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Abstract 

The reactions of [lrsH(CO),(~-H)s(dppm),l [BF,] (1) (dppm=Ph$CHsPPhs) with the alkynes, dimethyl acetylenedicarbo 
hexafluoro-Zbtttyne or acetylene yield the respective products [ Jrs(H)s(CO)s(p-H)(p-RCCR) (dppm),] [BF,] (R==C&Me. C’F, 
which the alkyne bridges the metals, bound in a parallel orientation. 
[Ir2(H)2(CO),(CL-H)(~-C*F~)(dppm)Z1[BF4] isobtained.Thereactionso 
to yield cis-stilbene and ethane, respectively. with subsequent reaction of the 
give 11r~(C0)2(CL-H)(~-PhCCPh)(dppm)zl IBF,I or llr,(C,lWCO),(~ 
is bound in a parallel position bridging the metals whereas the ethylene ligand binds to one metal in a termi 
bond. The structure of this ethylene adduct has been determined by X-ray crystallography. This compound 
space group P2,ln, having a= 13.6872(7), b= 15.459(2), c=23.813(2) A, p=97.870(ZQ” andZ=4. The 
are disordered, but their positions have been adequately resolved and the structure has refined (on F*) to RI (  

for 8699 unique reflections (6638 observations) and 653 parameters varied. 

Keywords: Crystal s~~ctures; Hydrogenation; Iridium complexes; Akeae complexes; Alkyne complexes Hydrkbkidged colnplexes 

1. Introduction 

The ability of transition-metal complexes to facilitate 
numerous transformations of unsaturated substrates. includ- 
ing hydrogenation, hydroformylation. oligomerixation and 
polymerization reactions, has provoked much interest in com- 
plexes containing coordinated alkynes and alkenes [ 1.21. 
Among the most studied reactions of these substrates are 
hydrogenation [ 31 and related [4] reactions in which metal- 
hydride complexes are involved. Although a large number of 
reactions of oleflns and alkynes with mononuclear metal- 
hydrides have been studied [ 1.3.41, substantially fewer 
involving multinuclear complexes have been investigated 
[ 5 1. Interest in this latter group of species has centeredaround 
the possible cooperative interactions of the adjacent metals 
in the hydrogen-transfer process. 

In an earlier study [Sfl we had shown that the binuclear 
hydride species, [Ir2(H)2(CO)2(lc-Cl)(dppm),l [BF41 
(I), reacted with phenylacetylene and dimethyl acetylene- 
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dicarboxylate (DMAD) to give the compounds, [IQ- 
(RC=C(H)R’)~(C~)*(C~-CI)(~~~~),IIBF~I (R=K R’ 
=Ph (Da) and R=R’=C@Me (I&), respectively), in 
which alkyne insertion into each of the Ir-H bonds of the 
precursor had occurred. Subsequent reaction of Ika with Hz 
gave styrene and two isomers of the . 
[Ir2(H)4C1(CO),(dppm)21 PF& the latter 
ing from the reaction of I with Hz. The two hydride groups 
of I and the vinylic moieties of II were found to be termma@ 
bound to different metals, with an interveuing 
chloro ligar& effectively isolating the lwo metal 
appeared that in this environment the metals had little oppor- 
tunity to display cooperative behavior, aud insteadmigratory 
insertion and alkyne hydrogenation appeamd to occur at 
isolated single-metal sites. 

In an attempt to involve 50th metals in substrate hydro- 
genation, we turned to the related trihydrlde species, 
[Ir,H(CO),(C1-H),(dppm)zl DW (1) if51 
chloro ligand in I is replaced by a hydride. It w 
that this replacement would render the complex more ame- 
nable to hydrogenation chemistry, possibly allowing sub- 
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strate insertion into one Ir-H bond followed by hydride 
transfer from the adjacent metal leading to reductive elimi- 
nation and completion of the hydrogenation sequence. In this 
paper we describe the reactions of 1 and related species with 
a number of alkynes and olefins in an effort to elucidate some 
of the factors influencing hydrogen transfer to unsaturated 
substrates in the presence of adjacent metal centers. 

2. Experimental 

2.1. Preparation of compounds 

To the compound tIrz(H)(CO),(lz-H),(dppm),l WA 
( 1) (60 mg, 0.043 mmol) dissolved in 5 ml of CH2C12, was 
added 1 equiv. (5.3 kl,O.O43 mmol) of DMAD. The solution 
was stirred for 3 h. after which time the volume of the solvent 
was reduced to about 2 ml under vacuum. The product was 
then precipitated by the addition of Et,O, filtered and washed 
with Et,O, and the resulting yellow solid dried under an argon 
stream. After recrystallization from CH2C12/Et20, the prod- 
uct was dried again under an argon stream, and then in vacua 
(60% yield). The product was obtained as the CH& hemi 
solvate, as shown by NMR and elemental analysis. Anal. 

Calc. for Ir2CIP4F40&-s.5BH5~: 
C, 47.37; H, 3.79%. 

C, 47.36; H, 3.67. 

2.12. I~r2(H~~(CO)~(cL-H)~~-HFB)(dppm)~l~BF41 (4 
Hexafluoro-2-butyne was passed through a solution of 

compound 1 (60 mg, 0.043 mmol) dissolved in 5 ml of 
CHzClz for 2 min. The solution was then stirred under a static 
atmosphere of the gas for 1 h. The product was isolated 
(containing w l/4 equiv. of CH2C12, as confirmed by ‘H 
NMR) in a manner similar to that used for compound 3 (70% 
yield). Anal. Calc. for Ir Cl P F 0 C 2 0.5 4 IO  2 5625 H 47.5 B: C, 45.58; 
H,3.23;Cl, 1.10. Found:C,45.11;H,3.07;Cl,0.80%. 

Compound 1 (60 mg, 0.043 mmol) was dissolved in 5 ml 
of CH2C12. 2 equiv. (15.5 mg, 0.087 mmol) of diphenyl- 
acetylene, dissolved in 2 ml of CH2C12, were then added. The 
mixture was stirred for 24 h, after which time the product 
was isolated in a similar manner to that used for compound 
3 (60% yield). Anal. Calc. for Ir,P,F,02C66H,,B: C, 53.73; 
H, 3.76. Found: C, 53.14; II, 3.68%. 

2.2. Reaction of compound 1 with acetylene 

The procedure was the same as that used for preparing 
compound 4, except that acetylene was used in this case 
instead of hexafluoro-2-butyne, and the mixture was stirred 
for 24 h instead of 1 h. This reaction never proceeded 
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to completion, always yielding [Ir2(H)2(C0)2(p-H) (p- 
C2H2) (dppm),] [ BF,] (5) together with starting material in 
close to I:1 proportions. In addition, a number of minor 
unidentified products were also observed spectroscopically. 
Compound 5 was only characterized in solution, by spectral 
techniques, owing to the lability of the acetylene group which 
resulted in regeneration of 1 (together with impurities) upon 
attempted crystallization. 

