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Reactions of the triosmium complex
Os,(CO),4( u-Br)(CH=CHPh) with benzyl isonitrile
and tnphenylphosphme Crystal structure and solution
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Abstract

Reaction of Os;(CO)yo(p-BrXCH=CHPh) (1) with benzyl isonitrile in toluene at 85°C gave a
trinuclear complex Os;(CO)o(CNCH, Ph) p-Br)CH=CHPh) (2). In contrast, the analogous reaction with
triphenylphosphine at 110°C produced dinuclear complexes Os,(CO)s(PPh; ) #-BrCH=CHPh) (4).
The ethenyl group of complex 2 is static; however, variable temperature NMR studies indicate that the
ethenyl groups of 3 and 4 undergo rapid 7 — 0,0 — 7 rearrangement (reversible flipping of the vinyl
group) in solution. The structures of 2 and 3 were also determined by single-crystal X-ray diffraction.
Crystal data for 2: space group P2,/c; a=9.977(2), b=2277%6), c=25.323(5) A, B=95.08(2)°,
Z =8; final R =0.038, R, =0.037 for 3445 reflections with I > 30([I). Crystal data for 3: space group
P1; 0=10749(2), =13.101(3), c=13.208(3) A, a=118.73(2), B =105.4992), y=97.62(2)°; Z=2;
final R =0.027, R, = 0.026 for 4211 reflections with /> 20([).

Introduction

The addition of anionic nucleophiles, such as halide anions, is used routinely in
the chemical industry to improve the activity, selectivity and stability of transition
metal catalysts [1]. However, the influence of the promoter on the bonding and
reactivity of adsorbed hydrocarbon ligands is poorly understood at present [2], but
there is increasing research activity on related subjects. The halide-promoted inser-
tion of carbon monoxide into the bridging methylene group of the anionic tri-
osmium clusters has been reported [3]. Recent work has considered the halide-pro-
moted reactions of alkynes with Ru,(CO),, [4] a halogen induced cluster fragmenta-
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tion of a carboxamide-substituted triosmium complex has been found [3]. These
investigations have underlined the progress in the study of the chemistry of halogens
in transition metal complexes.

With a similar objective, to probe the influence of halogen atoms on the adjacent
hydrocarbon fragment in the coordination sphere of cluster complexes, we synthe-
sized a triosmium ethenyl complex Os;(CO),q(p-Br)(CH=CHPh) (1) from the
reaction of H,0s,(CO),, and phenylbromoethyne, and explored its CO elimination,
hydrogenation and dehydrogenation reactions in attempts to compare its reactivity
with that of the triosmium hydrido analogue Os,(CO),,(u-H)Y(CH=CHPh) [6]. In
the present paper, we report the reactions of 1 with two nucleophiles, namely
triphenylphosphine and benzyl isonitrile. Our results reveal that the reaction with
benzy! isonitrile led to a simple substitution product Os;(CO)(CNCH,Ph){u-
Br)(CH=CHPh) (2), but the reaction with triphenylphosphine afforded a cluster
fragmentation product Os,(CO)s(PPh,)(p-Br)(CH=CHPh) (3). The complex 3 also
reacted with triphenylphosphine to yield Os,(CO),(PPh,),(p-Br}(CH=CHPh) (4)
under the reaction conditions examined. In addition, the ethenyl ligand of 3 and 4
undergoes a rapid 7 — 0,0 — 7 rearrangement [7] (vinyl group flipping) in solution,
as indicated by variable temperature 'H and *C NMR studies.

Experimental

General information and materials

Infrared spectra were recorded on a Bomen M-100 FT-IR spectrometer. 'H and
>C NMR spectra were recorded on a Bruker AM-400 (400.13 MHz) instrument or a
Varian Gemini-300 (300 MHz) instrument. Mass spectra were obtained on a
JEOL-HX110 instrument operating in the fast atom bombardment mode (FAB). All
reactions were performed under a nitrogen atmosphere using deoxygenated solvents
dried with an appropriate reagent. The progress of reactions was monitored by
analytical thin-layer chromatography (5735 Kieselgel 60 F,s,, E. Merck) and the
products were separated on preparative thin-layer chromatographic plates (Kieselgel
60 F,;,, E. Merck). Elemental analyses were performed at the NSC Regional
Instrumentation Center at National Cheng Kung University, Tainan, Taiwan. The
triosmium complex Os;(CO),o(p-BrCH=CHPh) (1) was prepared according to a
previously published procedure [6]. The BCO enriched sample of 1 was prepared by
reaction of phenylbromoethyne with *CO enriched H,0s4(CO),, under similar
conditions.

Reaction of Os;(CO),,(n-Br)(CH=CHPh) with benzyl isonitrile

A toluene solution (35 mL) of a mixture of Os;(CO),,(p-BrCH=CHPh) (134
mg, 0.13 mmol) and 1.3 equiv. of benzyl isonitrile (19.7 L, 0.17 mmol) was heated
at 85°C for 30 min. Then the solvent was evaporated on a rotary evaporator, and
the residue separated by thin layer chromatography (dichloromethane :hexane =
1:3), giving 51.8 mg of Os;(CO),(CNCH,Ph)(u-Br)(CH=CHPh) (2), as an orange
crystalline material (0.046 mmol, 36%). Crystals of 2 suitable for X-ray diffraction
were obtained by recrystallization from a layered solution of dichloromethane-
methanol at room temperature.

