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Reaction of [(dipho~)Rh(acetone)~]BF~ with mer,truns-IrHC12L3 (L = PMe2Ph, PEt2Ph, PEt3; diphos = Ph2PCH2CH2PPh2) 
affords the hydridebridged dinuclear complexes [(diphos)Rh(p-H)(p-Cl)IrCIL,] BF4. Solution studies show that the bridging 
ligands are only weakly coordinated to the rhodium. The molecular structure of 3 (L = PEt3) has been determined by 
X-ray diffraction: monoclinic, space group P21/c ,  2 = 4, a = 11.786 (2) A, b = 19.673 (4) A, c = 22.571 (4) A, @ = 
89.88 (1)O. The structure was solved by Patterson and Fourier methods using 5750 observed reflections [I 2 3u(Z)] and 
refined to a conventional R = 0.057. The coordination around rhodium is distorted square planar and that around iridium 
is distorted octahedral. The Rh-Ir distance is 2.903 (1) A, and the bridging chlorine atom is almost symmetrically bonded 
to the metals (Rh-Cl = 2.386 (3), Ir-CI = 2.381 (3) A). The isoelectronic complex [(diph~s)Rh(p-H)(p-Cl)IrH(PEt,)~]BF~ 
was obtained in a similar reaction, starting from mer,~is-IrH~Cl(PEt,)~.  Its structure determined by X-ray diffraction, 
as above, is monoclinic, space group P21, Z = 2, a = 11.102 (2) A, b = 13.582 (3) A, c = 16.694 (4) A, @ = 85.06 (2)'. 
The final agreement factor (for the 4553 observed reflections) R is 0.062. As for compound 3 the coordination around 
Rh and Ir is distorted square planar and octahedral, respectively. There is a pronounced asymmetry in the chlorine bridge 
(Rh-Cl = 2.394 (5), Ir-Cl = 2.510 (5) A), and the metal-metal separation is 2.969 (2) A. 

Introduction 
Hydrido-bridged complexes have shown to be precursors of 

hydrogenation catalysts.24 The current interest in hetero- 
bimetallic systems of this type results from the search of new 
or more selective hydrogen-transfer reactions.' From our 
previous synthetic studies it appears that  the schematic for- 
mulation of hydrido-bridged complexes shown in eq 1 may be 

L,M(solvent) + L,M'H - L,,M(p-H)M'L, (1) 
acceptor donor 

used successfully for the preparation of a great variety of new 
bimetallic hydrido complexe~.~.' In this paper we describe 
some new uses of this Lewis acid-Lewis base concept applied 
to  the synthesis of cationic Rh(1)-Ir(II1) complexes. 
Experimental Section 

All operations were carried out under purified nitrogen. Solvents 
were distilled under nitrogen and dried prior to use. Elemental analyses 
were formed by the Microanalytical Section of the Swiss Federal 
Institute of Technology. Infrared spectra in the region 4000-400 cm-' 
were recorded on a Beckman IR 4250 spectrophotometer as KBr pellets 
or Nujol mulls. The IH and 31P{'HJ NMR spectra were recorded at 
90.00 and/or 250.00 and 36.43 MHz, respectively, on a FT Bruker 
WH-90 or FT Bruker 250 instrument. 'H  and chemical shifts 
are given relative to external (CH3)$i and H3P04, respectively. A 
positive sign denotes a shift downfield of the reference. 

A. Syntheses. [Rh(dipho~)(nbd)]BF,~ (nbd = norbornadiene), 
mer,truns-IrHCl2L3 (L = PMe2Ph, PEt2Ph, PEt3),9 and mer,cis- 
IrHCl2(PMePh2),,Io were prepared according to literature methods. 
For the preparation of mer,cis-IrH,CI(PEt,),, a toluene solution of 
[ ( ~ o c ) ~ I r C l ] ~  (coc = cyclooctadiene) was reacted with 3 equiv of PEt,, 
and hydrogen was bubbled through the solution for 10 min, leading 
almost quantitatively to the product. 

(a) ETH-Zcntrum. (b) Taken in Dart from the Ph.D. thesis of H.L. (c) 
University of Milano.' 
Gill, D. S.; White, C.; Maitlis, P. M. J.  Chem. Soc., Dalton Trans. 1978, 
617. 
Maitlis, P. M. Acc. Chem. Res. 1978, 301. 
Lehner, H.; Musco, A,; Venanzi, L. M.; Albinati, A. J .  Organomet. 
Chem. 1981, 213, C46. 
Collman, J. P.; Hegedus, L. S. 'Principles of Organotransition Metal 
Chemistry"; University Science Books: Mill Valley, CA, 1980. 
Venanzi, L. M. Coord. Chem. Reo. 1982.43, 251. 
Lehner, H.; Matt, D.; Pregosin, P. S.; Venanzi, L. M.; Albinati, A. J .  
Am. Chem. SOC. 1982, 104, 6825. 
Schrock, R. R.; Osborn, J. A. J .  Am. Chem. SOC. 1971, 93, 3089. 
Chatt, J.; Coffey, R. S.; Shaw, B. L. J .  Chem. Soc. A 1965, 7391. 
Angoletta, M. Garz. Chim. Ital. 1969, 99, 46. 

[(diphos)Rl~(p-H)(p-CI)IrCl(PMe~Ph)~]BF~ (1). To a solution of 
mer,tr~ns-IrHCl~(PM~Ph)~ (0.122 g, 0.18 "01) in acetone (20 mL) 
was added at  -78 OC a solution of [(diph~s)Rh(acet)~]BF~~~ (acet 
= acetone) (prepared by hydrogenation of a solution of [(diphos)- 
Rh(nbd)]BF4 (0.123 g, 0.18 "01) in 15 mL of acetone). The reaction 
mixture immediately became red, and the solution was stirred for 2 
h at room temperature. After addition of pentane, the product 
precipitated as a brick red powder. It was then recrystallized from 
a concentrated methanol solution at -20 OC: yield 0.185 g (81%); 
mp 158 OC dec. Anal. Calcd for C50H5SBC12F41rP5Rh: C, 47.41; 
H, 4.62. Found: C, 47.45; H, 4.64. 'H NMR (CD2C12): 6 -13.3 
(d of complex m, 1 H, p-H, 2J(HP,) = 93 Hz), 1.32 (d, 6 H, (H3C)2P, 
2J(PH) = 10.9 Hz), 1.45 and 1.49 (two virtual t, 12 H, CH3Pd,,, 
4+2J(PH) = 7 Hz), 2.5 (center of a complex m, 4 H, diphos), 6.9-8.0 

= 19 Hz), -38.7 (complex m, P,, 'J(pcPd) = 19 Hz, 4J(PcPa) = 49 
Hz), 68.4 (ddd, Pa, 'J(P,Rh) = 182 Hz, 'J(PaPb) = 38 Hz, 4J(PaPc) 

4J(Pbp,) = 3 Hz). 
[(diphos)Rh(p-H)(p-C1)IrC1(PEt2Ph)3]BF4 (2). To a solution of 

mer,truns-IrHCl2(PEt2Ph), (0.1 15 g, 0.15 mmol) in acetone (25 mL) 
was added at -78 OC a solution of [(diphos)Rh(acet),]BF4 (prepared 
from 0.102 g of [(diphos)Rh(nbd)]BF4). The solution immediately 
turned red and was then stirred for 2 h at room temperature. After 
addition of cold pentane, the product precipitated as a brick red powder. 
It was recrystallized from methanol at -20 "C, affording red crystals: 
yield 0.146 g (73%); mp 155 OC dec. Anal. calcd for 
C56H60BC12F41rP5Rh: C, 50.17; H, 4.51. Found: C, 50.09; H, 4.61. 
'H NMR (CD2C12): 6 -14.2 (d of complex m, 1 H, p-H, 2J(HPc) 
= 90 Hz), 0.4 (m, 12 H, CH3CH2), 0.9 (m, 8 H, CH2CH3), 1.9 (m, 
6 H, CH3CH2P,), 2.2 (m, 4 H, CH2P,), 2.5 (m, 4 H, diphos), 6.9-8.1 

= 15 Hz), -24.8 (complex m, P,, 2J(P,Pd) = 15 Hz, 4J(PcPa) = 46 
Hz), 67.0 (two pseudotriplets (ddd), Pa, 'J(P,Rh) = 181 Hz, 2J(PaPb) 

(aromatic H). 31P{lH) NMR (CD2ClZ): 6 -48.7 (d, Pd,,, 'J(Pd,,P,) 

= 49 Hz), 80.5 (ddd, Pb, 'J(PbRh) = 197 Hz, 2J(Pbpa) = 38 Hz, 

(aromatic H). "P('HJ NMR (CD2Cl2): 6 -31.2 (d, Pd,,, 2J(Pd,,Pc) 

= 42 Hz, 4J(P,Pc) = 46 Hz), 78.6 (ddd, Pb, 'J(PbRh) = 198 Hz, 
2J(PbPa) = 42 HZ, 4J(PbPc) = 2 HZ). 