2.3. Reaction of compound I with tetrafuoroethylene 

Tetrafluoroethylene was passed through a solution of com- 
pound l(60 mg, 0.043 mmol) in 5 ml of CH&l, for 1 min. 
The solution was then stirred under a static atmosphere of the 
gas for 48 h. The 31P( ‘H) NMR spectrum showed the pres- 
ence of a mixture of compound 1 and [Ir,(H),(CO),(p- 
H)(p-C,F,)(dppm),][BF,] (12). To obtain ‘H NMR 
spectra the reaction was carried out in CD& solution. Com- 
pound 12 could not bc isolated as a solid owing to facile loss 
of C,F, and reversion to 1. 

2.4. Reaction of compound 9 with Hz 

Compound 9 (30 mg, 0.024 mmol) was dissolved in 0.6 
ml of CD,CII in an NMR tube which was then capped with 
arubber septum. Hydrogen was then passed through the solu- 
tion for 1 min. The NMR spectra of the solution showed the 
presence of compound 1 and ethylene as the only products. 

2.5. Reaction of compound 9 with CO 

Carbon monoxide was passed over a solution of compound 
9 (20 mg, 0.015 mmol) in 5 ml of CH$la for 1 min, followed 
by stirring under a static atmosphere of the gas for 1 h. The 
solution volume was reduced to - 2 ml and a dark red product 
was precipitated by the addition of Et,O. hMR spectra iden- 
tified the product as the previously reported [Ir2(CO)2- 
(~-W(~-CO)(dppmM tBF41 [71. 

2.6. Reaction of compound 9 with SO2 

The procedure used was exactly as described for the reac- 
tion with CO except that the PF,- salt of 9 was used. A dark 
blue solid, tk2(C0)2(p-H) (pS02)(dppm)21 [PW (lo), 
was isolated in 72% yield. Anal. Calc. for Ir2SP,F,04Cs2H,,: 
C,44.00;H,3.20;S,2.26.Found:C,43.98;H,3.13;S,2.64%. 

2.7. Reaction of compound 9 with PMe, 

30 mg (0.023 mmol) of compound 9 were dissolved in 
0.5 ml of CD2C12 in an NMR tube. To this were added 2.3 ~1 
(0.023 mmol) of PMe3 by syringe, causing an immediate 

color change from dark red to bright yellow. Characterization 
of [Ir2H(CO)2(PMe3)(dppm)2] [BF,] (11) was only by 
spectroscopy, since attempts to isolate a solid product gave 

only decomposition products. 

2.8. X-ray data collection 

Orange crystals of [~2(C2W (CW2W9 (dppm),l- 
[ BF,] (9) were obtained by slow diffusion of diethyl ether 
into a cont. CH2C1z solution of the compound. Several suit- 
able crystals were mounted and flame sealed in glass capil- 
laries under solvent vapor to minimize decomposition or 
deterioration due to solvent loss. Data were collected on an 
Enraf-Nonius CAD4 diffractometer using graphite-mono- 
chromated MO Kcu radiation ‘. Unit cell parameters were 
obtained from a least-squares refinement of the setting angles 
of 25 reflections in the range 20.0 5 20124.0”. The mono- 
clinic diffraction symmetry and the systematic absences (h01, 
h +I =odd; Oko, k=odd) were consistent with the space 
group P2, In. 

Intensity data were collected at 22°C using the tI/20 scan 
technique to a maximum 20=50.0“, collecting reflections 
with indices of the form f h+k+ 1. Backgrounds were 
scanned for 25% of the peak width on either side of the peak 
scan. Three reflections were chosen as intensity standards, 
being remeasured at 120 min intervals of X-ray exposure 
time. There was no significant systematic decrease in the 
intensities of these standards thus no decomposition correc- 
tion was applied. A total of 8924 unique reflections was 
measured of which 6638 were considered to be observed 
(F,’ 2 2u( Fo2) ) . Absorption corrections were applied to the 
data using the method of Walker and Stuart [ 81. See Table 2 
for crystal data and more information on X-my data 
collection. 

2.9. Structure solution and refinement 

The structure was solved in the space group P2i/n using 
standard Patterson and Fourier techniques. Although location 
of all atoms was straightforward, initial refinements 2 [9] 
resulted in unusually high thermal parameters for the atoms 
of the carbonyl groups and the ethylene carbon atoms. A 
difference Fourier calculation at this stage showed the pres- 
ence of superimposed carbonyl and ethylene carbon atoms. 
This led to the model in which 9 is disordered in two orien- 
tations, represented as A and B in the diagram below (the 

’ Programs for diffractometer operation and data collection were those 
supplied by Earaf-Nonius. 

2Refinement on F.’ for all reflections except for I having F.,k 
-  3a(FO*). Weighted R-factors wR2 aad all goodnesses of lit S are based 
on FOz; conventional R-factors RI aus based on F,. with F. set to zero for 
negative F.‘. The observed criterion of Foz>2u(Fo*) is used only for 
calculating RI. and is not relevant to the choice of reflections for refinement. 
R-factors based on F.’ are statistically about twice as large as those based 
on F.. and R-factors based on all data will be even larger. 
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Table 2 
Crystallogmphicdatafor [Ir2(C0)2(rlZ-C2~)(~-H)(d~m)211BF~l (9)  

Formula 
Formula weight 
crystal shape 
Crystal dimensions (mm) 
crystal system 

Spa= group 

Unit cell parameters 
a (A) 

:I$ 
B 0 

v(A9 
2 

bk (g cmm3) 
c (mm-‘) 
Diffractometer 
Radiation (A (A)) 

Temperatutu (“C) 
scan type 
Data collection 28 limit ( “ )  
Total data collected 

Independent reflactions 
Number observations (NO) 
Range absorption correction 

factors 
No. parameters varied 
Goodnass-of-fit (S) a 
Final R indices ’ 

RI, wR2 (F,2>2u(Fr,*)) 
R,. wRz (all data) 

Largest difference peak. hole 
(e A-3) 

Cs&b&WMW~ 
1325.02 
monoclinic prism 
0.60x0.42X0.38 
monoclinic 
t??,ln (a non-standard setting of F2,lc 

(No. 14))  

13.6872(7) 
15.459(2) 
23.8127(U) 
97.870(S) 
4991.0(7) 
4 
1.763 
5.512 
Enraf-Nonius CAD4 
graphite-monochmmated MO Ka 

(0.71073) 
22 
e20 
50.0 
8924(-l6~h~16.0~k~l8. 