Spectroscopic data for 2: MS (FAB, "Br, '*0s), m/z 1127 (M*). IR (C4H,,):
»(CN), 2184br,w; »(CO), 2085s, 2067vw, 2050s, 2028s, 2018m, 2000vs, 1988m,
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1982w, 1971w, 1964w cm™'; '"H NMR (400 MHz, CDCl;, 294K): & 7.40-7.12 (m,
10H); 6.99 (d, 1H, J(H-H) = 16.0 Hz); 5.92 (d, 1H, J(H-H) =16.0 Hz); 5.07 (4,
1H, J(H-H)=16.7 Hz), 5.00 (d, 1H, J(H-H)=16.7 Hz). Elemental analysis:
Found: C, 26.78; H, 1.32, N, 1.28. C,;H,,BrNO,Os, calcd.: C, 26.74; H, 1.26; N,
1.25%.

Reaction of Os;(CO),,(u-Br)(CH=CHPh) with triphenylphosphine

A toluene solution (30 mL) of a mixture of Os,(CO),o(u-Br}(CH=CHPh) (120
mg, 0.116 mmol) and 1.5 equiv. of triphenylphosphine (45.6 mg, 0.174 mmol) was
heated under reflux for 30 minutes. Then the solvent was removed in a rotary

Table 1

Experimental data for the X-ray diffraction studies of complexes 2 and 3

2 3
Formula C;5H14BrNOyOs, C3;H,oBrOsOs, P,
Molecular weight 11229 965.78
Crystal system monoclinic triclinic
Space group P2, /¢ Pi
a (A) 9.977(2) 10.749(2)
b (A) 22.779(6) 13.101(3)
¢ (A) 25.323(5) 13.208(3)
«(®) 118.73(2)
B(®) 95.08(2) 105.49(2)
¥ (°) 97.62(2)
U (A% 5732(2) 1495(1)
z 8 2
D, (g/cm’) 2.602 2145
F(000) 4048 890
Diffractometer Siemens R3m /V Enraf-Nonius (CAD-4)
Radiation (A) A(Mo-K,) 0.71073 A A(Mo-K,) 0.70930 A
Temperature (K) 296 297
Crystal size (mm) 0.5%0.12x0.10 0.20x0.40 X 0.50
Scan method 8/26 scan mode 0/28 scan mode
26 (max) 45° 50°
Scan parameter 0.96° + K, separation 0.65+0.35 tan 8
Scan speed ( °/min) 2.93 to 14.65 16.48/2 to0 16.48 /11
h, k, | ranges 09,-200, —2727 —-1212,015, —153
Absorption correction psi scan, empirical psi scan
g (mm™1) 1472 9.91
Transmission factors 0.989, 0.520 0.4342, 0.9995
max, min
Standard reflections 3 measured every 50 No. 3; variation < 6%, 4 o;
reflections every 3600 seconds

No. of unique data
No. of atoms and
parameters refined

6800; 4345 with 1 > 30(])
78, 627

5298; 4211 with 7> 20(7)
60, 362

Mean A /¢ ratio 0.001 0.004

R; R, 0.038; 0.037 0.027; 0.026
G.OF. 127 2.36
Residual electron density, 1.50/—-0.94 1.18/-1.26

e A~ max/min
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Table 2
Atomic coordinates (X 104) and equivalent isotropic parameters (A? X 10°) of 2

