diolefins: one due to the olefinic protons at
about 4.3 ppm and the other two due to the aliphatoand
endoprotons at about 2.2 and 1.5 ppm. In the high-field region,
the spectra are temperature dependent and similar to those shown
in Figures 1 and 2. At room temperature, they exhibit a single
triplet resonance at12.35 @) and—12.23 ppm 4) with P—H
coupling constants of 12.5 and 12.4 Hz, respectively. Lowering
the sample temperature leads to broadening of the resonances.
At very low temperature (200 K foB and 190 K for 4),
decoalescence occurs and patterns corresponding sXA8fpin

N(3), and N(4) from the mean plane passing through them are
+0.076(4),—0.056(4), —0.034(3), and+0.050(3) A, respec-
tively, with the iridium atom deviating from this plane by
—0.0001(2) A. The -N(3) and I-N(4) bond distances,
2.117(4) and 2.116(3) A, are in the range found in related
iridium biimidazole complexe® The 1,5-cyclooctadiene ligand
takes its customary “tub” conformation. The coordinated double
bonds C(7)-C(8) and C(11)C(12) have lengths of 1.421(6)
and 1.424(5) A, respectively, greater than in the free 1,5-
cyclooctadiene molecule (1.34 A)in agreement with the usual
The coordination geomety aroun the csmium atom can be SYSIeMS aré observed, which become welresoived at 130 K.
rationalized as a distorted pentagonal bipyramid with the two .Th's behavior suggests that, in .SOIUI'QH' By there is an
phosphorous atoms of the triisopropylphosphine ligands oc- intramolecular e'zxcha.nge.process '”VO'V"?Q the hyd.rogen atoms
cupying trans positions (P(1}Os—P(2) = 168.53(3)). The of the_OsI—i unit, which is thermally ac_tlvated. Line shape
osmium coordination sphere is completed by the hydrido analysis of the spectra allow the calculation of the rate constants

ligands, which were located in the final Fourier difference map, Er;mihtgﬁgga::;fscg i?getr?éoggffaiisogt gfnrjir:;::rgglegggﬁi'
and by the chelate 2;biimidazole ligand bonded through two ’ . pa
nitrogen atoms Table 2 were calculated by Eyring analysis.
' The T, values for the hydrogen nuclei of the Osthits of
(23) (a) Rasmussen, P. G.: Bailey, O. H.; Baya. C.; Butler, W. Minorg. 3 and4 were also determinated over the temperature range of
Chem.1984 23, 343. (b) Rasmussen, P. G.; Bailey, O. H.; Bayd.
C. Inorg. Chem.1984 23, 338. (c) Rasmussen, P. G.; Anderson, J. (25) Kaiser, S. W.; Saillant, R. B.; Butler, W. M.; Rasmussen, AnGrg.
E.; Bailey, O. H.; Tamres, M.; Baynp J. C.J. Am. Chem. S0d.985 Chem.1976 15, 2688.
107, 279. (26) Kaiser, S. W.; Saillant, R. B.; Butler, W. M.; Rasmussen, AnGrg.
(24) Churchill, M. R.; Bezman, S. Anorg. Chem.1973 12, 531. Chem.1976 15, 2681.
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Table 2. Activation Parameters for the Intramolecular Exchange a quartet when only the protons of the triisopropyl groups are
Process Involving the Hydrido Ligands 2f-4, H—H Coupling irradiated. This is in agreement with the presence of three
Constants between These Ligands, andCO) for Complexes hydrogen atoms directly linked to an osmium center containing

Related to-4 two equivalent phosphine ligandisans disposed.
complex AH? A® Jn-+° Av(COy*® The3P{1H} NMR spectrum is temperature invariant. How-
2 9.294+0.22 —2.85+0.67 34.3(190K) ever, in the'tH NMR spectrum the signal of the hydrido ligands
31.7 (180 K) undergoes broadening at temperatures lower than room tem-
3 8.05+0.18 —4.69+0.62 52.3(180K) 5 (RtRh) perature. This signal gives a minimum for the relaxation time
4 7194016 —7.154 0.55 57%%((112%}% 15 (Rulr) T of_ 74_ms at 213 K, suggesting a separation between the
68.6 (170K) 10 (Os1r) hydrldo |IgandS of about 1.66 A