0~1~28) 
8699 
6638 (F,2>2u(F,‘)) 
1.189-0.894 

653 
1.044 (Fo*z -30(Foz)) 

0.0344.0.0699 
0.0635.0.0778 
0.792, -0.861 

‘~=[~~(F,2-F,~)*/(n-p)]“* (n-number of data; p=number of 
parameters varied; w= [02(F,2) + (0.0310P)2+9.7379f] -I where p= 
Itnax.(Fo*.o)+2Fc~]/3). 
“R,=~llF.l-l~,ll/~l~~l~wR,=[~w(~~*-~~*)z/~w(~~~)]“z. 

dppm ligands are omitted for clarity), in an approximately 
5050 ratio (determined from the relative peak intensities of 
the ordered and disordered atoms). The resulting model 
in which the A and B orientations are superimposed is 

1 + 
H 

c, /\ 
II-Ir-Ir-c,o, 
C4 

& 
4 

A 

H y-l’ 
o*q’-Ir - H Ye& 

\ 
c; 

C4’ 

w 

diagrammed in C, in which the solid lines connect atoms of 
one disordered molecule, having unprimed atom labels, and 
the dashed lines show the other one, having primed atoms 

1 + 
c+ .H. -cj O,CI’---H---Ir,-I.~c*o~ Cd' *. / “-c,. "c c, 

-0, 
C 

labels. There is no apparent disorder involving the pbosphine 
groups, which are well behaved. Although an alternate strut- 
ture, having one CO ligand on one metal and the second one 
on the other metal (represented as A’ and B’ in the 
below), could not be ruled out by the X-ray study, that shown 
in A and B is favored for reasons that will be outlined in the 
discussion of the NMR spectroscopic data. Rotational disor- 
der of this type is not uncommon in these dppm-bridged 
binuclear systems [ IO]. 

l+ I 
C3 II- HH. 

“\ 
- Ir-C,OI 

c4 - 
Q 

4 

All non-hydrogen atoms of the complex cation and anion 
as well as the hydride ligand were located. Atomic scattering 
factors [ 1 I.121 and anomalous dispersion terms [ 131 were 
taken from the usual tabulations. The hydride ligand H( 1) 
was located and refined with the ir( I)-H( 1) and b(2)- 
H( 1) distances constrained to be equal within 0.01 A. The 
other hydrogen atoms were included as fixed contributions 
and not refined. Their idealized positions were caWated 
from the geometries about the attached carbon atoms. using 
a C-H bond length of 0.95 A. and they were assigned thermal 
parameters 20% greater than the U, of theii attached carbon 
atoms. 

The final least-squares cycles of refinement were carried 
out on F* using all data. The final model. with653 parameters 
refined, converged to values of R,(F,) =0.034 (observed 
data) and wR2( F,*) = 0.078 (all data). The final difference 
Fourier map contained no residual features of chemical sig- 
nificance (highest residual peak = 0.79 e Ae3>. Atomic coor- 
dinates and isotropic displacement parameters for selected 
atoms of the complex are given in Table 3 while selected 
interatomic distances and angles are given in Tables 4 and 5, 
respectively. B 
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Table 3 
Atomic coordinates and equivalent isotropic displacement parameters for selected atoms of [ lrz(CO)2($-C&) (  B-H) (dppm)J [ BF,] (9)  

Atom 

Irt 1)  
lr(2) 
P(1) 
P(2) 
P(3) 
P(4) 
O(l)b 
O( 1’) bS 
O(2) 
C(I) b 
C(l’)h’ 

C(2) h 
C(2’) lxc 
C(3) b 
C(3’) h.c 

C(4) ID 
C(4’) h.c 
C(5) 
(36) 
H(1) 

x Y .? u, (AZ, 

0.23371(2) 0.13630(2) -0.022269( 10)  0.03204(7) = 
0.39014(2) 0.25191(2) 0.011498( 10)  0.03447( 8)  a 
0.19100(13) 0.20771( 12)  -0.10739(7) 0.0352(4) ’ 
0.36185(13) 0.32679( 11)  -0.07352(7) 0.0370(4) a 
0.25191(12] 0.07038( I 1)  O&592(7) 0.0330(4) ’ 
0.41715( 12)  0.19472( 1 I) 0.10241(7) 0.0318(4) ’ 
0.5685( 10)  0.35621 IO) 0.0365(6) 0.070(4) a 
0.0967( 14)  0.0009( 11)  -0.0672(6) 0.076(4) = 
O&39(4) 0.0742(4) -0.0433(3) 0.071(2) ’ 
0.4977( 19)  0.3168113) 0.0272(9) 0.042(5) * 
0.1376(38) 0.0502(33) -0.0487(20) 0.085( 19)  a 
0.4156( 13)  0.1386(13) -0.0257(7) 0.053(4) p 
0.3648( 12)  0.1034( 13)  -0.0335(6) 0.048(4) ’ 
0.0834( 12)  0.0852( 13)  -0.0307(7) 0.056(S) ’ 
0.4779( 12)  0.3581( 12)  0.0451(7) 0.045(4) a 
0.1519(22) 0.0335(36) -  0.0542( 16)  0.059( 11)  a 
0.5426( 19)  0.2977( 17)  0.0245( I I) 0.060(8) a 
0.2940(5) 0.2643(4) -0.1315(3) 0.042(2) n 
0.3752(4) 0.0835(4) 0.1049(3) 0.036(2) ’ 
0.2616( 18)  0.235(2) 0.017(2) 0.040( 17)  

a Anisotropicaily-relined atoms. The form of the anisotropic displacement parameter is: exp[ -  27?(  L2a**f/,, +kZb*2U22 + I*c**U,~ + 2klb*c*U2, + 
Urla*c*I;,~+U,ko*b*U,*)]. 
h  Refined with an occupancy factor of 0.5. 
e Primed atoms am related to unprimed ones via the rotational disorder (see text). 