x y z Uq
0s(1) 1649(1) 4186(1) 4215(1) 41(1) -
0s(2) 3658(1) 4902(1) 3720Q) 35(1)
0s(3) 7370) 4508(1) 3140(1) 42(1)
Os(4) 8504(1) 5805(1) —475(1) 42(1)
Os(5) 9186(1) 7024(1) —564(1) 40(1)
0s(6) 644%(1) 6566(1) ~68(1) 3%(1)
Br(1) 1646(2) 5573(1) 3356(1) 46(1)
Br(2) 8453(2) 7175(1) 406(1) 48(1)
0oQ) —-35(19) 3229(8) 2978(8) 98(9)
o2 3129(18) 4080(8) 5314(7) 87(8)
03) 5818(16) 4017(7) 4080(6) 70(7)
o(4) 285(18) 4853(9) 1986(7) 94(8)
o(5) 3182(18) 3135(7) 3777(7) 83(8)
o(6) 3722(15) 5434(7) 4819(6) 65(6)
o7 256(19) 5335(8) 4490(7) 86(8)
0(8) - 854(19) 3470(8) 4380(8) 93(8)
0(9) —2052(18) 4831(8) 3494(7) 87(8)
O(1A) 7118(19) 4630(8) —275(7) 91(8)
0(2A) 9470(18) 8344(7) —684(7) 83(8)-
0O(3A) 12126(19) 6736(8) —147(8) 91(8)
O(4A) 11130(16) 5414(8) —915(7) 81(8)
O(5A) 9765(17) 6757(T) —1683(7) 78(7)
O(6A) 4316(18) 5880(7) —732(7) 78(7)
O(7A) 7036(18) 5917(8) ~1589(6) 83(8)
O(8A) 9942(17) 5872(T) 648(6) 73(7)
O(9A) 6591(21) 559%(8) 782(7) 100(9)
N(1) 5724(21) 5863(9) 3422(7) 63(8)
NQ@) 4438(19) 7276(8) 567(7) 58(8)
c() 313(22) 3705(12) 3034(9) 64(10)
c@) 2540(23) 4115(10) 4903(11) 62(10)
c@3) 5005(24) 4361(10) 3934(8) 56(9)
C(4) 410(21) 4725(9) 2427(10) 56(9)
) 2629(26) 3526(11) 3952(8) 60(10)
c(6) 4697(20) 5214(9) 4404(3) 45(8)
o) 802(26) 4907(12) 4397(8) 67(10)
c(8) 107(25) 3745(10) 4312(9) 62(10)
co) - 1004(26) 4709(10) 3366(8) 57(9)
C(10) 5485(23) 3940(11) 2709(8) 59(10)
can 6670(25) 3767(11) 2476(11) 7(11)
c(12) 7239(25) 4103(14) 2124(11) 80(13)
c(13) 6680(26) 4646(14) 2009(10) 77(12)
c(14) 5565(25) 4809(11) 2222(9) 69(10)
c(15) 4931(20) 448%(9) 2593(7) 40(8)
C(16) 3663(18) 4684(8) 2794(7) 35(5)
a7 4967(23) 5506(10) 3505(7) 48(8)
C(18) 6847(33) 6273(13) 3478(14) 111(15)
cQ19). 7153(28) 6465(13) 2929(12) 84(8)
C(20) 7671(32) 6129(16) 2595(13) 125(12)
C(21) 8013(37) 6332(18) 2036(16) 149(14)
C(22) 7813(42) 6852(20) 1944(20) 180(18)
C(23) 7492(68) 7238(37) 2383(27) 371(45)
C(24) 6979(75) 6896(33) 2740(28) 417(60)

C(25) 2791(18) 4321(8) 3023(6) 36(7)
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Table 2 (continued)

X y z Ueq 4

C(1A) 7620(24) 5076(10) —364(8) 53(9)
C(2A) 9373(19) 7849(10) —643(9) 48(8)
C(3A) 11069(28) 6857(9) -298(9) 56(9)
C(4A) 10141(26) 5550(9) —766(8) 50(9)
C(5A) 9528(22) 6862(10) —1248(10) 60(9)
C(6A) 5105(21) 6139(10) — 486(8) 46(8)
C(7A) 7519(23) 5851(9) —1178(10) 76(9)
C(8A) 9428(21) 5853(8) 235(8) 42(8)
C(%A) 6581(22) 5955(10) 451(10) 60(9)
C(10A) 4161(22) 7282(11) —1265(8) 5%9)
C(11A) 2933(24) 7450(10) —1455(%) 55(10)
C(12A) 2283(22) 7899(10) —1258(9) 56(9)
C(13A) 2797(23) 8205(9) - 817(10) 56(9)
C(14A) 4070(21) 8037(9) —597(9) 56(9)
C(15A) 4786(20) 7576(8) ~832(8) 41(8)
C(16A) 6194(21) 7449(8) —573(D) 45(8)
C(17A) 5167(22) 7030(9) 329(8) 43(8)
C(18A) 3519(26) 7551(10) 863(9) 82(11)
C(24A) 4322(25) 6967(20) 1625(17) 1231(233)
C(19A) 3117 7139 1347 95(9)
C(20A) 1892 6956 1516 576(76)
C(21A) 1872 6600 1964 264(28)
C(22A) 3077 6427 2242 570(69)
C(23A) 4302 6611 2072 1078(209)
C(25A) 7108(8) 7086(7) —792(7) 36(7)

¢ Equivalent isotropic U, defined as one third of the trace of the orthogonalized U}, tensor.

evaporator and the residue separated by thin layer chromatography (dichloro-
methane : hexane = 3:1), giving 80 mg of pale yellow Os,(CO)(PPh,)(p-
Br)(CH=CHPh) (3, 0.083 mmol, 72%) and 31 mg of pale yellow
0s,(CO),(PPh,),(u-Br}(CH=CHPh) (4, 0.026 mmol, 22%). Crystals of 3 suitable
for X-ray diffraction study were obtained by recrystallization from a layered
solution of dichloromethane-methanol at room temperature.

Spectral data for 3: MS (FAB, Br, '“0s), m/z 968 (M*). IR (CiHy,): #(CO),
2072vs, 2012vs, 1993s, 1988s, 1981s, 1950w, 1947m cm~'. '"H NMR (400 MHz,
toluene-dg, 273 K): & 9.17 (d, 0.42H, J(H-H) = 13.5 Hz); 9.11 (d, 0.58H, J(H-H)
=14.4 Hz); 7.58-6.53 (m, 20H); 4.60 (d, 0.58H, J(H-H)=14.4 Hz); 4.04 (d,
0.42H, J(H-H) =13.5 Hz). °C NMR (100.4 MHz, CDCl,, 266 K): CO, & 189.7,
184.1, 181.6, 181.2, 179.6, 178.1, 177.1, 174.8, 174.2, 173.5. Elemental analysis:
Found: C, 38.56; H, 2.39. C;,H,,BrO;Os,P calcd.: C, 38.55; H, 2.30%.