[ (diphos)Rh(p-H)(p-Cl)IrCI( PEt3),]BF4 (3). A solution of [ (di- 
~hos)Rh(acet)~]BF~ in 15 mL of acetone (prepared from 0.245 g (0.36 
mmol) of [(diphos)Rh(nbd)]BF4) was added at -78 OC to a solution 
of mer , t r~nr-IrHCl~(PEt~)~ (0.223 g, 0.36 mmol) in acetone (20 mL). 
The reaction mixture turned red and was stirred for 2 h at room 
temperature. After concentration of the solution and addition of cold 
pentane under vigorous stirring, the product precipitated as a brick 
red powder. Recrystallization from methanol gave red crystals: yield 
0.347 g (80%); mp 145 OC. Anal. Calcd for C44H70BC12F41rP5Rh: 

(11) Halpern, J.; Riley, B. P.; Chan, A. S.; Pluth, J .  J .  J .  Am. Chem. SOC. 
1977, 99, 8055. 
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Table I. Experimental Dataa for the X-ray Diffraction Studies 

3 4 
formula RhIrCl P C H,,BF, RhIrCP,C,,H,,BF, 
mol wt 1206.75 44 1172.28 
cryst syst monoclinic 
space group p2 I IC p2 I 
a, A 

monoclinic 

11.786 (2) 11.102 (2) 
b, A 19.673 (4) 13.582 (3) 
c, A 22.571 (4) 16.694 (4) 
P ,  deg 89.88 (1) 
Z 4 2 
v, A3 5233.44 2507.83 
p(calcd), g cm-' 1.54 1.55 
f i ,  cm-' 31.41 32.06 
r ad iation 

mead reflcns t h ,  +k, +I 

85.06 (2) 

Mo Kol (graphite-monochromated; h = 
0.710 69 A) 

2s range, deg 4.5-45 .O 5 .O-50.0 
scan type w/2e 4 2 s  
max scan speed, 6.7 6.7 

scan width, deg 
max counting 35 40 

prescan rejectn lim 0.5(20) 0.5(20) 
prescan acceptnce O.O3(33u) 0.02(500) 

bkgd time 0.5 (scan time) 
horiz receiving 

vert receiving 4.0 4.0 

no. of indep data 7844 4880 
no. of obsd data 5750 4553 

R b  0.054 0.062 
R wc 0.077 0.089 

deg min-' 
(1.00 + 0.35 tan 8) (1.10 + 0.35 tan 0) 

time, s 

lim 

2.0 + tan e 2.0 + tan e 
aperture, mm 

aperture, mm 

rz > 3U(z(i 

a Collected at room temperature. R = ZllFol - lFcll/~lFol. 
R,= [Zw(lF0I - I F ~ ~ ) ~ / Z W F ~ ~ ] " * ;  w = l / (uZ Foi). 

C, 43.79; H, 5.85. Found: C, 44.67; H, 5.35. 'H NMR (CD2C12): 
6 -14.2 (d of complex m, 1 H, p-H, 2J(HP,) = 93 Hz), 0.8 (m, 18 

(m, 6 H, CH,CH2Pc), 2.5 (complex m, 4 H, diphos), 7.2-7.7 (aromatic 

(complex m, Pc, 'J(P,Pd) = 18 Hz, 'J(P,P,) = 46 Hz), 68.2 (ddd, 

H, CH&H2Pd,,), 1.2 (m, 12 H, CH2Pd,e), 1.9 (m, 9 H, CH3Pc), 2.2 

H). 3'P('H] NMR (CD2Cl2): 6 -32.0 (d, Pd, 'J(PdP,) = 18 Hz), -26.3 

Pa, 'J(P,Rh) = 183 Hz, 'J(P,Pb) = 40 Hz, 4J(PaPc) = 46 Hz), 77.8 
(ddd, Pb, 'J(PbRh) = 199 Hz, 'J(PbP,) = 40 HZ, ,J(PbP,) = 2 HZ). 
[(diphos)Rh(p~-H)(p-Cl)lrH(PEt~)~]BF~ (4). To a solution of 

mer,cis-IrH2C1(PEt3), (0.210 g, 0.36 mmol) in 20 mL of acetone was 
added at -20 OC a solution of [(di~hos)Rh(acet)~]BF~ (prepared from 
0.240 g (0.36 mmol) of [(diphos)Rh(nbd)]BF4). The reaction mixture 
turned red and after 1 h stirring the product was precipitated with 
pentane and recrystallized from methanol at -20 "C: yield 0.385 g 
of red crsytals (85%). Anal. Calcd for C4H7,BClF41rPSRh: C, 45.07; 
H, 6.06. Found: C, 45.36; H, 6.00. IR (KBr): v(Ir-H) 2250 (m) 
cm-I. 'H NMR (acetone-d6): 6 -21.9 (pseudo q, 1 H, terminal H,  
'J(HPd,,) = 15.6 Hz), -14.9 (complex m, 1 H, p-H, 2J(HPc) = 72.0 

CH2Pb), 1.9 (m, 9 H, CH,P,), 2.2 (m, 6 H, CH3CH2Pc), 2.5 (complex 
m, 4 H, diphos), 7.4-8.0 (aromatic H). 31P('H) NMR (acetone-d,): 

Hz, 'J(HP,) = 31.6 Hz, 'J(HPb) 19.7 Hz, 
'J(HPd,,) = 14.7 Hz), 0.8 (m, 18 H, CH$H2Pd,,), 1.2 (m, 12 H, 

8.9 Hz, 'J(HRh) 

6 -15.0 (d, Pd,*, 'J(PdPC) = 19 HZ), -12.1 (COmpkX m, P,, 2J(Pcpd) 
= 19 Hz), 66.6 (ddd, Pa, 'J(PaRh) = 184 Hz, 'J(P,Pb) = 41 Hz, 
4J(PaPc) = 41 Hz), 74.0 (ddd, Pb, 'J(pbRh) = 199 Hz, 2J(PbPa) = 
41 HZ, ,J(PbP,) = 3Hz). 
[(dipho~)Rh(p-Cl)~IrH(PMePh~)~]BF~ (5). To a solution of 

mer,cis-IrHC12(PMePh2), (0.170 g, 0.19 mmol) in THF (10 mL) was 
added at -78 OC a solution of [(diph~s)Rh(acet)~]BF, (prepared from 
0.134 g of [(diphos)Rh(nbd)]BF,). After a 2-h stirring at room 
temperature, concentration of the solution, and addition of pentane, 
the product precipitated as an orange powder, 0.180 g (67%). The 
product was only characterized NMR spectroscopically. 'H NMR 
(CD2C12): 6 -21.8 (pseudo q, 1 H, terminal H, 'J(HP4,) = 14.1 Hz). 
3LP(LHJ NMR (CD2C12): 6 -19.7 (br m, P,), -8.6 (dd, Pd,,, 2J(PdP,) 
= 9 Hz, ,J(P,Rh) = 16 Hz), 75.8 (dd, Pa, 2J(PaRh) = 195 Hz, 

Hz). 
Reactions of 3 and 4. With CO. Through an acetone-d6 solution 

(10 mL) of 3 (0.100 g, 0.083 mmol) was bubbled CO for a few 
minutes. A 31P{'H) NMR measurement showed the presence of the 
starting IrHC12(PEQ3 and a "Rh(diphos)" unit. Addition of NaBPh, 
(0.028 g, 0.083 mmol) under CO atmosphere afforded a yellow green 
powder analyzed as [ (diph~s)Rh(CO),]BF,.~~ Anal. Calcd for 
C,,H,BO,P,Rh: C, 70.37; H, 4.90. Found: C, 70.30; H, 5.1 1. IR 
(KBr): 2088 s, 2041 s, 2010 sh m cm-I. 31P{iH] NMR (a~et0ne-d~):  
6 60.0 (d, 'J(PRh) = 121 Hz). Compound 4 showed the same 
reactivity. 