3. Results and compound characterization 

3.1. Reactions with alkynes 

The reaction of [Ir,(H)(CO)z(~-H)z(dppm)21 [BF,] 
(1) with dimethyl acetylenedicarboxylate (DMAD) gives 
W2(HM CO)2(CL-H)(CL-DMAD)(dppm)21 tBF4 (3) as 
outlined in Scheme 1. Although this product was prepared 
previously [ 141, it was obtained in a mixture of two products 
at that time, and had not been fully characterized. The NMR 
spectroscopic data of compound 3 are the same as were pre- 
viously reported, with the IR spectrum showing CO stretches 
at 2057 and 1970 cm-‘, indicating the presence of two ter- 
minal CO ligands, as well as a peak at 1685 cm-‘, due to the 
C=O stretch of the coordinated DMAD. A peak at 1575 cm-’ 
in this spectrum is assigned to the C=C stretch of the coor- 
dinated alkyne. This is within the range of 1530-1642 cm-’ 
observed in closely related dppm-bridged binuclear com- 
plexes in which the alkyne bridges the two metals parallel to 
the metal-metal axis [ 14-211, and is the coordination mode 
assumed for 3 3. In related binuclear complexes in which the 
alkyne bridges the two metals perpendicular to the metal- 
metal axis ( p-$:q2- mode), the C=C stretch usually occurs 
at lower frequencies. For example, a value of 1425 cm- ’ was 
observed in [Rh,(CO),( ~-~2:~2-PhC2H)(dppm)2] and 
[Rh2(CO),(&:$-PhC,Ph)(dppm),] [22]. The ‘H 

’ Such binuclear complexes, with rut alkyne bridging two metals parallel 
to the metal-metal axis, ate sometimes referred to ils ditnetalated olelinic 
compounds in which case reference is made to the C=C stretch of the oletin 
instead of the C=C stretch of the coordinated alkyne. 

Table 4 
Selecteddistances (A) in [lr,(CO),( $-C,H,)(c-H)(dppm),l [BF.,] (9)  

Bonded 
lr( I)-lr(2) 
lr( I)-P( I) 
lr( 1)-P(3) 
Wlbc(I’) 
Ir( 1  )-c(2) 
Ir( l)-C(2’) 

lr(lX(3) 
Ir( 1  )-C(4) 
WlbH(1) 
~(2uw 
w-~(4) 
Wbc:(~) 
WPXV 
Ir(2)-C(2’] 

Non-bonded 
P( 1 )...P(2) 

2.8202(4) 
2.312(2) 
2.317(2) 
1.92(6) 
2.50(2) 
1.92(2) 
2.19(2) 
2.03(5) 
1.80(3) 
2.318(2) 
2.321(2) 
1.78(2) 
2.02(2) 
2.54( 2)  

2.998(2) 

lr(2)-C(3’) 
lr(2)-C(4’) 
lr(2)-H( I) 

P(l)-C(5) 
P(2)-‘35) 
WP36) 
P(4P36) 
0(1)-C(l) 
O( I’)-C( 1’) 
WP32) 
0(2X(2’) 
C(3wX4) 
C(3’)-C(4’) 

P(3)..,P(4) 

2.12(2) 
2.18(3) 
1.80( 3)  
1.818(7) 
1.831(6) 
1.822(6) 
1.816(6) 
1.14(3) 
1.01(6) 
1.17(2) 
1.22(2) 
1.40(5) 
1.42(3) 

3.004(2) 

NMR spectrum clearly identifies 3 as a trihydride, with two 
highfield resonances in a 2: 1 ratio at 8 - 11.30 and - 17.8 1, 
respectively. Also consistent with the proposed structure, the 
six DMAD methyl protons appear as a singlet at 6 3.15, and 
the dppm-methylene protons appear as two resonances 
indicating a ‘front-back’ asymmetry in the complex. 

The reaction of compound 1 with HFB (hexatluoro-2- 
butyne) gives the analogous product, [IQ(H)~(CO),- 
(p-H)(p-HFB)(dp~rn)~] [BF,] (4). The spectroscopic 
properties of 4 are similar to those of compound 3, showing 
a singlet at 6 - 14.7 in its “P( ‘H) NMR spectrum, and 
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Table 5 
selected angles (0)  in [Iq(CO)Z(q*-C,H,)(~-H)(dppm)J IBFJ (9)  - 
Bond angles 
k(2)-Ir( I)-P( I )  
k(Z)-k(l)-P(3) 
h(2)-Ir( I )-c( I’) 
h(2)- l r(  1)-c(2) 
k(2)-k(l)X(2’) 
h(2)-k(l)-C(3) 
h(2)- lr(  1)-c(4) 
k(2)+ I)-H( 1)  
P( I)&( 1)-P(3) 
P( I)-lr( I)-C( 1’) 
PC I bw I ba2) 
P( I)-lr( l)-C(Z’) 
P(I)-Ir(l)-C(3) 
P( I )- lr( 1  )-C(4) 
P( I )-Ir( 1  )-H( 1)  
P(3)-lr(I)-c(I’) 
P(3)-lr(l)-C(2) 
P(3)-Ir( l)-C(2’) 
P(3)-Ml)*(3) 
P(3)-w 1 )-C(4) 
P(3)+ I)-H( 1)  
C( I’)-k( l)-C(2’) 
C( I’)-Ir( I)-H( 1)  
C(2)-L(lN(3) 
C(2)-lr: I j-C(4) 
C(2)-lr( 1  )-H( 1)  
C(3)-Wl)-c(4) 
C(3)-h(l)-H(I) 
C(4)-Ir( I )-H( I )  
Ir( l )-h(2)-P(2) 
Ir( 1)+2)-P(4) 
Ir( 1)4(2)-q 1)  
wlkMwa2) 
Ir( I)-lr(2)-c(2’) 
Ir(l)-lr(2)-C(3’) 
ir( I)-lr(2)-C(4’) 
lr( I )-lr(2)-H( 1)  
P(2)-k(2)-P(4) 

92.20(4) 
92.13(4) 

173.8( 16)  
44.0(S) 
61.3(6) 

157.4(S) 
163.9( 12)  

38.4( IO) 
171.00(6) 

S7.9( I 1)  
95.6(4) 
97.6(4) 
88.3(4) 
89.2( IO) 
93.4( 17)  
88.6( 11)  
93.0(4) 
91.4(4) 
84.7(4) 
88.9( IO) 
85.2( 18)  

112.q 17)  
147.8( 19)  
158.4(7) 
119.9( 13)  

82.2( 1 I) 
38.7( 13)  

118.9(11) 
157.4( 16)  
92.17(4) 
92.42(4) 

172.6(S) 
59.6(5) 
41.5(4) 

164.8(5) 
156.7(7) 
38.4( IO) 

172.36(6) 