Spectral data for 4: MS (FAB, "Br, 220s), m/z 1202 (M*). IR (C¢H,,): »(CO),
2021vs, 1988m, 1953s, 1934w cm 1. 'H NMR (400 MHz, CDCl,, 328 K): § 8.75 (d,
1H, J(H-H)=13.6 Hz); 7.58-7.10 (br, 30H); 6.97-6.92 (m, 3H); 6.50 (d, 2H,
J(H-H)=6.6 Hz); 3.52 (d, 1H, J(H-H)=13.6 Hz). )C NMR (100.4 MHz,
CDCl,, 296 K): CO, § 191.1, 185.9, 182.4, 179.6. Elemental analysis: Found: C,
47.58; H, 3.13. C;4H;,Br0,0s,P, calcd.: C, 48.04; H, 3.11%.
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Reaction of Os,(CO)s(PPh;)(u-Br)(CH=CHPh) with triphenylphosphine

A toluene solution (30 mL) of a mixture of Os,(CO);(PPh,)(u~-BrY(CH=CHPh)
(39 mg, 0.040 mmol) and two equiv. of triphenylphosphine (21 mg, 0.08 mmol) was
heated under reflux in a nitrogen atmosphere. After 35 min, the solvent was
evaporated on a rotary evaporator and the residue separated by thin layer chro-
matography (dichloromethane : hexane = 1:3), giving 28 mg of pale yellow
0Os,(C0O),(PPh,),(pu-Br)(CH=CHPh) (0.023 mmol, 58%) as powdery materials.

X-ray crystallography

An orange needle-like single crystal of complex 2 with dimension 0.10 X 0.12 X
0.50 mm® was selected and mounted for X-ray analysis. Diffraction measurements
were carried out on a Siemens R3m/V diffractometer equipped with graphite-
monochromated Mo-K, radiation. Cell parameters were obtained from a least-
squares procedure on 22 reflections with 14.53 < 26 < 29.09°. Systematic absences
were identified for 40/, /=2n+1; 0k0, k=2n+ 1. /26 scan data were collected
at 297 K in therange 0 <2 <9, —24 <k <0, —27 < /<27 and up to the 28 limit
45.0°. Corrections for absorption effects were based on y-scans of a few suitable
reflections with x values close t0 90° (T, ux> Tonin = 0.895, 0.540, p=14.72 cm™1)
[8]. No significant variation was observed in intensities of three standards monitored
every 50 reflections. 7536 reflections in total were measured, of which 4345 unique
structure amplitudes with 7> 3.00(7) were corrected for absorption, Lorentz and
polarization effects. The structure was solved by direct methods and refined by
full-matrix least-squares based on F values. All non-hydrogen atoms were refined
with anisotropic temperature factors. The benzene ring denoted by C19A, C20A,
C21A, C22A, C23A and C24A was constrained in the refinement because these
atoms showed rather large thermal vibration. All hydrogen atoms were calculated

Table 3
Selected bond distances (A) and angles (deg) of complex 2 (esd’s in parentheses)

(a) Bond distances

Os(1)-0s(2) 2.948(1) 0s(1)-0s(3) 2.886(1)
Os(1)-C(2) 1.89(3) Os(1)-C(5) 1.94(2)
0Os(1)-C(7) 1.92(3) Os(1)-C(8) 1.87(3)
0s(2)-C(3) 1.88(2) Os(2)-C(6) 1.87(2)
Os(3)-C(1) 1.89(3) 0s(3)-C(4) 1.87(3)
0s(3)-C(9) 1.93(3) 0s(3)-C(25) 2.14(2)
Os(2)-C(25) 2.31(2) 0s(2)-C(16) 2.3%(2)
Os(2)-C(17) 2.01(2) Os(2)-Br(1) 2.624(2)
Os(3)-Br(1) 2.630(2)

(b) Bond angles

0s(2)-0s(1)-0s(3) 68.2(1) Os(2)-Br(1)-0s(3) 77.0(1)
Os(1)-C(2)-0(2) 1772) Os(1)-C(5)-0(5) 177(2)
Os(1)=-C(N-X7) 177(2) Os(1)-C(8)-0((8) 179(2)
0s(2)-C(3)-0(3) 178(2) Os(2)-C(6)-0(6) 177(2)
Os(3)-C(1)-0(1) 175(2) 0(3)-C(9)-04 177(2)
Os(3)-C(9)-O{9) 179(2) Os(2)-C(25)-0s(3) 94.5(7)
Os(2)-C(25)-C(16) 77(1) Os(3)-C(25)-C(16) 126(1)

0s(2)-C(16)-C(25) 70(1) 0s(2)-C(17)-N(1) 175(2)
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and refined with fixed U (0.08 A). At convergence, R = 0.0378, R, = 0.0368,
w=[0%(F)+ 0.0004 F?]7', 6?(F) based on counting statistics, (4/0),,,, = 1.266
(for C24), S =1.27, (Ap) pax = 1.50, (Ap) ., = —0.94 eA 3. Scattering factors were
taken from International Tables for X-ray Crystallography, Vol. IV, Kynoch Press,
Birmingham, 1974. All calculations were performed on a DEC Micro VAX II
computer system using the SHELXTL-PLUS programs (G.M. Sheldrick, SHELXTL-PLUS
Crystallographic system, Version 4, Siemens Analytical International Inc., Madison,
WI, USA, 1990).