aUnit: keal mol™. b Unit: cd K- mol, < Unit: Hz, 9 Av(CO) = We note that7the related ruthenium d(_arivat!ve has been
/(CO)(PPR)A(CO)HM(u-biim)M(COD)] — 1(CO)[MH(Hbiim)(CO)(P- :jecgntly reportgé. In contrast tgﬁ, itisa hydrldo—d[heroggn
Phy)al. ¢ Unit: cm L. erivative. This agrees well with t_he known qualitative (_:hffer-
ence between phosphine polyhydrido complexes of osmium and
190-290 K. For3, a Ty(min) value of 81 ms was obtained at ruthenium. While the former are typically classical (e.g. @sH
230 K, at which point, the spectrum shows a broad resonance(PRs)2,1428 OsHy(PRs)3,2° OsHy(CO)(PR)2,° and OsHX-
as a result of the thermal exchange process occurring at 9900(PRs)-8), the latter generally contain at least one dihydrogen
s L. This Ty(min) value permits an estimate of the—H ligand (Rub(172-H2)2(PRs)2,%0 RuH;(172-H2) (PRs)3,2%° RuH, (172
distance of 1.70 &9 For 4, the Ty(min) was also obtained at  H2)(CO)(PRy)2,%! and RuH{?-H2)X(PRs)2%2 ).
230 K, when the thermal exchange process occurs at 20 500 Complex5 does not react with [M(-OMe)(COD)} (M =
s71, and the spectrum shows a broad resonance. lIts value (76Rh, Ir). However, the addition of the stoichiometric amount
ms) corresponds to a-+H distance of 1.67 &° of HBF4-OEt, to 5 in diethyl ether precipitates a white solid,
As expected, the reduction of electron density on the osmium analyzed as [OstHpz),(PPrs)-]BF4 (6) (eq 4). The yield of
atom produces an increase in the hydrogleydrogen coupling  this reaction is 90%.
constants of the hydrogen nuclei of the Qakhit. At 180 K

this increase is of 20.6 Hz in going frothto 3 and 23.7 Hz P‘Pf@ P"’fs(\ B
from 3 to 4 (Table 2). The data collected in Table 2 deserve  H~_ ‘ _N=N., O ,\N_N_H

further comment. Although the values of activation parameters H > %< _y * HF ——= HZO_ | ok @
must be considered with care due to the quantum mechanical | @ " ‘ 4

exchange coupling, they show a definite trend that cannot be PPrs PPrs

overlooked. Thus, the values &S are slightly negative, 5 6

becoming more negative as the electron density on the osmium
atom is reduced. This is in full agreement with the presence of
a thermally accessiblg?-H, transition state. Furthermore, the
reduction of electron density on the osmium atom leads to a
decrease in the enthalpy of activation of the exchange process
which permits an increase in the value of the hydrogen
hydrogen coupling constants. In this context, it should be noted
that theoretical studies on the quantum mechanical hydrogen
exchange coupling in [Irk{1>-CsHs)L] * suggest that an increase

in the energy barrier of the exchange process involves a decreas
in the hydroger-hydrogen coupling consta#fit.

Pyrazole Compounds. Treatment ofl with pyrazole in 1:2
molar ratio, during 45 min in toluene under reflux, produces
gas evolution and formation of a colorless solution from which
the complex Osk(pz)(Hpz)(PPrs), (5) is separated as a white
solid in 85% yield, by addition of methanol (eq 3). The reaction,
most probably, proceeds by a mechanism similar to that
proposed for the formation &. One pyrazole protonates the
starting complex to give [Osifty?-H)(PPr),]", and the
resulting pyrazolato anion and the other pyrazole substitute the
dihydrogen ligands.

The IR spectrum o6 in Nujol contains a strong and broad
v(NH) absorption centered at 3350 cha v(Os—H) band at
2160 cnt?, and the absorption due to [EF with Ty symmetry
between 1200 and 980 cth At room temperature, théH
NMR spectrum contains a triplet at12.53 ppm with a PH
coupling constant of 12.4 Hz, the phosphine resonances, and
four broad singlets of the same intensity at 10.72, 7.85, 7.80,
and 6.45 ppm assigned to the pyrazole protons. 3tRg'H}
é\IMR spectrum shows a singlet at 24.5 ppm, which under off-
resonance conditions is split into a quartet due to theHP
coupling.