P(2)-W2)-c(I) 
P(2)-W2)-C(2) 
P(2)-lr(2)-C(2’) 
P(2)-Ir(2)<(3’) 
P(2)-lr(Z)-C(4’) 
P(2)&(2)-H( 1)  
P(4)-b(2)-~( i )  
p(4)-w2)-~(2) 
P(4)-lr(2)-C(2’) 
P(4)-lr(2)-C(3’) 
P(4)-lr(2)-C(4’) 
P(4)+(2)-H( 1)  
cc 1 )-W)-w) 
C( 1 )-k(2)-H( I )  
C(2’)+(2)-C(3’) 
C(2’)&(2)<(4’) 
C(2’)-Ir(2)-H(1) 
C(3’)-Ir(2)<(4’) 
C(3’)-L(2)-H( I) 
C(4’)-h(2)-H( I) 
h(l)-P(l)-C(5) 
WH’(2bW) 
W 1 bP(3PJ6) 
h(2)-P(4)-C(6) 
W)4 1 hot 1)  
lr( I)-c( I’)-o( I’) 
w 1 bwbw2) 
w 1 bf.xWa2) 
Wba2ba2) 
lr( 1  )-C(2’)-k(2) 
W~bw’WW 
wbw’bw) 
Ir(IbC(3MX4) 
lr(2)-C(3’)-C(4’) 
w 1 )-C(4)-C(3) 
Ir(2)-C(4’)-C(3’) 
PC I )-C(5)-P(2) 
P(3)-C(6)-P(4) 

86.4( 7)  
93.9(5) 
94.9(3) 
87.814) 
90.3(6) 
94.9( 18)  
89.8(7) 
93.7(5) 
92.6( 3)  
86.2(4) 
87.9( 7)  
84.9( 18)  

113.3(10) 
148.9( 12)  
153.6(6) 
115.2(S) 

79.6( 10)  
38.4(S) 

126.4( 11)  
163.9( 14)  
113.1(2) 
113.7(2) 
112.9(2) 
112.4(2) 
l77.7(25) 
169.1(49) 
76.416) 

112.4( 13)  
170.3115) 
77.2(6) 

l72.9( 16)  
109.9( 12)  
64.6( 19)  
73.1115) 
76.7(26) 
68.5( 13)  

110.514) 
I 11.3(3) 

Torsional angles 
C(3)-Ir( 1 )- lr(Z)-P(4) 
C(4)-h(l)-k(2)-P(2) 

80.5( I1 )  
92.0(35) 

P(I)-k(l)-Ir(2)-C(3’) 
P(3)-Ir( I)-Ir(2)-c(4’) 

86.9( 16)  
89.7117) 

hydride resonances at S - 11.69 (multiplet) and - 17.28 

carbonyl stretches at 2052 and 1976 cm-‘. and the allcyne 
C=C stretch at 1579 cm-‘. In the ‘H NIvlR spectrum of 4, 
the four dppm methylene protons give rise to a quintet at 
S 4.52 even at - 80°C. Although the stxuctum pmposed for 
4 should have two chemically inequivalent methylene reso- 
nances, it appears that their chemical shifts are coincidentaUy 
equivalent. The ‘9F NMR spectrum of compound 4 shows 
a singlet at S -54.8, similar to that observed in related 
compounds [ 20.2 11. 

Compound 1 also reacts with acetylene to give 
tIrs(H)~(CO)z(~-c-H)(~-C,H,)(dppm),lIBF~I (S).d- 
ogous to3and4. as shown by itsvety similar ‘Hand”P( ‘H} 
NMR spectroscopic parameters to those of 3 and 4 (see 
Table 1). In the ‘H NMR spectrum of 5, the resonance for 
the protons of the coordinated acetylene are not observed, 
presumably being obscured by the phenyl resonances, as is 
frequently the case [22,23]. The t3C( ‘H} NMR spectnmt of 
a sample of 5, obtained from a t3C-enrichedaeetylenesample, 
shows the resonance for the coordinated acetylene as a 
slightly broadened singlet at S 102.7. This chemical shift 
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is close to those observed for the carbon nuclei of the 
coordinated acetylene group in [ Irs( I) (CO) s( p-C2H2) - 
(dwm)J vi 1231. 

Although the reactions of 1 with DMAD and HFB yielded 
pure product in each case, that involving acetylene never 
proceeded to completion, yielding approximately equal pro- 
portions of 5 and the precursor 1. In addition, the acetylene 
reaction yielded a number of minor unidentified products in 
approximately 15% combined yield. Interestingly, the 
13C( ‘H) NMR spectrum of a sample prepared from ‘3C2H2 
suggests that one of the by-products is a vinylidene species, 
displaying typical 13C resonances at S 224 (doublet of mul- 
tiplets) and 122 (doublet) with a C-C coupling of 63 Hz. 
Unfortunately, its low abundance and the presence of several 
other species in similar amounts precluded its identification. 
The transformation of a I-alkyne to a vinylidene moiety in 
the presence of two adjacent metals would not be surprising 
[ 22-241. Based on the structures proposed for compounds 
S5, it appears that alkyne attack occurs between the two 
adjacent hydride ligands, on the front face of complex 1 (as 
it is diagrammed in Scheme 1). Previous studies showed that 
the two adjacent hydrides in 1 undergo exchange between the 
terminal and bridging positions, so an intermediate, such as 
III is pobsible and this could yield the observed products via 
alkyne attack at some site between these terminal hydride 

In contrast to the reactions described above, reaction of 1 
with 2 equiv. of diphenylacetylene results in the formation of 
the monohydrido, alkyne-bridged product, [Irs(CO)s( p- 
H) (@‘hC#h) (dppm) s] [ BF.,] (6). The four phosphorus 
nuclei of compound 6 are equivalent, as is indicated by a 
singlet at 6 1.5 in its 31P(1H) NMR spectrum. The only 
hydride resonance, integrating as a single hydrogen, appears 
as aquintet at S - 14.08, in the ‘H NMR spectrum, displaying 
coupling to the four phosphorus nuclei. Two CO stretches 
appear at 1995 and 1940 cm-‘. in the IR spectrum, while a 
band at 1590 cm-’ is assigned to the C=C stretch of the 
coordinated alkyne. These data are consistent with the assign- 
ment of a bridging hydride ligand, two terminal CO ligands 
and a bridging alkyne in 6. The high frequency C=C stretch 
indicates a parallel alignment of the alkyne with regards to 
the metals. This monohydrido, alkyne-bridged product can 
also be obtained from the reaction of diphenylacetylene with 
d~ monohydrik tIrz(Co),(~c-H)(~-CO)(dppm)21 tJW1 
(7) ]7], accompanied by loss of one CO ligand. 
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much as was observed for diphenylacetylene. was not suc- 
cessful. Instead, this reaction gave only the tricarbonyl prod- 
uct 8 (shown below). A parallel alignment of the alkyne in 
8 is established from its C=C stretch at 1555 cm-’ which 

A 1' 
P P 

R R 
I I *.c=c. 