Table 4

Atomic coordinates and equivalent isotropic parameters of complex 3

x y z U,
Osl 0.24509(3) 0.94504(3) 0.27460(3) 3.062(21)
Os2 0.18900(3) 0.74444(3) 0.03239(3) 2.389(18)
Br 0.10269(9) 0.93239(8) 0.07693(7) 3.66(5)
P 0.11468(21) 0.63881(19) —0.17971(18) 2.82(12)
C1 0.3317(9) 0.9035(8) 0.3865(8) 4.2(6)
C2 0.3339(10) 1.1177(9) 0.3850(8) 4.5(6)
C3 0.0823(10) 0.9373(9) 0.3146(8) 4.4(6)
C4 0.2717(7) 0.6365(8) 0.0576(7) 3.0(5)
Cs 0.0331(8) 0.6718(7) 0.0562(7) 3.3(5)
C6 0.3835(7) 0.8921(6) 0.1906(6) 2.8(4)
Cc? 0.3850(7) 0.8776(7) 0.0769(6) 2.74)
C8 0.4905(8) 0.8323(7) 0.0316(7) 3.0(4)
(o] 0.5162(8) 0.8486(7) -0.0594¢7) 3.7(5)
C10 0.6153(10) 0.8109(9) —0.1039(%) 4.8(7)
Cl1 0.6907(10) 0.75749) —0.0597(10) 5.7(7)
Cl12 0.6704(9) 0.7372(8) 0.0305(9) 5.2(7)
C13 0.5708(8) 0.7753(8) 0.0743(8) 3.8(6)
ClA 0.1724(8) 0.7265(8) —0.2429(7) 3.6(5)
C2A 0.1589(9) 0.8409(8) —0.2005(7) 3.8(5)
C3A 0.2064(10) 0.9101(8) —0.2440(8) 5.0(6)
CaA 0.2651(11) 0.8613(10) —0.3303(8) 5.8(7)
C5A 0.277%(12) 0.7477(11) —0.3738(9) 6.2(8)
C6A 0.2323(9) 0.6771(8) —0.3308(7) 4.7(6)
C1B 0.1591(9) 0.4995(8) —-0.2537(1) 3.5(5)
C2B 0.2953(9) 0.5033(9) ~0.2053(8) 4.6(6)
C3B 0.3360(11) 0.3995(10) —0.2553(9) 5.7(8)
C4B 0.2394(14) 0.2902(10) —0.3554(10) 6.9(9)
C5B 0.1088(12) 0.2855(9) —0.4042(10) 6.1(8)
C6B 0.0679%(9) 0.3879(9) —0.3556(8) 4.8(6)
C1C —0.0706(7) 0.5860(7) —0.2592(6) 2.9(5)
C2C -0.1336(8) 0.6229(8) —0.3354(8) 4.46)
C3C -0.2736(11) 0.5813(10) —0.3911(10) 6.6(8)
C4C —0.3499(9) 0.5028(10) —0.3732(9) 5.6(7)
C5C —0.2865(9) 0.4657(9) —0.2986(8) 4.9(6)
Cc6C —0.1466(9) 0.5063(8) —0.2408(7) 4.1(6)
01 0.3811(8) 0.8781(7) 0.4549(6) 7.1(6)
02 0.3980(8) 1.2181(6) 0.4467(6) 7.0(5)
03 ~0.0097(8) 0.9312(8) 0.3383(7) NG
04 0.3263(6) 0.5711(5) 0.0278(6) 4.6(4)
05 —0.0532(6) 0.6290(6) 0.0700(5) 5.1(4)

“ Equivalent isotropic U, defined as one third of the trace of the orthogonalized U, ; tensor.
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Table 5
Selected bond distances (A) and angles (deg) complex 3 (esd’s in parentheses)

(a) Bond distances

0s(1)-0s(2) 2.742(1) Os(1)-Br 2.563(1)
Hs(2)-Br 2.624(1) Os(1)-C(1) 1.876(9)
Os(1)-C(2) 1.915(9) Os(1)-C(3) 1.961(9)
0s(2)-C(4) 1.828(9) 0s(2)-C(5) 1.912(8)
0s(2)-C(7) 2.332(7) Os(1)-C(6) 2.083(7)
Os(2)-C(6) 2.246(7) C(6)-C(7) 1.43(1)
C(1)-C(8) 1.48(1) Os(2)-P 2.390(2)
C1)-0) 1.14(1) C(2)-02) 1.141)
C(3)-0(3) 1.12(1) C(4)-0(4) 1.16(1)
C(5)-0(5) 1.12(1)

(b) Bond angles

0s(2)-0s(1)-Br 59.17(3) 0Os(1)-0s(2)~Br 57.01(3)
0s(1)-Br-0s(2) 63.83(3) 0s(2)-0s(1)-C(6) 53.4(2)
0s(1)-C(6)-0s(2) 78.5(3) Os(1)-C(6)-C(7) 128.8(6)
0s(2)-C(6)-C(7) 75.2(4) Os(2)-C(7)-C(6) 68.6(4)
C(6)-C(7)-C(8) 119.3(7) 0s(2)-0s(1)-C(2) 144.7(3)
Os(1)-0s(2)-P 153.29(5) 0s(1)-C(1)-0(1) 178.2(9)
0s(1)-C(2)-0(2) 172.7(9) 0s(1)-C(3)-0(3) 178.4(9)
0s(2)-C(4)-0(4) 177.1(7) 0s(2)-C(5)-0(5) 175.8(7)