Complex 6 is very similar to the acetonitrile derivative
[OsH(NCCHg)2(PPr3),]BF,4, recently reported by Tilset and
Caulton}” and in the hydrido region of thBd NMR spectrum
both compounds show the same behavior. Below room tem-
perature, the hydrido resonances undergo broadening but show
no sign of decoalescence. Thgmin) value of the hydrido
resonance 06 is 67 ms at 213 Kwhich permits an estimate of
the H-H distance of about 1.61 . For the acetonitrile
derivative a H-H separation of 1.57 A has been proposéd.

When 6 is stirred with the stoichiometric amount of NaCl

Pipes for 30 min in THF at room temperature, a further reaction occurs

" " ; " Tlprﬁ (eq 5) to give OsKCI(Hpz)(PPrs)2 (7) as a white solid in 44%
LT N—-N" N1 NN, yield. A more direct route t&, avoiding the isolation o6,
+ 2 — H s ~H 2H, () ’ ;. I -
1| Ny K) u” | AN involves the addition of a stoichiometric amount of a HCI
| O
PP PP (27) Christ, M. L.; Sabo-Etienne, S.; Chung, G.; ChaudretnBtg. Chem.
1 5 1994 33, 5316.
(28) Howard, J. A. K.; Johnson, O.; Koetzle, T. F.; Spencer, Jnarg.
The'H NMR spectrum of in benzeneds contains four broad (29) ((Zf;em.thBDY, 3\/6, I23930.R cootrle T B. Am. Chem. Sod977 99
H a arg, D. ., bau, R.; Koetzle, |. 5. Am. em. SO f A
singlets at 21.4 (NHN), 7.96 (NCH), 7.60 (NCH), and 6.32 (CH) 7557. (b) Crabtree, R. H.; Hamilton, D. G. Am. Chem. Sot986
ppm. The relative intensity of the peaks is respectively 1:2:2: 108 3124.
2. The 'H NMR spectrum also contains, along with the (30) Chaudret, B.; Poilblanc, Forganometallics1985 4, 1722.
triisopropylphosphine resonances, a high-field triplet &.92 (31) gfsze"' D. G.; Vymenits, A. B..; Bakhmutov, V.Ihorg. Chem1992
ppm with a P-H coupling constant of 12.5 Hz. THéP{'H} (32) Chaudret, B.; Chung, G.; Eisenstein, O.; Jackson, S. A.; Lahoz, F. J.;

NMR spectrum shows a singlet at 22.8 ppm, which splits into Lopez, J. AJ. Am. Chem. Sod.99], 113 2314.
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toluene solution to5 in toluene. By this procedur@ was
obtained in 40%.

PiPr3
N

. | m
N _N-N

H—Os N
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H/ l Cl
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-NaBF4
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®)

PiPr3
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The IR and NMR spectra of are in good agreement with
the proposed structure. The IR spectrum in Nujol shows two
v(Os—H) bands at 2148 and 2172 ctp as well as a strong
and lightly broad band at 3228 crfor v(N—H) coordinated
pyrazole. The lower wavenumber compared with thed cn
be attributed to the presence of a hydrogen bordHN-C|.33:34
At room temperature, th#d NMR spectrum contains four broad

Esteruelas et al.

between the metal centers through the bridging lig&hddere,
we show that the same type of synergism can be applied to the
guantum mechanical exchange coupling.

Experimental Section

Physical Measurements. Infrared spectra were recorder as Nujol
mulls on polyethylene sheets using a Perkin-Elmer 883 or a Nicolet
550 spectrometer. NMR spectra were recorded on a Varian XL 200
or UNITY 300 or on a Bruker ARX 300. The probe temperature of
the NMR spectrometers was calibrated against a methanol standard.
1H chemical shifts were measured relative to partially deuterated solvent
peaks but are reported relative to tetramethylsilate{'H} chemical
shifts are reported relative tosFO, (85%). Coupling constantsand
N (N = J(HP)+ J(HP) are given in hertz. C, H analyses were carried
out in a Perkin-Elmer 2400 CHNS/O analyzer.