With CH3CN. The addition of an excess of CH3CN to an ace- 
toned, solution (10 mL) of 3 (0.100 g, 0.083 mmol) was followed 
by 31PI'H) NMR. Formation of the starting IrHCl2(PEt3), and of 
a "Rh(diphos)" species was observed. The latter was not isolated, 
but it is likely to be [ ( ~ ~ ~ ~ O S ) R ~ ( C H , C N ) ~ ] B F ~  on the basis of ,'P 
NMR: 6 73.3 (d, 2J(PRh) = 176 Hz). 

B. Crystallography. Crystals suitable for X-ray diffraction of both 
compounds 3 and 4 were obtained as BF4- salts by crystallization at 
-20 OC from methanol. Data were collected on a Nonius CAD4 
automatic diffractometer using the parameters listed in Table I with 
variable scan speed to obtain constant statistical precision on the 
intensity collected. Data were corrected for Lorentz and polarization 
factors and absorption with the data reduction programs of the 
CADCSDP package.'3a Intensities were considered as observed if 
I,>/ 3u(ItM), while an Ina = 0.0 was given to those reflections having 
negative net intensities. 

The structures were solved by a combination of Patterson and 
Fourier methods and refined by block-diagonal least squares as de- 
scribed e1~ewhere.I~~ No extinction correction was found to be 
necessary on both sets of data. 

'J(P,Pb) = 42 HZ), 78.9 (dd, Pb, 2J(PbRh) = 187 HZ, 'J(pbp,) = 42 

(1 2) This product may have been observed by AIbano and Aresta by reacting 
[(diph~s)Rh(CO)~]BPh~ with CO. See: Albano, P.; Aresta, M. J .  
Organomet. Chem. 1980, 190, 243. 

(1 3) (a) 'Enraf-Nonius Structure Determination Package (SDP)"; Enraf- 
Nonius: Delft, Holland, 1980. (b) For references to least-squares, 
Fourier, and structure factor calculation programs, see: Albinati, A.; 
BrOckner, S .  Acta Crystallogr., Sect. B: Struct. Crystollogr. Cryst. 
Chem. 1978, 834,  3390. 

The scattering factors used were from ref 14a, and a correction 
for the real part of anomalous dispersion was taken into account, using 
tabulated values.'" For compound 4 a correction for the imaginary 
part was also applied to Ir and Rh atoms. 

Structural Studies. [ (diphos)Rh(p-H)(p-Cl)IrCl(PEt,),lBF4 (3). 
Crystals of 3 have prismatic habits and are air stable. 

A red crystal of approximate dimension 0.3 X 0.2 X 0.4 mm was 
mounted on a glass fiber for the data collection. From the systematic 
absences the space group was unambiguously determined as P2'/c. 

Cell constants were obtained by least-squares fit of the 20 values 
of 25 high-angle reflections (25.0 4 20 d 36.0) using the CAD4 
centering routines. Crystallographic data and relevant parameters 
for the data collection are given in Table I. 

Three standard reflections (068, 341, 283) were used to check the 
stability of the crystal and the experimental conditions and measured 
every hour; no significant variation was detected. The orientation 
of the crystal was checked by measuring two reflections (282, 374) 
every 250. 

An empirical absorption correctien was applied by using the az- 
imuthal 9 scans of reflections 527,822, and 311. Transmission factors 
were in the range 0.78-0.97. 

The structure was refined by block-diagonal least squares as de- 
scribed above. Upon convergence, the last difference Fourier map 
showed clearly some of the H atoms bounded to the ligand carbons 
and a strong peak between the two metal atoms in acceptable position 
for the fi-H atom. 

To check this possibility, a Fourier difference map with a limited 
data seti5 ((sin O)/k  cutoff = 0.33 A-') was calculated; the presence 
of a strong peak in the bridging region was confirmed. Therefore, 
this peak was retained as a p-H atom and included in the last cycles 

(1 4) (a) "International Tables for X-ray Crystallography"; Kynoch Press: 
Birmingham, England, 1974; Vol. IV. (b) Ibers, J.; Hamilton, W. C. 
Acta Crystallogr. 1964, 17, 781. 

(15) Teller, R. G.; Bau, R. Struct. Bonding (Berlin) 1981, 44, 1. 
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Table 11. Positional Parameters for 
[ (diphos)Rh(p-H)&€l)IrCl(PEt,), ]BF, (3) (Esd's 

xla Ylb  
Ir 0.23445 (3) 0.114 18 (2) 
Rh 0.18885 (7) 0.04259 (4) 
Cl(1B) 0.217 12 (24) 0.161 64 (13) 
CK2) 0.248 19 (27) 0.051 75 (16) 
P(1) 0.179 37 (27) 0.03641 (14) 

P(3) 0.033 30 (27) 0.111 85 (17) 
P(4) 0.427 40 (24) 0.083 61 (16) 
P(5 1 0.273 76 (33) 0.22062 (16) 

P(2) 0.156 48 (24) -0.067 43 (14) 

CUB) 0.139 11 (97) -0.050 84 (62) 
COB) 0.187 35 (94) -0.101 06 (58) 
C(l)Ph(l)  0.077 32 (96) 0.088 69 (61) 
C(2)Ph(l) 0.061 54 (133) 0.08001 (85) 
C(3)Ph(l) -0.027 65 (158) 0.119 88 (92) 
C(4)Ph(l) -0.083 46 (135) 0.166 15 (88) 
C(S)Ph(l) -0.070 67 (154) 0.176 26 (96) 
C(6)Ph(l) 0.01878 (137) 0.13805 (87) 
C(l)Ph(2) 0.310 95 (102) 0.055 78 (65) 
C(2)Ph(2) 0.381 94 (149) 0.006 47 (96) 
C(3)Ph(2) 0.493 31 (169) 0.025 68 (106) 
C(4)Ph(2) 0.521 47 (156) 0.091 06 (98) 
C(5)Ph(2) 0.447 25 (156) 0.137 45 (99) 
C(6)Ph(2) 0.339 47 (132) 0.122 43 (79) 
C(l)Ph(3) 0.22978 (90) -0.125 10 (55) 
C(2)Ph(3) 0.216 24 (98) -0.117 05 (61) 
C(3)Ph(3) 0.27025 (103) -0.16099 (66) 
C(4)Ph(3) 0.338 85 (129) -0.211 42 (81) 
C(5)Ph(3) 0.355 35 (137) -0.217 76 (89) 
C(6)Ph(3) 0.29993 (113) -0.17607 (73) 
C(l)Ph(4) 0.005 66 (93) -0,091 22 (60) 
C(2)Ph(4) -0.076 98 (111) -0.047 81 (71) 
C(3)Ph(4) -0.191 03 (130) -0.069 15 (85) 
C(4)Ph(4) -0.221 02 (131) -0.127 89 (81) 
C(5)Ph(4) -0.141 70 (124) -0.167 11 (81) 
C(6)Ph(4) -0.024 10 (110) -0.153 90 (70) 
C(l)P(3) -0.051 98 (136) 0.131 60 (84) 
C(2)P(3) -0.084 14 (172) 0.195 39 (110) 
C(3)P(3) -0.04056 (123) 0.156 38 (80) 
C(4)P(3) -0.011 29 (148) 0.13442 (92) 
C(5)P(3) -0.008 67 (102) 0.024 62 (65) 
C(6)P(3) -0.135 78 (134) 0.00800 (86) 
C(l)P(4) 0.476 86 (161) 0.107 50 (94) 
C(2)P(4) 0.59969 (205) 0.10205 (121) 
C(3)P(4) 0.541 96 (130) 0.110 18 (76) 
C(4)P(4) 0.549 20 (154) 0.079 67 (98) 
C(5)P(4) 0.43468 (111) -0.00808 (70) 
C(6)P(4) 0.549 19 (153) -0.044 84 (99) 
C(l)P(5) 0.38652 (167) 0.26662 (109) 
C(2)P(5) 0.39298 (187) 0.34046 (123) 
C(3)P(5) 0.165 65 (170) 0.279 13 (109) 
C(4)P(5) 0.111 66 (177) 0.301 68 (112) 
C(5)P(5) 0.347 10 (182) 0.22287 (118) 
C(6)P(5) 0.29306 (181) 0.20839 (115) 
P-H 0.19958 (633) 0.038 64 (403) 
B 0.296 85 (147) -0.212 47 (88) 
F(1) 0.31809 (98) -0.25850 (66) 
F(2) 0.331 10 (93) -0.229 10 (57) 
F(3) 0.182 62 (85) -0.197 63 (55) 
F(4) 0.344 71 (94) -0.152 97 (57) 

