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A new synthesis of [Ir,(CO);Cl(u-CO)(DPM),]A (DPM = bis(diphenylphosphino)methane; A = BPh,,
PFg, Cl0,) is reported. These complexes react with dimethyl acetylenedicarboxylate and methyl propiolate
to yield the dimetalated olefin derivatives [Iry(CO);Cl(u-H;CO,CC=CCO,CH;)(DPM);]A and [Ir,-
(CO)4Cl(u-HC=CCO,CH,)(DPM),]BPh,. The former (A = ClO,, PF,) loses one carbonyl group on refluxing
in tetrahydrofuran. In solution these dicarbonyl complexes undergo chloride exchange between the two
metal atoms and add trimethyl phosphite to give [Iry(CO)o(P(OMe);)(u-H;CO,CC=CCO,CH,)(DPM),]CIO,.
When A = BPh,, decarbonylation occurs similarly, but the product reacts with the anion to yield the phenyl
derivative [Iry,(CO),(C¢Hs)(u-H3;C0,CC=CCO,CH;)(DPM),]BPh, plus [Ir,(CO),Cly(u-H;CO,CC=
CCO,CH;)(DPM),]. The phenyl complex adds 1 equiv of tert-butyl isocyanide to yield [Ir,(CO),(CNC-
(CH3)3)(CeHsg) (u-H3CO,CC=CCO,CH;)(DPM),;]BPh, and reacts with carbon monoxide to form [Ir,-
(CO)3(CeH5){(u-H,CO,CC=CCO,CH3)(DPM),1BPh,. An excess of tert-butyl isocyanide converts [Ir,-
(C0);Cl(u-H;CO,CC=CCO,CH3)}(DPM),]|BPh, to [Ir,(CNC(CHy)3),(u-H;CO,CC=CCO,CH,)(DPM),]#*,
which was isolated as the tetraphenylborate salt. [Ir,(C0)3Cl(u-H;CO,CC=CCO,CH3)(DPM),]PF-CH,CN
crystallizes in the space group P2,/n with a = 10.531 (9) A, b = 27.522 (3) &, ¢ = 20.233 (4) A, § = 92.40
(4)°, V = 5859.2 A3, and Z = 4. The structure was refined by using the 8129 independent reflections with
I = 34(I) to final residuals of R = 0.034 and R, = 0.044. Each iridium atom in the binuclear cation can
be considered to have a distorted square-pyramidal coordination with a carbonyl ligand in the apical position,
a phosphorus atom of each DPM ligand in trans-basal positions, and a carbon atom of the dimetalated
olefin. Completing the basal plane of Ir, is a second carbonyl ligand while for Ir, it is the chloride ligand.

The Ir;-Ir, distance of 2.8933 (2) A is indicative of the presence of a metal-metal single bond.

Introduction

We have previously reported the synthesis of a variety
of cationic, binuclear complexes of rhodium containing a
dimetalated olefin by the reaction of [Rhy(CO),(u-
0,CCH,;)(DPM),]PF, (DPM = bis(diphenylphosphino)-
methane) or [Rhy(CNC(CH,),),(DPM),](BPh,), with
electrophilic acetylenes such as dimethyl acetylenedi-
carboxylate (DMAD) and hexafluorobut-2-yne (HFB).!
Several of these were found to react readily with di-
hydrogen to produce the corresponding olefin and regen-
erate the original dimer. Attempts to explore the mech-
anism of the hydrogenation have so far proven inconclusive
so we turned our attention to the synthesis of iridium
analogues in the hope that intermediate hydrido species
might be sufficiently stable to be characterized. We report
here on the initial phase of this study. When this work
was substantially complete, we became aware that a num-
ber of the complexes synthesized had also been prepared
by a different route.?

(1) Mague, J. T.; DeVries, S. H. Inorg. Chem. 1982, 21, 1632.
N (2) Sutherland, B. R.; Cowie, M. Organometallics, following paper in
this issue.

Experimental Section

Preparation of Complexes. All solvents were appropriately
dried and distilled before use and were stored under dinitrogen.
Although most complexes appear stable to air and mosture,
standard Schlenk techniques (dinitrogen atomsphere unless
otherwise specified) were routinely used in all preparative reac-
tions. Bis(diphenylphosphino)methane was purchased from Strem
Chemicals while sodium tetraphenylborate and ammonium
hexafluorophosphate were obtained from Alfa Inorganics.
Chlorobis(cyclooctene)iridium(I) dimer® and sodium tetra-p-
tolylborate? were prepared by published methods. All other
chemicals were reagent grade and were used without further
purification. Infrared spectra were obtained on a Perkin-Elmer
Model 683 spectrophotometer in Nujol mulls unless otherwise
specified. Proton NMR spectra were obtained at 90.0 MHz on
a Varian EM-390 spectrometer with chemical shifts referred to
internal tetramethylsilane (5 0.0). Phosphorus-31 NMR spectra
were obtained at 24.15 MHz on a JEOL FX-60 Fourier transform
spectrometer (flip angle 45°, pulse repetition rate 5 s) with proton
noise decoupling. Phosphorus chemical shifts are referred to