Diffraction measurements on the triphenylphosphine complex 3 were carried out
on a Nonius CAD-4 diffractometer. Lattice constants were determined from 25
randomly selected reflections, with 28 angle in the range 20.82-28.80°. Intensities
were corrected for Lorentz, polarization and absorption effects. All data deduction
and structural refinement were performed using the NRCC-SDP-vAX packages. The
structures were solved by the heavy-atom method and refined by least squares
recycle. All non-hydrogen atoms were refined with anisotropic thermal parameters
and the hydrogen atoms of the phenyl groups were added at the idealized positions
and included in the structure factor calculations.

The data collection and refinement parameters for complexes 2 and 3 are given in
Table 1. Atomic positional parameters for complex 2 are found in Table 2, whereas
some seclected bond angles and lengths are given in Table 3. The corresponding
parameters for complex 3 are given in Tables 4 and 5, respectively. Tables of bond
distances and angles, tables of positional parameters and anisotropic thermal
parameters, and listings of the observed and calculated structural factors are
available from the author (Y.C.).

Results and discussion

Reaction with benzyl isonitrile

Treatment of Os;(CO),o(u-BrCH=CHPh) (1) with slight excess of benzyl
isonitrile in toluene (85°C, 30 min) induced a CO substitution reaction, giving
0s,(C0O),(CNCH, Ph)(p-Br)}(CH=CHPh) (2) as the only isolated cluster compound.
This complex was separated and purified on silica gel TLC plates, and further
characterized by spectroscopic methods. The molecular ion observed in the FAB
mass spectra indicates that complex 2 is a triosmium complex with one isonitrile
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Fig. 1. ORTEP diagram of Os,(CO)s(NCCH,Ph)p-BrCH=CHPh) (2).

ligand replacing a CO ligand in complex 1. However, the location of the isonitrile
ligand cannot be determined by the spectroscopic techniques, the X-ray diffraction
is carried out to establish the structure.

Crystal structure of complex 2

The molecular structure of 2 and the exact location of the isonitrile ligand were
determined by single-crystal X-ray diffraction. The ORTEP diagram and the scheme
used for labelling the atoms are presented in Fig. 1. The important bond distances
and bond angles are summarized in Table 3. The molecule consists of an open
triangular arrangement of three osmium atoms with distances Os(1)-Os(2) =
2.948(1), Os(1)-Os(3) = 2.886(1) and Os(2)--- Os(3) =3.270 A and bond angle
0Os(2)-0s(1)-Os(3) = 68.2(1)°. Each osmium atom can be considered to possess a
pseudo-octahedral geometry and all carbonyl ligands are considered linear. The
bromine atom and the ethenyl group bridge the non-bonded osmium atom with
distances Os(2)-Br(1) = 2.624(2), Os(3)-Br(1) = 2.629(1), Os(2)-C(25) =2.31(2),
Os(2)-C(16) = 2.39(2) and Os(3)-C(25) = 2.14(2) A, while the third osmium atom
Os(1) is connected to four CO ligands. Thus, the gross molecular geometry and
conformation of the ethenyl fragment of 2 resembles those of its precursor 1 and
several other triosmium ethenyl derivatives [9]. Furthermore, the isonitrile ligand is
coordinated to atom Os(2) and located at an equatorial site which is frans to the
Os-Os bond and cis to the ethenyl carbon-carbon m-bond. The isonitrile and
phosphine ligands in the related complexes H,0s;(CO)¢(CN'Bu) [10] and

H,0s,(CO)4(P'Pr;) [11] respectively were, similarly, found to occupy the same, less
sterically congested, equatorial position.

Reaction with triphenylphosphine

Treatment of Os;(CO),o(p-Br)(CH=CHPh) (1) with 1.5 equivalent of triphenyl-
phosphine in refluxing toluene solution (30 min) produced a dinuclear, monosub-
stituted Os,(CO);(PPh,)(p-Br}(CH=CHPh) (3) and disubstituted Os,(CO),-
(PPh,),(p-Br)(CH=CHPh) (4) complexes in 72 and 22%, respectively.

When the reaction was repeated with an excess (2.2 equivalent) of triphenylphos-
phine, we obtained similar results but the yield of 3 was lower (23%) due to its
further reaction with triphenylphosphine. Therefore, we propose that the reaction
mechanism be considered as a simple phosphine substitution reaction to produce a
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Scheme 1

speculative product [Os;(CO)q(PPh,)(p-Br)(CH=CHPh)], followed by elimination
of an Os(CO), unit to yield the isolated dinuclear complex 3 (Scheme 1). The latter
is also an intermediate in the formation of the disubstituted complex 4 because we
have confirmed that the reaction of 3 with triphenylphosphine under similar
conditions (110° C, 35 min) generated 4 in 59% yield.