in Parentheses) 

zlc 

0.132 15 (2) 
0.242 09 (4) 
0.228 76 (12) 
0.042 85 (13) 
0.340 02 (14) 
0.245 03 (13) 
0.11897 (16) 
0.149 10 (16) 
0.087 75 (16) 
0.363 63 (56) 
0.319 52 (54) 
0.379 06 (55) 
0.439 96 (76) 
0.467 89 (88) 
0.438 46 (77) 
0.376 31 (87) 
0.352 38 (78) 
0.375 71 (58) 
0.396 96 (84) 
0.41900 (97) 
0.425 99 (88) 
0.408 16 (88) 
0.383 34 (73) 
0.195 58 (52) 
0.135 54 (55) 
0.093 43 (59) 
0.116 48 (74) 
0.174 07 (78) 
0.215 76 (65) 
0.234 87 (52) 
0.257 82 (64) 
0.252 24 (73) 
0.226 30 (74) 
0.206 77 (72) 
0.208 93 (62) 
0.18603 (77) 
0.199 48 (99) 
0.05900 (70) 

0.108 03 (59) 
0.09454 (77) 
0.223 36 (90) 
0.244 29 (1 16) 
0.100 74 (74) 
0.040 62 (86) 
0.147 38 (63) 
0.151 55 (88) 
0.129 99 (96) 
0.115 61 (106) 
0.073 36 (96) 
0.12236 (101) 
0.013 70 (106) 

0.160 48 (368) 
0.431 71 (77) 
0.472 22 (53) 
0.378 05 (43) 
0.432 00 (47) 
0.44488 (71) 

-0.002 45 (86) 

-0.039 93 (103) 

of refinement. The contribution of the remaining hydrogen atoms 
in their calculated positions (C-H bond lengths = 1 .OO A) was also 
taken into accuunt but not refined. 

Final positional parameters are listed in Table 11. Selected bond 
lengths are given in Table 111. Relevant bond angles and internal 
rotation angles are given in Table IV. 

The calculated hydrogen positions (Table A), the thermal factors 
(Table B), and structure factors (Table C) are given in the supple- 
mentary material. 
[(diphos)Rh(pH)(~-Cl)IrH(PEt3)3JBF4 (4). A deep red crystal 

of 4 of irregular shape (approximate dimensions 0.3 X 0.4 X 0.4 mm) 
was mounted on a glass fiber and used for the data collection. 

Space group (P2 , )  and cell constants were obtained as above; 
relevant informations (crystal and data collection parameters) are 
given in Table I. 

Table 111. Bond Lengths (A) for 
[ (diphos)Rh(p-H)f~~-CI)IrCl(PEt~)~ IBF, (3)  and 
[ (diphos)Rh(p-H)(p-CI)IrH(PEt,),]BF, (4)a (Esd's in Parentheses) 

3 4 

Ir-Rh 
Ir-Cl(1) 
I r  -C1( 2) 
Ir-P(3) 
Ir-P(4) 
Ir-P(5) 
Ir-H 
Rh-H 
Rh-P(1) 
Rh-P(2) 
R hC1( 1 ) 
P(l)-C(lB) 
P(l)-CPha 
P(2)-C(2B) 
P(2)-CPha 
P(3)-CQ 
P(4)-CQ 
P(5 )-CQ 
C(lB)-C(2B) 
C-CPha 
C-CCEta 
B-Fa 

2.903 (1) 
2.381 (3) 
2.366 (3) 
2.390 (3) 
2.384 (3) 
2.367 (3) 
1.67 (8) 
1.85 (8) 
2.216 (3) 
2.199 (3) 
2.386 (3) 
1.86 (1) 
1.81 (1) t 0.02 
1.84 (1) 
1.83 (1) t 0.02 
1.83 (2) t 0.03 
1.82 (1) 2 0.02 
1.83 (2) t 0.07 
1.51 (2) 
1.38 (2) t 0.04 
1.47 (2) -L 0.08 
1.33 (2) -L 0.03 

2.969 (2) 
2.510 (5) 

2.369 (6) 
2.362 (6) 
2.245 (7) 
1.80b 
1 .80b 
2.215 (6) 
2.213 (6) 
2.394 (5)  
1.80 (3) 
1.85 (2) t 0.02 
1.87 (3) 
1.83 (2) t 0.01 
1.78 (3) t 0.08 
1.81 (2) * 0.03 
1.86 (3) ? 0.03 
1.50 (3) 
1.37 (4) 0.10 
1.55 (5) t 0.10 
1.36 (4) i 0.04 

a Average values. t refers to the root-mean-square deviation 
from the mean. A complete list of P-C and B-F bond lengths is 
given in the supplementary material as Table G. 
values. See Experimental Section. 

Calculated 

The standard reflections used were 522,146, and 512 to check the 
crystal decay and the stability and 523, 756, and 521 to check the 
orientation. 

Data were corrected for absorption by using the azimuthal \k scans 
of the reflections 4,l 1,0,382, and 251; the range of transmission factors 
was 0.71-0.90. 

The structure was refined as above, but no peaks that may be 
ascribed to the bridging or the terminal hydrogen atoms could be 
located. The Fourier difference maps with various cutoff limits (down 
to (sin O)/A = 0.33 A-') were calculated, but no convincing evidence 
for them was found. 

Therefore, an attempt was made to indirectly locate their positions 
by minimizing the potential energyla2Vb of the nonbonded interactions 
involving the two hydrides with the program H Y D E X . ~ ~ ~  The energy 
minima found gave reasonable estimates of the positional parameters 
for the bridging and terminal hydrogen atoms. The Ir-H distances 
are 1.80 A for the bridging hydride (constrained by the minimization 
procedure to be equal to Rh-H) and 1.61 A for the terminal hydride. 

An attempt to include the two hydrides in the least-squares re- 
finement was unsatisfactory and not pursued further. 

During the refinement, the contribution of the carbon H atoms 
in their idealized positions (C-H = 1.08 A) was taken into account 
but not refined. 

The handedness of the crystal was tested by refining each of the 
two enantiomorph sets of coordinates. That listed in Table V gave 
the lower R factor and was assumed to represent the correct con- 
f i g ~ r a t i 0 n . I ~ ~  

Final positional parameters are listed in Table V. Selected bond 
lengths and angles are given in Tables I11 and IV, respectively. 
Relevant torsion angles are also in Table IV. 

The calculated hydrogen positional parameters (Table D), the 
thermal factors (Table E), and the structure factors (Table F) are 
given in the supplementary material. 
Results and Discussion 

Acetone solutions of [ (diphos)Rh(acet),] BF4 readily react 
at -70 OC with mer,trans-IrHC12L3 to afford, in good yields, 
the binuclear brick red complexes 1-3 as shown in Scheme 

(16) (a) Ciani, G.; Guisto, D.; Manassero, M.; Albinati, A. J.  Chem. SOC., 
Dalton Trans. 1976, 1943. (b) Orpen, A. G. J .  Chem. SOC., Dalton 
Trans. 1980, 2509. 