Kinetic Analysis. Complete line shape analysis of th#{ 3P} NMR
spectra was achieved by using the program DNMR6 (QCPE, Indiana

signals at 13.35, 7.50, 6.37, and 5.73 ppm, due to the hydrogenUniversity). The rate constants for various temperatures were obtained
of the pyrazole’ a|0n'g with the phosphin;a resonances and aPY Visually matching observed and calculated spectra. The transverse

triplet at —12.83 ppm with a PH coupling constant of 12.6

Hz. This spectrum is also temperature dependent. Lowering

relaxation timed; used were obtained from spectra for all temperatures
recorded, from the line width of the biimidazol ligand proton resonances.
The activation parametersH* andASf were calculated by least-squares

the sample temperature leads to broadening of the triplet. At i of |n(k/T) vs LT (Eyring equation). Error analysis assumed a 10%

193 K, a first decoalescence into two broad peaks-&2.2

error in the rate constant dril K in the temperature. Errors were

and—13.7 ppm is observed, and at 178 K decoalescence of thecomputed by published methofs.

signal at low field occurs. AT;(min) value of 71 ms was

Synthesis. All reactions were carried out with exclusion of air using

obtained at 213 K. This value supports the hydrido character standard Schlenk techniques. Solvents were dried by known procedures
of 7 and suggests that the separation between the hydrido ligandsind distilled under argon prior to use. The complexes OP-

is similar to those calculated for the other trihydriclazole
compounds. At room temperature tH®{*H} NMR spectrum
shows a singlet at 23.7 ppm, which under off-resonance
conditions is split into the expected quartet due to theHP
coupling.

Concluding Remarks

This study has shown that the hexahydrido g{BHPr), reacts
with 2,2- biimidazole and pyrazole to give the trihydrido
derivatives Osk(Hbiim)(PPrs), and OsH(pz)(Hpz)(PPr), .
The reactions of OsgHbiim)(PPr), with the dimers [Mf-
OMe)(COD)L (M = Rh, Ir) afford the heterobimetallic com-
plexes (FPr3);H30s{-biim)M(COD) (M = Rh, Ir). The
complex OsH(pz)(Hpz)(PPr), does not react with the dimers
[M(u-OMe)(COD)L (M Rh, Ir). However, it leads to
[OsHs(Hpz)(PPrs),:]BF 4 and OsHCI(Hpz)(PPrs), by reaction
with HBF, and HCI, respectively. The coordination geometry

Pr), and OsH(PPr), (1) were prepared according with the literature
method!4

Preparation of OsHz(Hbiim)(P'Prs), (2). A suspension of OsH
Cly(PPr3), (200 mg, 0.35 mmol) in 16 mL of toluene was first treated
with NaBH, (133 mg, 3.5 mmol) and then dropwise with 1.8 mL of
methanol. After being stirred for 15 min at room temperature, the
solution was filtered through Kieselguhr. The filtrate was treated with
2,2-biimidazole (Hbiim) (47 mg, 0.35 mmol) and heated under reflux
for 30 min. The colorless solution was filtered through Kieselguhr
and concentrated to ca. 0.5 mL. Addition of methanol caused the
precipitation of a white solid. The solvent was decanted, and the solid
washed twice with methanol and dried in vacuo: yield 192 mg (85%).
IR (Nujol): »(NH) 2300-3000, »(OsH) 2120 cm*. H NMR (300
MHz, CD,Cl,, 293 K): 6 7.13 and 7.07 (both br, each 2 #CH biim),
1.61 (m, 6 H, PCH), 0.91 (dviN = 12.4 Hz,J(HH) = 6.7 Hz, 36 H,
PCCHy), —11.53 (t,J(PH)= 12.9 Hz, 3 H, OsH).3P{*H} NMR (80.98
MHz, CsDg): 6 19.80 (s). Anal. Calcd for &HsoN4OsB: C, 44.56;
H, 7.81; N, 8.65. Found: C, 44.07; H, 8.22; N, 8.40, (ms, OsH,
300 MHz, CQCly): 99 (250 K); 86 (230 K); 86, 77 (210 K); 112, 74

around the osmium atom of these compounds can be described190 K).

as a distorted pentagonal bipyramid, where the hydrido ligands,

Preparation of (P'Pr3),HzOs(u-biim)Rh(COD) (3). A suspension

which are coplanar with the osmium atom, are separated by of 2 (100 mg, 0.15 mmol) in 15 mL of acetone was treated with [Rh-

distances between 1.71 and 1.61 A.