oc+ ---Ir -co 

p- P 

8 
is in the range expected for this alignment. This is supported 
by a simulation of the 3’P( ‘H) NMR spectrum, for which the 
large *.I( P-P) values (280,300 Hz) indicate a 2run.r arrange- 
ment of diphosphines at both metals [ 191. In all previously 
characterized dppm-bridged binuclear complexes. in which 
the alkyne binds perpendicular to the metals, a cis arrange- 
ment of diphosphines has been observed [22,27,28]. The 
hydride ligand is shown to be terminal, displaying coupling 
to only one pair of phosphorus nuclei, and selective 3’P 
decoupling has established that it is on the same metal as the 
carbonyl whose resonance is at S 164.2, while the other two 
carbonyls are on the adjacent metal. Furthermore, the large 
coupling ( 10.6 Hz) between the carbonyl at 8 164.2 and one 
(at 6 152.5) on the adjacent metal suggests an arrangement 
in which these carbonyls are trans to the Ir-Ir bond. Large. 
three-bond coupling through a metal-metal bond has previ- 
ously been observed when both ligands were opposite this 
bond [ 1.5,18,29]. Attempts to remove a carbonyl from 8 in 
hopes of generating the DMAD analogue of 6 also failed; in 
these experiments varying amounts (O-SO%) of the vinyl- 
bridged product, together with unidentified decomposition 
products were obtained. 

It is an interesting contrast that the alkynes, DMAD, HFB 
and acetylene yield adducts of the trihydride precursor 1. 
whereas diphenylacetylene and phenylacetylene are hydro- 
genated to the corresponding olefins, followed, in the first 
case, by diphenylacetylene coordination to give an alkyne- 
bridged mono-hydride product. 

3.2. Reactions with alkenes 

In light of the above different reactivity patterns exhibited 
by compound 1 with a few activated and non-activated 
alkynes. it was also of interest to determine whether similar 
reactivity differences would result from reaction of 1 with 
activated alkenes, such as tetrafhtoroethylene or non-acti- 
vated alkenes such as ethylene. 

The reaction of compound 1 with ethylene gives a rare 
mono-hydrido ethylene compound. [ frz( CT&) (CO) z- 
(p-H)(dppm),][BF4] (9). as shown in Scheme2. At 
temperatures above -40°C the four ethylene protons in 9 
appear as one broad resonance at 8 0.94 in the ‘H NMR 

spectrum, but resolve into two broad resonances, at 8 0.90 
and 0.62, at - WC. consistent with facile ethylene rota&m 
at higher temperatures. No reason is obvious for the uptield 
shift of these protons at lower temperatures. At - 80°C the 
hydride resonance appears as a pseudo quintet at 8 -9.93, 
as a result of coupling to the four phosphoms m&i. h&cat- 
ing that this hydride ligand bridges the two metals. The 
‘%( ‘H) NMR spectrum at the lower tarsr.lperature shows a 
broadresonanceat8181.9andatripletatS177.6,suggesting 
the presence of two terminally bound CO ligands. Unfortu- 
nately, selective 3’P-decoup1ing NMB experiments could not 
be carrid out to unambiguously establish the connectivity, 
since the phosphorus resonances are too closely 
31P( ‘H) NMB spectrum at -80% consists of 
multiplets at 8 6.8 and 12.1, typical of an AA’BB’ spin sys- 
tem, however as the temperature is watmed to around -40°C 
the higher-field resonance becomes broad and unresolved. 
Broadening of only one of the 3’P resonances is consistent 
with fluxionality of the olefin moiety, whiih is bound at only 
one metal. 

We suggest that the formation of compound 9 follows a 
pathwaysimilartothatproposedforcom~d,proceeding 
via the insertion of ethylene into one of the B-H bonds of 
compound 1, followed by reductive eliination of ethaneand 
coordination of another molecule of ethylene. Evidence for 
the presence of ethane is given by the singlet that appears at 
S 0.85 in the ‘H NMR spectrum of the reaction mixture. 
However, attempts to observe the pmposed intermed& 
dihydrido-ethyl complex at low tempentnnes were 
unsuccesstul. 

In addition to the above noted olefin rotation. an additional 
fhtxionality is observed by 
the NMR spectra. This of 
only one broad resonance for the dppm methyktte protons at 
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ambient temperature and a coalescence of the carbonyl res- 
onances to give a broad featureless signal at S 179.2. These 
data indicate a process which exchanges the ligands on the 
front and back of the complex and is proposed to occur by 
the hydride ‘tunneling’ process [ 30 ] diagrammed below (the 
dppm ligands above and below the plnne of the drawing have 
been omitted for clarity). This tunneling process results from 

1 + 
AH.! ii--s---p,0 Fi 

0 

OCB 1 
+ 

\ II-Ir-Ir-CA0 \/ 
H 

twisting of the ‘IrH(CO)2’ unit about the P-Ir-P axis, bring- 
ing the hydride between the metals and also resulting in 
exchange of the two carbonyl positions as shown. The 
observed averaging of the methylene ‘H resonances and the 
13C0 resonances argues in favor of the ligand arrangement 
shown above. since a structure having a CO on each metal 
would give rise to two methylene resinances since hydride- 
tunneling would not equilibrate the methylene protons. How- 
ever, a more complex fluxional process, as shown below, in 
which czrbonyl transfer from one metal to the other occurs 
along with hydride tunneling, cannot be ruled out. 

Fig. 1. F’ers.pectiveviaw ofthe [Ir,(C0)2(~2-C,H,)(~-H)(dppm)zl + cat- 
ion showinn the atom labellina schema. Only one set of the disordered 
carbonyl a& ethylene groups is shown (see-text for explanation of the 
disorder). Non-hydrogen atoms am represented by Gaussian ellipsoids at 
the 20% probability level. Hydrogen atoms am shown with arbiIrarily small 
thermal parameters for the hydride, n-ethylene aad dppm mathylenegmups. 
and am not shown for the dppm phenyl groups. 

Ethylene adducts of dppm-bridged binuclear complexes of 
Ir are extremely rare. To our knowledge the complexes, 
[MIr(CH3)(C0)2(C2H4)(dPPm)21 P3S031 W=Rh W 
UWI ad [Ir2(C2H,)(CO)(Cc-CO)(~-I)(dppm)21[Xl 
(X = I, BF,) [ IS] are the only other examples. 

Since no other A-frame olefin complexes had been struc- 
turally characterized, an X-ray structure determination of 9 
was undertaken. Unfortunately, due to the 5050 disorder of 
the CO and ethylene ligands (vidc supra) , it is not possible 
io unambiguously establish whether the carbonyl which is 
close to a bridging position is u-bound to Ir( 1) or Ir(2), 
since both orientations are observed in the disordered model. 