( 1  7)  The relative chemical shift positions of pHb, and wL-Htcrm are the same 
as found in other related compounds. See: Boron, P.; Musco, A.; 
Venanzi, L. M. Inorg. Chem. 1982, 21, 4192. 
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Table IV. Selected Bond Angles (deg) and Torsion Angles (deg) 
for [ (diphos)Rh(p-HI&-Cl)IrCl(PEt,),]BF, (3) and 
[ (diphos)Rh&-H)(pC1)IrH(PEt,)3]BF, (4) (Esd’s in Parentheses) 

3 4 

11-H-Rh 
IrCl(l)-Rh 
Rh-Ir-Cl(1) 
Rh-Ir-Cl(2) 
Rh-11-H 
Rh-11-P (3) 
R h-Ir-P(4) 
Rh-Ir-P(S) 
C1( 1 )-Ir-Cl( 2) 
Cl(l)-Ir-H 
C1(2)-Ir-H 
P(3)-Ir-P(4) 
P(3)-IrCI( 1 ) 
P(3)-II-H 
P( 3)-11-c1(2) 
P( 3)-Ir-P(5 ) 
P(4)-11Cl( 1) 
P(4)-Ir-H 
P(4)-Ir-P(5) 
P(4)-Ir-C1(2) 
P(5 )-IrCl( 1) 
P(5)-Ir-C1(2) 
P(5 )-h-H 
11-PCb 

(i) Coordination around Ir 
111.1 (3.7) 111.0” 

119.26 (6) 

75.05 (7) 74.5 (1) 
52.54 (4) 50.97 (7) 

36.4 (3.2) 34 
85.13 (9) 88.2 (1) 
85.14 (8) 84.3 (2) 

145.79 (3) 152.1 (2) 
171.8 (1) 

88.7 (3.1) 
89.1 (3.1) 

164.1 (1) 159.1 (3) 
92.2 (1) 93.5 (2) 
77.7 (2.7) 
87.1 (1) 
99.1 (1) 99.0 (2) 
91.8 (1) 96.8 (2) 
87.0 (2.8) 
96.0 (1) 96.8 (2) 
86.7 (1) 
93.3 (1) 101.5 (2) 
94.9 (1) 

176.3 (2.9) 
115.6 ( 5 )  i 6.4 118.1 (7) i 5.6 

(ii) Coordination around Rh 
Ir-RhCl(1) 52.41 (4) 54.55 (8) 
Ir-Rh-P(l) 152.64 (2) 155.09 (3) 
Ir-Rh-P(2) 122.36 (6) 122.04 (9) 
R h-P( 1 )-C(l B ) 110.4 (4) 112.3 (7) 
Rh-P(2)C(2B) 110.2 (3) 110.6 (7) 
C1-Rh-H 85 (3) 
P( 1 )-R h-H 174 (3) 
P(l )-Rh-P(2) 84.7 (1) 82.8 (1) 
P( 1 )-R hC1( 1 ) 100.9 (1) 100.6 (2) 
P(Z)-Rh-H 90 (3) 
P(Z)-RhCl(l) 174.0 (1) 176.6 (3) 
Rh-PC (Ph) 116.9 (3) t 3.7 116.6 (6) t 2.7 
P(l)C(lB)C(2B) 108.6 (7) 109.2 (1.4) 
P(2)C(2?)C(lB) 106.9 (7) 105.2 (1.6) 
P C C E t  119.1 (6) * 4.0 115.0 (1.7) * 4.2 
F - B - ~ b  109.4 (1.3) i 3.9 108.9 (2.0) i 6.5 

Ir-Rh-P( 1 )-P(2) 
11-R h-P( 1 )-C( 1 B) 
Ir-Rh-P( 2 ) C  (2B) 

IrCl(l)-Rh-P(2) 
Rh-€1(1)-11-C1(2) 
RhCl(1 )-Ir-P(4) 
RhCI(1 )-Ir-P(S) 

I rCl (  1 )-Rh-P( 1) 

(iii) Torsion AnglesC 
172.3 176.9 
177.1 -176.3 

-157.3 -161.3 
-174.2 -178.7 

28.5 -6.8 
2.5 

82.4 76.9 
178.6 175.3 

Calculated value. See Experimental Section. Average value. 
i refers to the root-mean-square deviation from the mean. A com- 
plete list of Rh-PCPh and F-B-F angles is given in the supple- 
mentary material as Table E. 
angles in the range 0.9-1.2” for 3 and 1.9-2.2” for 4. 

Esd’s on the internal rotation 

I. The IR spectra show the typical BF4 bands at ca. 1060 
cm-’. No absorption band assignable to a terminal Ir-H 
vibration could be detected. The ‘H NMR spectra of the 
complexes reveal the presence of a complex multiplet (1 H)  
centered at  ca. -14 ppm (see Table VI), resulting from the 
coupling between the hydride and Pa, Pb, and P, and to Rh. 
The values of the zJ(HPc) coupling constants (ca. 90 Hz, see 
Table VI), obtained in each case by decoupling experiments, 
are consistent with a trans-H-Ir-P, arrangement. Although 
the individual ZJ(HPa), 2J(HPb), and ‘J(HRh) values could 
not be determined, the complex nature of the hybride multiplet 
indicates that the hybride ligand is also bonded to rhodium. 
The Occurrence of two doublets for the methyl groups of P d  

Scheme I 
L 
I ,.‘ 

Udiphos)Rhb~et)~IBF~ + CI-Ir-CI S!!2!L 
H‘I 

L 
1, L=PMe2Ph 
2, LmPEtgPh 
3. L=PEt3 

Scheme I1 
CO/CH&l 

C(diphoo)Rh(CO&lBF4 + 
mer, trans-IrHChL3 

C(diphos)Rh(~-~)(~-Cl)IrCIL31BF4 

NoBPh4/CtI2Cl2 C(diphosWlcCH&N&lBF4 t I mer, trans-IrHChL 

CRh(diphosHq-PhBPh3)1 + mer, trans-IrHCbL3 

Scheme I11 

C(diphos)Rh(acet)21BF4 t 
H‘ I 

PEt3 

4 

and P, in the spectra of complex 1 is due to the diastereotopic 
nature of the two CH3 groups on Pd and on P,. This is a 
further indication of bridge formation between the rhodium 
cation and the iridium moiety in solution. 

The 31P(1H) NMR spectra of complexes 1-3 show four 
groups of signals (see Table VII). Two of them appear at 
lower fields and are assignable to P, and Pb. The signal of 
P& is a doublet (2J(PcPb! = 15-19 Hz). Those corresponding 
to Pa and P, can be assigned unambiguously: thus, by de- 
coupling all protons, except the hydride, only Pa and P, appear 
as doublets. It is noteworthy that the trans coupling between 
the hydride and Pa is 2-3 times smaller than with P, (see Table 
VI). This observation could be taken to indicate a better 
coordination of the bridging hydride toward iridium than 
rhodium. 

Complexes 1-3 readily react with CO, giving mononuclear 
complexes by displacement of the “IrHC12L,” moiety (see 
Scheme 11). The poor coordinating power of the bridging 
atoms toward rhodium prevents the use of solvents with good 
donor properties, e.g. CH3CN. Cleavage of the “(diphos)Rh” 
unit is also observed on addition of NaBPh4 to CH2C12 solu- 
tions of the complexes 1-3. Looking for analogous hydrido- 
bridged Rh(1)-Ir(II1) systems, we have also investigated the 
reaction of another Ir(II1) hydride, namely mer,trans- 
IrH2Cl(PEt3)3 with the “(diphos)Rh” cation. It is interesting 
to note that, although rhodium shows marked affinity for 
hydrogen, a (b-Cl)(p-H) complex is formed instead for the 
corresponding (PL-H)~ isomer as shown in Scheme 111. This 
was clearly shown by NMR experiments. Thus, the ‘H NMR 
of 4 reveals the presence of two hydride signals, a complex 
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Table V. Positional Anisotropic Parameters for 
[(diphos)Rh(p-H)(p-Cl)IrH(PEt,), ]BF, (4) (Esd's in Parentheses) 

I r  0.174 55 (6) 
R h 0.092 22 (15) 
c1 0.084 11 (52) 
P(1) 0.018 31 (57) 
P(2) 0.105 81 (50) 
P(3) 0.373 00 (49) 

P(5 0.19000 (54) 

C(2B) 0.095 55 (217) 
C(l)P(3) 0.401 18 (224) 
C(2)P(3) 0.51988 (527) 
C(3)P(3) 0.48959 (225) 
C(4)P(3) 0.484 34 (367) 
C(S)P(3) 0.443 34 (380) 
C(6)P(3) 0.382 32 (423) 

P(4) -0.007 72 (52) 

C(1B) -0.003 47 (223) 