The biimidazole compounds are the first polyhydrido deriva-
tives, containing nitrogen donor ligands, which show mechanical
exchange coupling between the hydrogen nuclei of thezOsH
unit. The heterobimetallic complexes give rise teH coupling

(u-OMe)(COD)} (37 mg, 0.075 mmol). The sample was stirred and
heated under reflux for 5 h. The yellow solution was filtered through
Kieselguhr and concentrated to ca. 0.1 mL. Addition of methanol caused
the precipitation of a yellow solid, which was decanted, washed twice
with methanol, and dried in vacuo: yield 107 mg (83%). IR (Nujol):
1(OsH) 2160, 2130 crit. *H NMR (300 MHz, GDs, 293 K): 6 7.15

constants larger than those of the mononuclear derivative, andand 6.64 (both br, each 2 =CH biim), 4.40 (br, 4 H=CH COD),

the H-H coupling constants in the heterobimetallic -Os
compound are also larger than those of the heterobimetaltic Os
Rh. The origin of this increase can be explained in terms of

2.19 (br, 4 H, CH COD), 1.73 (m, 6 H, PCH), 1.53 (m, 4 H, GH
COD), 1.01 (dvtN = 12.6 Hz,J(HH) = 6.6 Hz, 36 H, PCCh), —12.35
(t, JPH) = 12.5 Hz, 3 H, OsH).3"P{1H} NMR (80.98 MHz, GDs):

electron density reduction on the osmium atom, which is a result 0 24.80 (s). Anal. Calcd for £HeN4OsRRh: C, 44.84; H, 7.19; N,

of the replacement of the acidic proton of the [Hbiimigand
in the mononuclear complex by the M(COD) units.
Previously, we have reported that the coordination of a

6.54. Found: C, 44.47; H, 7.43; N, 6.62; (ms, OsH, 300 MHz,
tolueneds): = 177 (290 K), 88 (250 K), 81 (230 K), 123 (210 K).
Preparation of (P'Pr3);HsOs(u-biim)Ir(COD) (4). The complex

metallic fragment to a homogeneous catalyst in nonactive sitesV2° prepared analogously to that describecfatarting from2 (100

produces an enhancement of the activity on the system. This

effect has electronic origin, a result of electronic communication

(33) Garca, M. P.; Esteruelas, M. A.; Martj M.; Oro, L. A.J. Organomet.
Chem.1994 467, 151.

(34) Atencio, R.; Bohanna, C.; Esteruelas, M. A.; Lahoz, F. J.; Oro, L. A.
J. Chem. Soc., Dalton Tran$995 2171.

(35) (a) Garta, M. P.; Lpez, A. M.; Esteruelas, M. A.; Lahoz, F. J.; Oro,
L. A. J. Chem. Soc., Chem Commu®88 793. (b) Esteruelas M.
A.; Garcm, M. P.; Lpez, A. M,; Oro, L. A.Organometallics1991,
10, 127. (c) Esteruelas, M. A.; GaeIM. P.; Lgpez, A. M.; Oro, L.
A. Organometallics1992 11, 702.

(36) Morse, P. M.; Spencer, M. O.; Wilson, S. R.; Girolami, G. S.
Organometallics1994 13, 1646.
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mg, 0.15 mmol) and [Ig-OMe)(COD)} (51 mg, 0.075 mmol). A
yellow solid was obtained: yield 115 mg (81%). IR (Nujob)(OsH)
2175, 2130 cm. *H NMR (300 MHz, GDs, 293 K): 6 7.06 and
6.71 (both br, each 2 H=CH biim), 4.25 (br, 4 H=CH COD), 2.16
(br, 4 H, CH COD), 1.70 (m, 6 H, PCH), 1.43 (m, 4 H, GKLOD),
0.97 (dvt,N = 12.4 Hz,J(HH) = 6.9 Hz, 36 H, PCCh), —12.23 {(t,
J(PH) = 12.4 Hz, 3 H, OsH).3P{1H} NMR (121.42 MHz, GDg¢): o
25.67 (s). Anal. Calcd for EHeiN4OsRRh: C, 40.61; H, 6.51; N,
5.92. Found: C, 40.68; H, 6.86; N, 6.13; (ms, OsH, 300 MHz,
tolueneds): 172 (290 K); 87 (250 K); 76 (230 K); 116 (210 K); 325,
271 (190 K).