The fragmentation reaction of the intermediate Os;(CO)y(PPh;)(p-Br)-
(CH=CHPh) is in contrast to the reactivity of a related complex Os;(CO)y
(PPh,Et)(p-HYCH=CH,) [12]. On thermolysis, this hydrido complex failed to
fragment but instead elminated CO to afford a vinylidene complex
0s5(CO)4(PPh, Et) p-H),(C=CH,). We propose that the difference in reactivity is
due to the presence of relatively weak Os-Os bonding interactions in 1 or in the
postulated intermediate Os,(CO)y(PPh, ) p-Br{CH=CHPh). The weakening of the
Os-Os interaction can be rationalized by a cis-labilization effect, as observed in
mononuclear transition metal complexes [13]. There have been reports [14,15] that a
bridging chloride atom or the oxygen atom of the bridging acyl group enhances site
selectivity and rate of CO substitution on the adjacent transition metal centres. For
a similar reason, it is highly possible that the bridging bromide atom in our system
facilitates the cleavage of the nearby Os—Os bonds.

Crystal structure of complex 3

The structure of 3 was also determined by single crystal X-ray diffraction. The
ORTEP diagram is displayed in Fig. 2 and the important bond distances and the
bond angles are listed in Table 5. The molecule consists of one Os(CO), unit and
one Os(CO),(PPh,) unit linked by a single Os—Os bond, a bridging bromine atom
and a bridging ethenyl group. Again, each osmium atom is considered to be located
at the center of a pseudo-octahedron. All the carbonyl ligands are linear, with the
average Os—CO angle being 176.4°. The Os(1)-Os(2) distance 2.742(1) A is shorter
than the nonbonding Os - - - Os distance (3.277(2) A) found in the parent complex 1
and is slightly shorter than the average Os-Os distance (2.877 ;\) in Os,;(CO),, [16].
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The phosphine ligand occupies a transoid position to the Os—Os vector, with bond
distance Os(2)-P = 2.390(2) A and bond angle Os(1)-0s(2)-P =153.29(5)°. That
the observed bond angle deviates from linearity indicates that the phosphine is bent
slightly towards the bridging bromine atom thus minimizing the steric interaction
with the adjacent CO ligands. The bridging bromine ligand is connected to both
osmium atoms, with bond distances Os(1)-Br = 2.563(1) and Os(2)-Br = 2.624(1) A
and angle Os(1)-Br-Os(2) = 63.83(3)°. The difference between these two Os—Br
bonds suggests that the bromo ligand functions as a two-electron donor to the Os(1)
atom but as a one-electron donor to Os(2). This asymmetric bonding interaction has
been observed with other bridging heteroatoms such as halide, thiolate and phos-
phido fragments [17]. Finally, the phenyl ethenyl group (C=CHPh) is o-bonded to
atom Os(1) with Os(1)-C(6) = 2.083(7) A and 7-bonded to Os(2) atom with
Os(2)-C(7) = 2.332(7) and Os(2)-C(6) = 2.246(7) A. The bonding resembles the
typical p,-n* bonding mode described for several related dinuclear [18] and tri-
nuclear ethenyl complexes [9].

Solution dynamtcs of complexes 3 and 4

The '"H NMR spectrum of the isonitrile substituted derivative 2 in CDCl, at
294K exhibits two doublets at § 6.99 and 5.92 with coupling constant J(H-H) = 16.0
Hz, in addition to proton signals of the two phenyl substituents and a pseudo-quar-
tet for the methylene fragment of the isonitrile ligand. While the temperature was
decreased to 180 K in CD,Cl,, its '"H NMR spectrum remained the same, suggest-
ing that there is only one isomer in solution. On the other hand, when a toluene-d
solution of 2 was heated in a NMR tube at 98°C for 45 min, we observed virtually
no change of the 'H NMR spectrum but the appearance of some unidentified,
broad signals due to decomposition. These results strongly indicate that the struc-
ture of 2 in solution is identical to its solid state structure and that the ethenyl
7 — 0,0 = 7 rearrangement is prohibited under the conditions.

The solution dynamics of the dinuclear phosphine complexes 3 and 4 were
completely different. The first indication of the existence of two isomers of complex
3 in solution was in the IR »(CO) spectrum which shows seven, distinct terminal
CO stretching bands. In addition, the '"H NMR spectrum at 273 K in toluene-d,
displayed one pair of doublet signals at 8§ 9.17 and 4.04 with coupling constant
J(H-H) =13.5 Hz and a second pair of doublets at § 9.i1 and 4.60 with coupling
constant J(H-H) = 14.4 Hz, in addition to the complex signals due to the protons
of the phenyl group (Fig. 3). These four doublets are assigned to the trans-hydro-
gens of the ethenyl fragment (CH=CHPh) and, therefore, their relative abundance
(1:1:1.38:1.38) indicates that the relative ratio of the isomers is 1:1.38. On
warming to 305K, the two downfield doublet signals at § 9.17 and 9.11 broadened
and coalesced to give a broad signal at & 9.08; at 329 K, the two highfield doublets
at § 4.60 and 4.04 also coalesced to a very broad signal at § 4.55. The fast exchange
limiting spectrum was recorded at 375 K, in which we observe two sharp, doublet
signals at § 9.01 and 4.62 with a coupling constant J(H-H) = 14 Hz. We propose
that the observed behaviour is due to a rapid = — 0,0 > 7 rearrangement of the
ethenyl ligand (Scheme 1). From the chemical shift difference of the two highfield
doublets (224 Hz) and the coalescence temperature (T, = 329 K), we calculate the
free energy of activation AG* = 64 kJ /mol.