1+ 

AH. I 
II-Ir-Ir-c*o \ e 

CB 
0 

I 

.I /--H. II-Ir-Ir-CA0 / 
CL3 

0 

OCA 
I 
+ \ II--Ir-Ir-c,o \/ # 

H 

0 -I 
+ 

/ 
cA 

Il-Ir-Ir-c~o \/ 
H 

Nevertheless, the binding mode of the ethylene is clear, and 
its location adjacent to the bridged hydride ligand is also 
unequivocal. The perspective view of the cation of 9. shown 
in Fig. 1, reflects the probable structure based on NMR stud- 
ies. In Tables 4 and 5 the parameters involving both disor- 
dered molecules are shown, with the atoms of one disordered 
molecule being primed. 

Owing to the disorder, there will be some uncertainty in 
the metal-ligand parameters; nevertheless, most parameters 
are well determined. The complex has the bridging dppm 
ligands in a normal trans arrangement about the metal centers 
(P( I)-Ir( 1)-P(3) = 171.00(6)” and P(2)-Ir(2)-P(4) = 
172.36(6)‘), and in a cis orientation to the other atomscoor- 
dinated to the metal nuclei. The Ir( l)-Ir(2) distance 
of 2.8202(4) A corresponds to a normal single bond 
[Sd,6,15,19,23,33], and is significantly shorter than the 
intraligand P-P separations (P( 1)-P(2) =2.998(2) A, 
P(3)-P(4) = 3.004(2) A), indicating substantial attraction 
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‘The parsmeter quoted in parenthe& throughout thtr di*cussion. is for 
the seeood di8ordeled moleelde of the disordered smlcture. Therefore, the 
IWO cquivatent bonds involving tr and C(2) an Ir(2)-C(2) and lr( I ) -  
C(2)‘. See the deseripho of the diiorder given in Section 2.9. 

four phosphorus nuclei) at 8 - 18.02, while tbe ‘9F spectrum 
shows a broad resonance at 6 -73.9 due to the CsF4 lig 
(the intensity of this signal relative to that of the BF,- a&n 
indicates that the former signal is due to four fluorine atoms). 
All of these NMR data arc consistent with the tetrafluoro- 
ethylene ligand bridging thr; two Ir centers in 19. Binuclear 
complexes with bridging tetrafhroroethylenc ligands are 
known, and include [Fe2(CO),(c1-SMe),(C)] f 35]. 
I&( ~,~-CSH~Z)Z(~-C(-C~F,)~I d [P&t 1 Z’GHd2(P- 
C,F,)] [ 361, which are obtained by reacting CsF4 with 
~FeUXVdpSMe)12. lR(l.S-C8&M ami Pd(1.5 
c&&], respwtiveiy. ?be only other b:ix&?i%, dppm- 
bridged complex of Ir having a bridging tetraguoroetbylene 

3.3. Reactions of the ethylene complex 9 

Since the olefin ligand and the p-hydrido group in Boccupy 
adjacent coordination sites, it was of interest to determine 
whether this compound would undergo reversible migratory 
insertion//%hydride elimination to yield a transient ethyl 
complex as diagrammed below (dppm groups omitted). 

1 + .H. 

This product would be the ethyl analogue of 
[Ir2(CH,)(CO)(~-CO)(dppm)21 WXFJ. which has 
been extensively studied in our group, owing to its ability to 
undergo facile activation of amethyl C-Hbond upon addition 
ofavarietyofligands[38].iftheprocessshownabovewere 
occurring, scrambling of the ethylene hydrogens with the 
hydrido ligand would be expected. Our failure to detect this 
scrambling by spin-saturation transfer experiments over tke 
temperaturerangebetween -#and +2STim%catesthatit 
is not occurring on the NMR time scale. However, this proc- 
ess may occur at slower rates as suggested by labeling studies 
in which reaction ?f the trihydride 1 with C2D4 yielded 9 in 
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which ‘H and ‘H NMR spectroscopy showed ‘H/*H scram- 
bling over the ethylene and metal-hydride positions. 
Although this ‘H/*H scrambling could have occurred during 
the initial ethylene hydrogenation step, this does not seem as 
likely, since one of the hydride ligands in 1, and presumably 
in the ethyl-dihydride intermediate, is isolated from the other 
hydrides and is not expected to be readily exchanged with 
them. 

It seemed that it might be possible to observe an ethyl 
complex if the prestimCd unsamrated ethyl species, shown 
above, were trapped by the reaction with other ligands, as 
was previously demonstrated in a mononuclear iron complex 
[39]. In addition, an interesting prospect was the possibility 
that the proposed transient diiridium ethyl species might react 
as the related methyl complex, with activation of one of the 
C-H bonds on the a-carbon to give a bridging ethylidene 
group. However, with the ligands studied (CO, SOr, PMe,) 
no evidence of insertion, to give an ethyl complex, was 
observed and instead ethylene substitution occurred in 
each case. With carbon monoxide, the known tricarbonyl- 
hydride [h2(C0)2(p-H) (p-CO) (dppmM WF.d (7) was 
obtained, whereas with SOr, the analogous SO,-bridged 
product I~~~CO~~~CL-~~~C~-SO~~~~PP~~~I~~~~I (11) 
resulted. Although spectroscopicJly it is difficult to distin- 
guish between a terminal and a bridging SO2 group, the close 
similarity of the spectral parameters of 7 and 11 suggest 
related structures, and a symmetrical structure containing 
only one SO2 molecule demands that this group be bridging. 

The product of the reaction of 9 with PMe, is the unstable 
substitution product [Ir,H(CO),(PMe,) (dppm),] [BF,] 
(12) as diagrammed below. The spectral parameters clearly 

-1 + 
P P 
I I 

Ir‘.Ir-PMe oc-, H, 

oc’ 

3 

i--d- i 
12 

indicate that one carbonyl and the hydride ligand are termi- 
nally bound to the same metal as the PMes ligand, since these 
groups show substantial coupling to this phosphine and to the 
adjacent pair of dppm phosphorus nuclei. The exact stereo- 
chemistry about this more crowded Ir center is not known, 
however the structure shown is analogous to the isoelectronic 
[RhOsWCOMdppmM and NWCOMdppmM [401. 

Reaction of 9 with Ha does not result in ethylene hydro- 
genation. but instead results in ethylene loss to regenerate 
compound 1. The signal at S 5.33 in the ‘H NMR spectrum 
of the reaction mixture indicates the presence of free ethylene. 
The observation that compound 1 reacts with ethylene to give 
ethane and 9. and that the former complex can be regenerated 
by reacting 9 with Hz, suggests that compound 1 is a potential 

catalyst for the hydrogenation of ethylene. However no 
catalytic studies on 1 have been undertaken. 