C(l)P(4) -0.146 77 (211) 
C(2)P(4) -0.188 76 (242) 
C(3)P(4) -0.005 16 (203) 

C(5)P(4) -0.054 86 (231) 
C(6)P(4) -0.170 53 (284) 

C(4)P(4) 0.092 81 (319) 

C(l)P(5) 0.056 40 (266) 
C(2)P(5) 0.03808 (313) 
C(3)P(5) 0.209 17 (281) 
C(4)P(5) 0.335 08 (356) 
C(5)P(5) 0.31 1 76 (286) 
C(6)P(5) 0.31605 (390) 
C(l)Ph(l) -0.129 85 (212) 
C(2)Ph(l) -0.179 99 (234) 
C(3)Ph(l) -0.293 21 (253) 
C(4)Ph(l) -0.357 69 (306) 
C(S)Ph(l) -0.30850 (389) 
C(6)Ph(l) -0.192 30 (313) 
C(l)Ph(2) 0.11982 (218) 
C(2)Ph(2) 0.172 12 (328) 
C(3)Ph(2) 0.258 46 (264) 
C(4)Ph(2) 0.28404 (365) 
C(SIPh(2) 0.226 26 (276) 
C(6)Ph(2) 0.149 11 (361) 
C(l)Ph(3) -0.01604 (192) 
C(2)Ph(3) -0.002 54 (267) 
C(3)Ph(3) -0.096 07 (285) 
C(4)Ph(3) -0.206 28 (275) 
C(5)Ph(3) -0.228 94 (262) 
C(6)Ph(3) -0.131 15 (218) 
C(l)Ph(4) 0.238 82 (197) 
C(2)Ph(4) 0.257 57 (251) 
C(3)Ph(4) 0.366 15 (299) 
C(4)Ph(4) 0.445 85 (263) 
C(5)Ph(4) 0.425 80 (322) 
C(6)Ph(4) 0.32808 (233) 
B 0.654 76 (305) 
F(1) 0.776 42 (204) 
F(2) 0.636 29 (252) 
F(3) 0.599 91 (244) 
F(4) 0.625 95 (329) 

0.25000 (0) 0.199 85 (4) 
0.397 09 (14) 0.324 26 (10) 
0.222 11 (34) 0.341 03 (30) 
0.445 94 (46) 0.445 25 (34) 
0.557 46 (43) 0.301 66 (35) 
0.269 22 (45) 0.239 53 (37) 
0.28970 (51) 0.14401 (36) 
0.095 22 (50) 0.152 93 (38) 
0.577 26 (195) 0.450 64 (150) 
0.627 11 (190) 0.39871 (148) 
0.391 25 (212) 0.284 11 (153) 
0.419 47 (503) 0.309 25 (369) 
0.26273 (265) 0.156 60 (154) 
0.367 86 (327) 0.097 44 (252) 
0.211 71 (328) 0.31257 (256) 
0.215 50 (361) 0.400 11 (287) 
0.291 55 (185) 0.21247 (144) 
0.201 91 (214) 0.249 32 (164) 
0.41363 (179) 0.10472 (137) 
0.43007 (279) 0.029 12 (217) 
0.226 62 (183) 0.059 36 (155) 
0.26860 (296) 0.02391 (194) 
0.013 06 (228) 0.176 09 (183) 

0.262 31 (213) 
0.073 03 (246) 0.041 61 (188) 
0.12208 (328) 0.00441 (244) 
0.019 13 (249) 0.18674 (201) 

0.149 78 (264) 
0.396 40 (203) 0.483 95 (145) 
0.308 63 (215) 0.449 93 (159) 
0.278 26 (214) 0.475 37 (170) 
0.325 54 (261) 0.541 17 (206) 
0.422 80 (360) 0.574 58 (265) 
0.441 91 (274) 0.551 07 (209) 
0.41608 (192) 0.524 93 (148) 
0.493 26 (297) 0.564 83 (227) 
0.461 43 (233) 0.623 26 (179) 
0.363 07 (326) 0.637 02 (249) 
0.307 11 (254) 0.596 85 (187) 
0.309 48 (329) 0.539 17 (246) 
0.615 73 (173) 0.250 65 (131) 
0.705 61 (233) 0.213 49 (180) 
0.772 13 (366) 0.17852 (200) 
0.699 78 (239) 0.18900 (183) 
0.623 56 (242) 0.226 36 (180) 
0.568 20 (193) 0.259 81 (148) 
0.605 55 (182) 0.244 66 (135) 
0.587 70 (219) 0.163 30 (168) 
0.632 26 (261) 0.116 88 (199) 
0.68091 (218) 0.156 18 (176) 
0.696 28 (284) 0.236 94 (216) 
0.66925 (210) 0.28432 (171) 
0.977 58 (500) 0.135 66 (240) 
0.99853 (250) 0.143 60 (194) 
0.88805 (171) 0.10244 (203) 
1.00960 (345) 0.20659 (173) 
1.04896 (182) 0.08806 (197) 

-0.021 62 (27.5) 

-0.078 44 (354) 

multiplet centered at -1 4.9 ppm, corresponding to the bridging 
hydride, and a doublet of triplets that is observed as a pseu- 
doquartet (at -21.9 ppm) due to coupling of the terminal 
hydride with the phosphorus atoms on iridium. Other pertinent 
NMR data are given in the Experimental Section. It seems 
to be a general feature of the Rh cation in compounds 1-4 to 
prefer a coordination environment of one chlorine and one 
hydrogen atom (type A structure) rather than two hydrogen 
atoms (type B structure). 

/H\ /H Rh, /"\ ,Ir /CI Rh, ,If 
CI H 

type A type B 

The preference for bridging chlorine atoms was also ob- 
served in complex 5, obtained almost quantitatively from 

Figure 1. ORTEP view of the cation [(diphos)Rh(pH)(W-Cl)IrCl- 
(PEt3)3]+ of 3. 

Scheme IV 
PMePhz 

PMePhz I $" 
[(dipho~)Rh(acet)~lBF~ + H-Ir-CI ace'one 

CI'I 
PMePh, 

5 

mer,cis-IrHC12(PMePhJ3 and [(diphos)Rh(a~et)~] + as shown 
in Scheme IV. The proposed geometry of 5, shown in Scheme 
IV, results from the following: 

1. A pseudoquartet (actually an overlapping doublet of 
triplets) at -21.8 ppm in the 'H NMR spectrum is present, 
revealing a terminal hydride. It is noteworthy that in all the 
cationic hydrido-bridged Rh(1)-Ir(II1) complexes listed in 
Table VI bridging hydrides appear at ca. -13 f 2 ppm. 
Furthermore, a typical v(IR-Hterm) band at 2250 cm-' was 
observed in the IR spectrum. 

2. Nonequivalence of the two phosphorus atoms of diphos 
and the existence of a 3J(RhPd,,) coupling constant are ob- 
served, as shown by the 31P NMR spectrum. 

Attempts were made to prepare a complex analogous to 1-3 
starting from mer,tr~ns-IrHCl,(PMePh,)~. In this case no 
reaction was observed, as checked by NMR. This should be 
related to a weaker electron density on the hydride ligand in 
mer,trans-IrHC12(PMePh2)3 than in, e.g., mer,trans-IrHC12- 
(PEt3)3 as the two phosphines have the same cone angle. The 
difference in electron density is a consequence of the relative 
donor properties of the two phosphines.18 
X-ray Structural Studies 

(i)  Crystal Structures. [(diphos)Rh(p-H)(p-k1)IrCI- 
(PEt3),]BF4 (3). The structure of compound 3 consists of 
discrete cations and BF, anions. An ORTEPI9 view of the cation 
is given in Figure 1. The relative positions of the metal and 

(18) Tolman, C. A. Chem. Reu. 1977, 77, 327. 
(19) Johnson, C. K. "ORTEP", Report ORNL-3794: Oak Ridge National 

Laboratory: Oak Ridge, TN, 1965. 
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Table VI. Comparison of the Chemical Shifts of Hydrides in Some Cationic Rh(I)-Ir(III) Comulexes” 

PMe,Ph (1) CD,Cl, -13.3 
PEt,Ph (2) CD,Cl, -14.2 
PEt, (3) CD,C1, -14.2 

93 2.8 
90 
93 2.9 

-21.8 

+ 
PMe,Ph (6 )  acetoned, -10.9 
PMePh, (7) acetone-d, -10.8 

A 
a See text. 