Preparation of OsHz(Hpz)(pz)(PPrs), (5). A suspension of OsH
Clx(PPr); (200 mg, 0.35 mmol) in 18 mL of toluene was first treated
with NaBH, (133 mg, 3.5 mmol) and then dropwise with 1.8 mL of
methanol. After being stirred for 20 min at room temperature, the
solution was filtered through Kieselguhr. The filtrate was treated with
Hpz (47.66 mg, 0.70 mmol) and heated under reflux for 45 min. The
colorless solution was filtered through Kieselguhr and concentrated to
ca. 0.5 mL. Addition of methanol caused the precipitation of a white
solid, which was decanted, washed twice with methanol, and dried in
vacuo: yield 193 mg (85%). IR (Nujol)v(OsH) 2140 cm®. *H NMR
(200 MHz, GDs, 293 K): ¢ 21.4 (br, 1 H, NH), 7.96, 7.60 and 6.32
(all br, each 2 H=CH pz), 1.82 (m, 6 H, PCH), 1.02 (dwy = 12.4
Hz, J(HH) = 6.8 Hz, 36 H, PCCh), —11.92 (t,J(PH) = 12.5 Hz, 3
H, OsH). 3P{*H} NMR (80.98 MHz, GD¢): 6 22.80 (s, q in off-
resonance). Anal. Calcd foroHs,N,OsR: C, 44.42; H, 8.09; N,
8.63. Found: C, 44.54; H, 7.77; N, 8.59; (ms, OsH, 300 MHz,
CD.Clp): 270 (293 K), 125 (253 K), 82 (233 K), 74 (213 K), 93 (203
K).

Preparation of [OsH3(Hpz)2(P'Pr3),]BF 4 (6). A solution of5 (100
mg, 0.15 mmol) in 18 mL of diethyl ether was treated with HB&.5
uL, 0.15 mmol) and stirred at room temperature for 2 h. The resulting
white solid was decanted, washed with diethyl ether, and dried in
vacuo: yield 99 mg (90%). IR (Nujol)»(NH) 3220-3480,v(OsH)
2160,v(BF4) 980-1200 cmit. *H NMR (300 MHz, CQCly, 293 K):

0 10.72 (br, 2 H, NH), 7.85, 7.80 and 6.45 (all br, each 24GCH pz),
1.98 (m, 6 H, PCH), 0.97 (dviN = 12.8 Hz,J(HH) = 6.9 Hz, 36 H,
PCCHy), —12.53 (t,J(PH) = 12.4 Hz, 3 H, OsH).3P{1H} NMR
(121.42 MHz, CRCly): 6 24.5 (s, q in off-resonance). Anal. Calcd
for BCoaF4Hs3N4OsR: C, 39.12; H, 7.27; N, 7.61. Found: C, 39.25;
H, 7.65; N, 7.82.T; (ms, OsH, 300 MHz, CQCl,): 75 (233 K), 67
(213 K), 89 (193 K).

Preparation of OsHzCIl(Hpz)(P'Prs), (7). Method a. A solution
of 5 (75 mg, 0.122 mmol) in 10 mL of toluene was treated with 1 mL
(0.122 mmol) 0.12 M of a toluereHCI solution. After being stirred
for 30 min at room temperature, the solution was concentrated to ca.
0.5 mL. Addition of methanol (3 mL) causes the precipitation of a
white solid, which was decanted, washed with 2 mL of methanol, and
dried in vacuo: yield 30 mg (40%).