It was anticipated that compound 9 could be obtained 
directly from [ Ir2( CO),( p-CO) (p-H) (dppm),] [ BF,] (7) 
by displacement of one carbonyl by ethylene, much as was 
observed in the reaction of 7 with PhC2Ph to yield 
[Ir2(CO)2(~-L-H)(CL-PhC*Ph)(dppm)21 W41 (6). How- 
ever 7 did not react with ethylene, over a range of 
temperatures. Compound 9 can be generated by reaction of 
7 with ethylene in the presence of MesNO. 

4. Discussion 

In the chemistry of [Ir2H(CO)2(~-H)2(dppm)a][BF4] 
with unsaturated substrates, the reactions can be separated 
into two categories depending on whether simple substrate 
additicn occurs, to generate the trihydride products 
[Ir,(H)2(CO),(~-H)(~-L)(dppm),l[BF,I (L=DmD, 
HFB, C1H2, C,F.,) , or whether substrate hydrogenation fol- 
lowed by coordination of a second equivalent of substrate 
occurs, to give monohydride products ]Irz(CO)2(~-H)- 
(L) (dppm),] [ BF,] (L = PhC,Ph, C,H,) . With the excep- 
tion of acetylene, one clear trend emerges, based on the nature 
of the alkyne or olefin substituents: substrates containing 
strongly electron withdrawing substituents (the so-called 
activated substrates) yield the addition products whereas the 
others proceed by substrate hydrogenation. Clearly the 
pivotal question that arises from this study is why the two 
different reactivities occur. 

Presumably in each case, the first step is substmte coordi- 
nation at a single metal. Which of the two routes is subse- 
quently followed, we suggest, depends on the relative 
tendencies of the substrate to undergo migratory insertion 
with a hydride ligand, thereby leading to hydrogenation. or 
to move to the bridging site yielding the simple bridged 
adduct. Previous studies on the hydrogenation of paru-sub- 
stituted styrenes have shown that the rate of intramolecular 
migratory insertion of these olefins and a hydride ligand 
decreases with the electron-withdrawing power of the sub- 
stituents [ 411. Intuitively. this is not surprising, since olefins 
(and alkynes) having stronger electron-withdrawing groups 
bind more effectively to low-valent metals, so should be more 
reluctant to surrender the stability gained through rr back- 
donation by undergoing migratory insertion. Coupled with 
this is the strong tendency for alkynes, having electronegative 
substituents. to bind in a bridging mode. In the parallel bridg- 
ing mode, as observed in this work. the alkyne can be viewed 
as a dianionic group that binds via two M-C a-bonds. Elec- 
tron-withdrawing substituents not only favor the anionic 
ligand formulation characteristic of this binding mode. but 
also result in stronger M-C bonds [42]. Once the alkyne is 
bound in this way, it is our experience [ 27,431 and that of 
others [ 441, that such groups are relatively unreactive. For 
example. attempts to induce migratory insertion by refluxing 



F.H. Antwi-Nsiah et al. /Inorganica Chimica Acta 259 (1997) 213-226 225 

these trihydrido, olefin or alkyne adducts either resulted in 
loss of the unsaturated substrate or no reaction. 

In all cases investigated, except for ethylene, the substrate 
molecule is ultimately bound in a bridging arrangement. For 
alkynes. such an arrangement is usually the favored one in 
binuclear complexes [ 451. Only in a few cases is the terminal 
mode observed, and this seems to occur when factors prevent 
movement of the alkyne to a bridging position [46]. For 
olefins the bridging mode is much less common [ 35.36.471. 
although it appears to be more favorable for olefinscotrtaining 
electron-withdrawing substituents. While ethylene itself has 
not yet been observed to bridge in dppm-bridged species, this 
mode has been seen in a couple of cases in which the steric 
demands are less [47c.d.l]. Certainly one factor of impor- 
tance with olefins involves the steric interactions involving 
the four substituents, which are more severe than those 
involving two alkyne substituents. For an olefin to bridge in 
these dppm-bridged complexes under study, the substituents 
above and below the M2C2 plane of the resulting dimetalla- 
cycle will be involved in unfavorable steric repulsions involv- 
ing the dppm phenyl groups. Even for tetrafluoroethylene. 
which would be expected to fotm strong Ir-C a-bonds in the 
bridging configuration, the olelin is only weakly bound, with 
the adduct in equilibrium with the precursor 1. even in the 
presence of excess olefin. In a related complex [ RuZ( CO).,- 
(~-~‘:~‘-C,(H),(CO~CHs)2)(dmpm)21. the. structure 
showed that the bridging dimethylfumarate ligand is skewed 
substantially owing to steric interactions with the dmpm- 
methyl groups [47k]. It is to be expected that with the larger 
phenyl groups in dppm. and with substitution of all four of 
the small hydrogen substituents on the olefin (as in CaF,), 
the steric interactions will be more severe. 

The only exception to the reactivity trend noted above is 
acetylene, which forms a simple adduct, [ Ira( H)a( CO),( cc- 
H) ( CL-CsHs) (dppm) a] [ BF.,] , in spite of having no electro- 
negative substituents. We would have expected this alkyne 
to react by hydrogenation, as observed for diphenylacetylene. 
phenylacetylene and ethylene. We find no rationalization, 
based on electronic arguments, for this behavior. in which 
acetylene resembles the highly activated DMAD and HFB 
molecules, rather than WC-CPh. In the absence of such 
arguments we are forced to conclude that the uniquely small 
size of acetylene gives rise to substantially fewer steric con- 
straints than with the other substrates studied. It may then be 
that the absence of substantial steric constraints favors gen- 
eration of the alkyne-bridged adduct over the combination 
of migratory-insertion, hydride-migration and reductive- 
elimination steps. 

This study, particularly for the alkynes. presents further 
evidence that binding of the unsaturated substrate between 
the late transition metals does not necessarily have a benefi- 
cial affect on the reactivity. In the complexes reported herein, 
the bridged substrate molecules are rather unreactive. In reac- 
tions that are promoted by the presence of an adjacent metal 
center, the promoting influence of the additional metal must 

be more subtle than to merely offer the possibility of bridged 
coordination modes. 

5. supplfmentary material 

Tables of parameters for the dppm pbenyl rings and 
the X4- anion, anisotropic thermal parameters, calcu- 
lated hydrogen parameters and all bond lengths and angles 
(7 pages) are available from the authors upon request. 
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