Table VII. 31P NMRa Data of Complexes 1-5 

(pbq,,Rt..+ %,,, );+\$ + PMe,Ph(l) 68.4 80.5 -38.7 -48.7 182 38 49 3 197 3 19 12 
PEt,Ph (2) 67.0 78.6 -24.8 -31.2 181 42 46 ... 198 2 15 10 

Pf \a(( \L< PEt, (3) 68.2 77.8 -26.3 -32.0 183 40 46 ... 199 2 18 13 
Ld 

A 

PMePh, ( 5 )  75.8 78.9 -19.7 -8.6 195 42 ... 187 ... 9 

Measured in CD,Cl, for 1-3 and 5 and in acetoned, for 4. Difference of the 6(Pc) values of binuclear complexes 1-5 and the corre- 
spo nd ing mer, tran s-I r HC1, L . 

Yp4 

Figure 2. Relative positions of the metal and donor atoms in the cation 
[(diphos)Rh(/~-H)(~-Cl)IrCl(PEt~)~]+ of 3. 

donor atoms are shown in Figure 2. 
Compound 3 shows a distorted-octahedral coordination 

around the iridium atom and square-planar geometry around 
the rhodium atom. The value of the Rh-Ir distance, 2.903 
(1) A, falls in the ran e found in other bridged bimetallic 

that found in the uncharged complex [(PEt,),Rh(p-H)(p- 
C1)IrH2(PEt3),] (2.899 (1) A)4 but longer than that found in 
[(diphos)Rh(pc~-H),IrH~(P-i-Pr,)~] (2.676 (1) and [(PEt,) 
P ~ ( P - H ) ~ I ~ H , ( P E ~ ~ ) ~ ] +  (2.680 (1) A).21 It is interesting to 
note that comparable values for the M-M distances are found 

compounds (2.66-3.01 x ).15 This distance is comparable with 

in the related complexes [($-C,Me,)ClM(p-H)(p-Cl)MCl- 
($-C5Me5)] (M = Rh, 2.906 (1) A; M = Ir, 2.903 (1) A).22 
This is to be contrasted with considerably longer M-M dis- 
tances observed in the p-dichloro complexes, which are in the 
range 3.12-3.11 A.22 

The square-planar coordination around the rhodium atom 
is distorted, the P-Rh-P and P-Rh-C1( 1) angles being 84.1 
(1) and 100.9 (l)’, respectively. The Rh-P bonds are different 
(2.216 (3), 2.199 (3) A), the longer bond being trans to the 
bridging hydrogen atom. A similar value (2.197 (2) A is found 
in [(dipho~)Rh(p-H)~IrH~(P-i-Pr,)~] .*O The geometry of the 
fragment “Rh(diphos)” is very similar to that reported for 
[Rh(diphos)(~-PhBPh,)]~~ where a P-Rh-P angle of 84.3 (1)O 
and Rh-P distances of 2.217 (1) and 2.225 (1) A have been 
observed. 

The coordination around the iridium atom is that of a 
distorted octahedron. The pronounced distortion of the P- 
(3)-1r-P(4) angle (164.1 (1)O) is typical for axial phosphines 
in related coordination environments; thus, in mer- [ IrH3- 
(PPh3)3],24 [(PPh3)Au(p-H)IrH2(PPh3)3]+,7 and 
[(PEt3)2Rh(p-H)(p-C1)IrH2(PEt3)2]4 the trans-P-Ir-P angles 
are 153.0 (3), 149.9 ( l ) ,  and 166.4 (2)O, respectively. This 
distortion is likely to arise mainly from the steric repulsions 
caused by the equatorial ligands. It may be noted that the 

(20) Musco, A.; Naegeli, R.; Venanzi, L. M.; Albinati, A. J .  Organomet. 
Chem. 1982, 228, C15. 

(21) Emge, T. J.; Koetzle, T. F.; Albinati, A.; Venanzi, L. M. Abstracts, 
American Crystallography Association Meeting, Columbia, MO, 1983. 

(22) Churchill, M. R. Adu. Chem. Ser. 1978, No. 167, 36 and references 
quoted therein. 

(23) Albano, P.; Aresta, M.; Manassero, M. Inorg. Chem. 1980, 19, 1069. 
(24) Clark, S. R.; Skelton, B. W.; Waters, T. N. Inorg. Chim. Acta 1975, 

12, 235. 
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Figure 3. ORTEP view of the cation [(diphos)Rh(p-H)(p-C1)IrH- 
(PEt3)J' of 4 (the hydride ligands are shown as spheres of arbitrary 
size, see text). 

axial Ir-P bonds (mean 2.387 (3) A) are significantly longer 
than the equatorial Ir-P bond (2.367 (3) A). A lengthening 
of the Ir-P bonds, relative to mer-[IrH3(PPh3),], has also been 
observed upon coordinating the fragment "Au(PPh,)" to an 
equatorial hydrogen atom of this iridium complex.' 

The Rh-C1-Ir bridge is symmetrical (Ir-Cl = 2.381 (3), 
Rh-Cl = 2.386 (3) A) and the Rh-C1-Ir angle, 75.05 (7)", 
is in the range expected when an M-A4 interaction occurs.22 
These values are considerably smaller than those found in the 
compounds [ (q5-C5Me5)ClM(p-Cl)2MCl(qs-C5Mes)] (M = 
Rh, Ir), 100.4 (1) and 98.3 (l)", respectively, where the long 
M-M distances, 3.719 (1)25 and 3.769 (1) A,26 respectively, 
practically rule out a direct M-M interactioh. 

It is noteworthy that the values of the angles Ir-Rh-P( 1) 
and Ir-Rh-P(2) are markedly different (152.64 (2), 122.36 
(4)O, respectively). Such differences have been interpreted 
as indicating an asymmetric bridging situation in related 

The unambiguous localization and refinement 
of the bridging hydrogen atom in this compound provides direct 
support for this assumption. The Rh-H and Ir-H distances 
(1.85 (8), 1.67 (8 A) are in the range found in other com- 
pounds (1.7-2.1 A )19 even though the high esd's associated 
with the X-ray determination of H pdtions preclude a detailed 
discussion of these values. It is to be noted, however, that these 
distances are consistent with the very different values of 2J- 
(31P,1H), i.e., 2J(PcH)/2J(P,H) = ca. 3, which could also be 
taken to indicate that. the M-H interaction is considerably 
stronger for iridium than for rhodium. 

There are no outstanding features in the geometry of the 
BF4 anion. The highly anisotropic thermal motions associated 
with the fluorine atoms are a common feature for this mole- 
cule, which is often disordered in the cell. 

The 
structure of compound 4 consists of discrete cationic moieties 
and BF4 counterions. An O R T E P ~ ~  view of the cation is given 
in Figure 3. The relative positions of the metal and donor 
atoms are shown in Figure 4. 

The structure may be described as being built by a dis- 
torted-octahedral unit containing iridium(II1) and of a 
square-planar rhodium(1) unit. 

The Rh-Ir distance (2.969 (2) A) is longer than that found 
in compound 3 (2.903 (1) A) and falls in the upper range of 

(25) Churchill, M. R.; Julis, S.  A,; Rotella, F. J. Inorg. Cher,z. 1977, 16, 
1137. 

(26) Churchill, M. R.; Julis, S. A. Inorg. Chem. 1977, 16, 1488. 

(ii) [ (diphos)Rh(pH) ( P-CI)I~H(PE~~)~]BF~ (4). 

PZ 

P1 P6 

F i  4. Relative pasitions of the metal and donor atoms in the cation 
[(diphos)Rh(p-H)(p-Cl)IrH(PEt,), 1' of 4 (the hydride ligands are 
shown as spheres of arbitrary size, see text). 