Method b. A solution of 6 (100 mg, 0.147 mmol) in 10 mL or
THF was treated with NaCl (8.6 mg, 0.147 mmol). After being stirred
for 30 min at room temperature, the solution was concentrated to ca.
0.5 mL; addition of methanol (3 mL) caused the precipitation of a white
solid, which was decanted, washed with 2 mL of methanol, and dried
in vacuo: yield 40 mg (44%). IR (Nujol)»(NH) 3228,»(OsH) 2172,
2148 cmtt. *H NMR (300 MHz, GDs, 293 K): 6 13.35 (br, 1 H,
NH), 7.50, 6.37 and 5.73 (all br, each 1 #CH pz), 2.00 (m, 6 H,
PCH), 1.16 (dvtN = 12.6 Hz,J(HH) = 6.9 Hz, 18 H, PCCHh), 0.97
(dvt,N = 12.0 Hz,J(HH) = 6.6 Hz, 18 H, PCCH), —12.83 (t,J(PH)
= 12.6 Hz, 3 H, OsH).3%P{1H} NMR (121.42 MHz, GD¢): ¢ 23.76
(s, g in off-resonance). Anal. Calcd for{CIH4N,OsR: C, 40.80;

H, 8.00; N, 4.53. Found: C, 40.55; H, 7.80; N, 4.62, (ms, OsH,
300 MHz, toluenads): 290 (293 K); 140 (253 K); 103 (233 K); 71
(213 K); 91, 112 (193 K).

X-Ray Structure Analysis of (PPr3),H3zOs(u-biim)IrCOD (4).
Crystals suitable for single X-ray crystal analysis were obtained by
slow diffusion of methanol into a concentrated solutiod @f acetone.

A summary of crystal and refinement data is reported in Table 3. The

prismatic crystal studied was glued on a glass fiber and mounted on a
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Table 3. Crystal Data and Data Refinement for
(PPrs)2H30s(u-biim)IrCOD (4)

formula GoHealrN4OsP 4 2

fw 946.228 A 0.610 73
space group P1(No. 2) p(calcd), g cnm® 1.784

a, 8.978(2) z 2

b, A 13.629(3) u, mnrt 7.49

c, A 15.369(3) R 0.0237
a, deg 79.34(2) R.° 0.0274
f, deg 86.31(2) S 1.314

y, deg 72.43(1)

AR = 3|[Fo — Fdl/ZF,. PRy = S(W2|[Fo — Fd)/(SWY2F). € S =
{Z(WI[Fo — FJ|D/(M — N)}*2, where M is the number of observed
reflections andN is the number of data.

Siemens AED-2 diffractometer. Cell constants were obtained from the
least-squares fit of the setting angles of 50 reflections in the range 20
< 20 =< 48. The 11 279 recorded reflections were corrected for
Lorentz and polarization effects. Three orientation and intensity
standards were monitored every 55 min of measuring time; no variation
was observed. Reflections were also corrected for absorption by an
empirical method’

The structure was solved by Patterson (Ir and Os atoms) and
conventional Fourier techniques. Refinement was carried out by full-
matrix least-squares with all non-hydrogen atoms anisotropic. The
hydrido ligands were clearly located and treated as free isotropic atoms
in a full-matrix least-squares refinement using the SHELXTL-PLUS
program. The values af[d(H—H)] were calculated from the atomic
coordinates and their estimated standard deviations, including the
calculated cell errors, and checked by the PARST93 and PLATON
programs. Although the estimated standard deviations obtained are
certainly low, it should be pointed out that these values are similar to
those found in related structures of polyhydrides determined by X-ray
crystallography, where similar specific experimental and refinement
conditions were applied (low temperature, high-angle data collection,
high-ratio reflections/parameters, completely free isotropic atées).
Remaining hydrogens were located from difference Fourier maps or
fixed in idealized positions (EH = 0.96 A) and included in the
refinement riding on carbon atoms with common isotropic thermal
parameters. Atomic scattering factors, corrected for anomalous disper-
sion for Ir, Os, and P, were taken from ref 39. The function minimized
was SW([Fo] — [F¢])? with the weight defined asv = 1/(0F,| +
0.000372F,)?). Final R andR, values were 0.0237 and 0.0274. All
calculations were performed by use of the SHELXTL-PLUS system
of computer program®.
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