The '°C NMR spectrum of a BCO enriched sample of 3 was recorded at 266 K in
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Fig. 3. Variable temperature 'H NMR spectra (toluene-dg) of 3, showing the region of ethenyl proton
signals.

toluene-dg, showing ten CO signals at & 189.7, 184.1, 181.6, 181.2, 179.6, 178.1,
177.1, 174.8, 174.2 and 173.5 in the ratios 1.38:1:1:1.38:1.38:1:1:1.38:1.38:1
(Fig. 4). The exact assignment is difficult to achieve, but we can sort these ten
signals into two groups based on their intensities and on the existence of two
exchanging isomers. On warming to 373 K, these signals broadened and merged to

327K
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Fig. 4. Variable temperature °C NMR spectra of 3 in CDCIl; solution, showing the region of CO -
resonances. The spectrum at 373 K was recorded with toluene-dy as solvent.
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three broad signals at 8 186.8, 178.8 and 175.1 with relative intensity 1:1:3. The
first two signals at § 186.8 and 178.8 are assigned to the CO ligands of the
Os(CO),(PPh;) unit and the signal at & 175.1 is assigned to the three CO ligands of
the Os(CO); unit. This observed pattern indicates that, although the # > 0,0 >«
rearrangement of the ethenyl group and the localized threefold rotation of the
Os(CO), unit are fairly rapid under these conditions, the pairwise exchange of the
CO ligands of the Os(CQO),(PPh,) unit is either slow or nonexistent. This observa-
tion is in contrast to a previous report [19], which has shown that the threefold
rotation of M(CO),(PR;) and M(CO), groups has similar activation energies.
Finally, and most important, this deduction is the key evidence for the rationale for
the flip?ing of the ethenyl group in the related diosmium complex 4.

The 'H NMR spectrum of 4 in CDCIl; shows the expected doublet signals of the
ethenyl group at § 8.75 and 6.50 with coupling constant J(H-H) = 13.6 Hz and the
signals due to the protons of the phenyl groups. However because the structure of 4
consists of two identical Os(CO),(PPh,) metal units and because the rearrangement
of the ethenyl group would only generate an enantiomer, the rearrangement of the
ethenyl group would not affect the appearance of the signals of the ethenyl doublets
in '"H NMR spectroscopy.

We circumvented the above problem by using C NMR spectroscopy instead.
The >C NMR spectrum of a ’CO enriched sample of 4 in toluene-dg at 310 K
exhibits four CO signals at § 191.7, 186.4, 182.8 and 180.2. When the temperature
was increased, we observed that the signals at § 182.8 and 180.2 broadened and
coalesced to form a signal at § 181.3 and 330 K and the signals at § 191.7 and 186.4
gave a broad signal at 8 188.7 and 354 K. Finally, the spectrum displayed one broad
signal at 8§ 187.3 and one relatively sharp signal at § 181.1 at 380 K.

The observed exchange behaviour can be understood in terms of two completely
different types of ligand movement. The first type involves two localized pairwise
exchanges of the CO ligands on the different Os(CO),(PPh;) unit. This hypothetical
motion would average the environment of the CO pair on the same metal atom and
give two signals because there are two non-equivalent Os(CO),(PPh;) units in the
molecule. The second one involves the = — 6,6 — 7 rearrangement of the ethenyl
group. This process would create a time-averaged mirror plane which is perpendicu-
lar to and bisects the Os—Os bond; therefore, the Os(CO),(PPh;) units become
equivalent under this condition. We expect to see two CO signals if there were no
pairwise exchange on the Os(CO),(PPh,) units.

We eliminate the first possibility by means of the argument developed earlier, in
which we concluded that the pairwise exchange of the CO ligand is much slower
than the 7 — 0,0 — 7 rearrangement of the ethenyl group. In agreement with our
proposal, the free energy of activation (AG* =66 kJ/mol), calculated from the
chemical shift difference of the >CO signals at & 191.7 and 186.4 (533 Hz) and the
coalescence temperature (7, = 354 K), is also similar to that of complex 3.

Summary

We have shown that the reaction of the triosmium ethenyl complex 1 with benzyl
isonitrile gives a simple substitution product. In contrast, reaction with triphenyl-
phosphine, inducing cluster fragmentation, yields phosphine substituted diosmium
derivatives. These ligand substitution reactions are very sensitive to the properties of
the nucleophile as is shown by the outcome of the reaction with triphenylphosphine
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being so different from that of the reaction with methyldiphenylphosphine. When
the complex was reacted with the stoichiometric amount of methyldiphenylphos-
phine in toluene solution (90 ° C, 50 min), we failed to detect either the formation of
CO substitution or any cluster fragmentation other than decomposition.

Furthermore, the successful isolation of these derivatives allowed us to study the
fluxional motion of the bridging p,-n’-ethenyl group. Our results indicate that the
ethenyl group of the benzyl isonitrile derivative 2 is static at least on the time scale
of '"H NMR spectroscopy. However, variable temperature 'H and *C NMR studies
indicated that the ethenyl group of triphenylphosphine substituted derivatives 3 and
4 in solution undergoes rapid = — 0,0 = 7 rearrangement.
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