M-M distances found in binuclear hydrido-bridged com- 
p lexe~. '~  

As expected, the values of the angles P( l)-Rh-P(2), P- 
(1)-Rh-Cl( l),  and P(Z)-Rh-CI( 1) (82.8 (l) ,  100.6 (2), and 
176.6 (3)", respectively) are similar to those found in 3 and 
show those distortions usually found in square-planar rhodi- 
um(1) complexes (see Discussion). However, it should be noted 
that the two Rh-P distances are equal, with the esd's showing 
that, in this compound, the blidging H and C1 atoms exert 
roughly similar trans influences2' at variance with the results 
obtained for complex 3. This difference may be due to dif- 
fering bonding situations in the two complexes and, particu- 
larly, to differences in metal-metal interactions.28 

The distortions of the octahedron around the iridium atom 
are of the type usually observed in hydride complexes: Thus, 
the angles P(5)-1r-C1( 1) and P(3)-Ir-P(4) have, once again, 
values (101.5 (2) and 159.1 (2)O, respectively) that are con- 
sistent with the idea of repulsions induced by steric interactions 
caused by the equatorial ligands. It is interesting to note that 
the Ir-P bond lengths, both axial and equatorial, are shorter 
than those found in cdmpound 3 (see Table 111), possibly 
indicating a lower electron density at the iridium atom. 

The bridging chlorine ligand is in a highly asymmetric 
environment with a long Ir-Cl bond (2.510 (5) A) and a 
shorter Rh-Cl bond (2.394 ( 5 )  A). This is likely to be due 
to the strong trans influence2' exerted by the terminal hydride 
ligand. The Ir-Cl distance may be compared with the value 
of 2.494 (3) A found in [(PEt,)2Rh(p-H)(p-C1)IrH2(PEt,),] .4 

However, the Rh-Cl bonds in this compound (2.427 (3) 8, is 
significantly longer than that observed in 3 (See above). 

The Occurrence of a direct metal-metal interaction in 4 is 
supported by the value of the Rh-Cl(1)-Ir angle (74.5 1)O), 
which is comparable with that found in 3 (75.05 (7) a ). 

Although the position of the bridging hydride ligand could 
not be located, there is an indication for an asymmetric 
bridging situation from the values of the Ir-Rh-P(l) and 
Ir-Rh-P(2) angles (155.09 (3) and 122.04 (9)", respectively), 
which are very similar to those found in compound 3. 

Also, in this compound, the geometry of the BF4- unit is 
unexceptional and it shows highly anisotropic thermal factors 
for the fluorine atoms. 
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The new extended partially oxidized linear-chain nickel compound catena-(p-bromo)bis(( lR,2R)-cyclohexanediamine)- 
nickel(2.77) bromide, [Ni(~hxn) ,Br]Br, ,~~,  has been prepared and characterized by its spectral and magnetic properties. 
The crystal structure has been determined by single-crystal X-ray analysis using three-dimensional diffractometer data. 
The compound crystallizes in the orthorhombic space group I222 with two formula units in the unit cell. The lattice parameters 
are a = 23.544 (3) A, b = 7.095 (2) A, and c = 5.232 (6) A. The structure contains chains of Ni(chxn), units connected 
by bromide ions with the Ni-Br distances along the chain = c/2 = 2.626 A. An 11.5% deficiency in the occupation of 
the bromide counterionic site has been observed, leaving the nickel atoms with an average oxidation state of 2.77. The 
electronic structure is discussed in the light of the structural, spectral, and magnetic properties. 

Introduction 
Mixed-valence linear-chain halogenated platinum and 

palladium amines have received much attention during the last 
decade, as described in a recent review by Keller.' 

It has been claimed that nickel forms similar salts; however, 
there is some confusion about the nature of the halogen-oxi- 
d i d  bis(diamine)nickel complexes. Some have been classified 
as "tervalent nickel complexes",* whereas others have been 
classified as Ni(I1)-Ni(1V) mixed-valence comple~es.~ With 
some macrocyclic tetraamine ligands, monomeric tervalent 
nickel complexes are indeed f ~ r m e d . ~  

All reported halogen-oxidized aliphatic nickel complexes 
have been formulated as stoichiometric compounds, but in the 
present work we show that at least the bromine-oxidized 
(lR,2R)-cyclohexanediamine (chxn) nickel complex is non- 
stoichiometric and is best described as a partially oxidized 
nickel(I1) system. Although partially oxidized nickel com- 
plexes have been reported earlier, all of these are complexes 
with conjugated r-ligands (e.g. dioximes) oxidized with iodine.5 
The ESR properties of these compounds show that they have 
not been oxidized at the metal site; rather, they should be 
classified as Ni(I1) complexes with radical ligands. To our 
knowledge this is the first report on a single-valent nonstoi- 
chiometric extended halogen-bridged chain complex. 
Experimental Section 

Preparation. catena -(p-Bromo)bis((lR ,2R)-cyclohexanedi- 
amine)Nckel(2.77) Bromide. A solution of [Ni(~hxn)~]Br,  in 2- 
methoxyethanol was prepared by refluxing a mixture of [Ni- 
( c h ~ n ) ~ ] B r ~ ~  (0.64 g, l mmol) and anhydrous nickel (11) bromide 

(1) Keller, H. J. In 'Extended Linear Chain Compounds"; Miller, J. S., Ed.; 
Plenum Press: New York, 1982; Vol. I. 

(2) Yamashita, M.; Nonaka, Y.; Kida, S.; Hamaue, Y . ;  Aoiki, R. Inorg. 
Chim. Acta 1981, 52, 43. 

(3) Papavassiliou, G. C.; Layek, D. 2. Naturforsch., B Anorg. Chem., Org. 
Chem. 1982, 378, 1406. 

(4) Chan, Pui-Ki; Poon, Chung-Kwong. J .  Chem. Soc., Dalton Trans. 1976, 
858. 

( 5 )  Hoffman, B. In: Reference 1, Vol. 111. 
(6) Laier, T.; Toftlund, H. Acta Chem. Scand., Ser. A 1977, A31, 651. 
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Table I. Crystal Data 

orthorhombic I222 
a = 23.544 (3) A 
b = 7.095 (2) A 
c = 5.232 (6) A 
p(Mo K a )  = 74.54 cm" 
V =  874.03 A' 

T = room temp 
z = 2  
mol wta = 508.4 
p(obsd) = 1.95 g cm" 
p(ca1cd) = 1.93 g cm-' 

a Molecular weight refers to the asymmetric unit 
[Ni(C,H ,2NZ)ZBrlBrL, ,, . 
(0.109 g, 0.5 mmol) for 1 h. The resulting gray solution was placed 
in a beaker in the diffusion cell. In the bottom of the cell was placed 
a solution of bromine (0.1 g, 1.25 mmol) in tetrachloromethane (1 
mL). Upon this solution was carefully placed a 4-cm layer of dioxane. 
The cell was closed and kept in the dark for 3 days, during which 
time dark brown crystals up to 1 mm in size were formed. Anal. Calcd 
for C12H24N4Br2.77Ni: C, 28.35; H, 5.55; N ,  11.02; Br, 43.54; Ni, 
11.55. Found: C, 27.90; H, 5.65; N,  10.95; Br, 42.35; Ni, 12.30. 

Instrumental Details. The polarized reflectance spectra were re- 
corded on a wide-band reflectometer with a Perkin-Elmer 98 quartz 
prism monochromator. 

Magnetic susceptibility was measured by the Faraday method using 
Hg[Co(SCN),] as a standard. The equipment has been described 
e l~ewere .~  

Raman spectra were obtained from a powder in a pressed KBr plate 
by using a Jarrell-Ash 25- 101 double monochromator. Exciting 
radiation was provided by a Sp 165-01 krypton laser and a CR argon 
laser. 

The single-crystal X-ray diffraction data were collected from a 
crystal with the dimensions 0.04 X 0.28 X 0.25 mm by using an 
Enraf-Nonius CAD4F diffractometer with graphite monochromatized 
Mo K a  radiation (A = 0.71073 A). 

Crystal Data and Intensity Measurements. Unit cell dimensions 
were obtained from setting angles for 10 reflections. 

The results from the least-squares refinement of the cell constants 
are a = 23.544 (3) A, b = 7.095 (2) A, and c = 5.232 (6) A. The 
systematic absences indicated four possible space groups: 1222,12,2,2,, 
Zmm2, and Immm. The cell dimensions of the related compound 
[Pt(C6H14N2)2Br]Brz are a = 23.80 (2) A, b = 7.009 (6) A, and c 

(7)  Pedersen, E. Acta Chem. Scand. 1972, 26, 333 
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