(3) Herde, J. L.; Lambert, J. C.; Senoff, C. V. Inorg. Synth. 1974, 15,
19

'(4) Williams, J. L. R.; Doty, J. C.; Grisdale, P. J.; Searle, R.; Regan,
T. H.; Happ, G. P.; Maier, D. P. J. Am. Chem. Soc. 1967, 89, 5153.
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external 85% H3PO, (5 0.0) and are positive downfield. All spectra
were obtained at ambient probe temperature (ca. 30 °C) unless
otherwise specified. Spectral simulations were performed by using
a local version of the LAOCOON-3 program of Bothner-By and
Castellano. Analyses were performed by Galbraith Laboratories,
Inc., Knoxville, TN.
[Ir;(CO);Cl(u-CO)((CeHs);PCH,P(CeHs)o)o]A (A = B(CgHs),
(1), PFq (2), C10, (3)). The following improved procedure was
used to prepare 1° and its analogues. To a solution of bis(di-
phenylphosphino)methane (0.342 g, 0.890 mmol) and 0.5 mmol
of NaB(C¢Hg)4, NHPFg, or NaClO, in 10 mL of acetone under
carbon monoxide was added slowly via syringe a suspension of
[Ir,Cly(cyclooctene),] (0.400 g, 0.444 mmol) in 20 mL of acetone.
The initial red suspension slowly lightened to a pale yellow so-
lution, and after 30 min a pale yellow microcrystalline precipitate
began to form. Complete precipitation was effected by addition
of diethyl ether while a CO atmosphere was maintained. The solid
was filtered under CO pressure, extracted with dichloromethane,
and filtered and the product crystallized by addition of diethyl
ether (all under CO). The identity of the products was established
by a comparison of their P NMR spectra’ with the literature
data for 1° and their infrared spectra with that reported for
[Ir5(CO)3(x-CO)CI(DPM),]CL2
[Iry(CO);Cl(u-H3;CO,CC=CCO,CH;)((C¢H;),PCH,P-
(CsH;)2):]A (A = BPh, (4), PF; (5), C10, (6)). A solution of
1, 2, or 3 in 10 mL of dichloromethane was reacted with an excess
of dimethyl acetylenedicarboxylate and was stirred for 1 h.
Addition of diethyl ether precipitated the product as pale yellow
microcrystals that were collected and recrystallized from di-
chloromethane—diethyl ether. The products proved (vide infra)
to be mixtures of two isomers. Anal. Caled for CgyH73P,0,CIBIr,
4): C, 57.39; H, 4.24; Cl, 2.04. Found: C, 57.5; H, 4.5; C], 2.1.
Isomer 4a: IR vomg 2073 (m), 2054 (s), 2030 (vs) em™, vo—¢ 1565
(m) em™; 'H NMR (CD,Cl,) § 3.45 (s, 3 H), 2.75 (s, 3 H, CO,CHg);
SP{IH} NMR (CD,Cly) 6 ~31.7, -33.5 (%Jpp = 378, 323, 2Jpp = 41.2,
4Jpp = 13.9 Hz) (For the explanation of the notation for coupling
constants used here and below see ref 7). Isomer 4b: IR vo—o
2078 (m), 2023 (vs), 2001 {(m) cm™!, yo—c 1565 (m) cm™; 1H NMR
(CD,Cl,) 6 3.30 (s, 3 H), 2.60 (s), (3 H, CO,CHj;); *'P{!H} NMR
(CD,Cl,) 6 ~19.8, =32.0 (3Jpp = 375, 342, ZJpp. = 34.5, %Jpp’ = 6.7
HZ). Anal. Caled for 059H50P507F3011r2 (5): C, 45.43; H, 3.24;
Cl, 2.27; F, 7.31. Found: C, 44.7; H, 3.8; C], 2.5; F, 7.3. Isomer
5a: IR vo=g 2075 (m), 2046 (s), 2038 (vs) cm™, yome 1558 (m) em™;
H NMR (CD,Cl,) 8 3.51 (s, 3 H), 2.72 (s, 3 H, CO,CH,); *'P{!H}
NMR (CD,Cl,) 5 -31.6, -33.2 (2Jpp = 378, 323, 2Jpp = 40.9, *Jpp

(5) Castellano, S.; Bothner-By, A. R. J. Chem. Phys. 1964, 41, 3863.

(6) Mague, J. T.; Sanger, A. R. Inorg. Chem. 1979, 18, 2060.

(7) The original analysis® of the AA’'BB’ pattern observed for the 40.48
MHz *'P{!H} NMR spectrum of 1 appears incorrect. Because fewer
degeneracies occur when it is obtained at 24.15 MHz and because some
of the weak lines were also found in the latter spectrum, a better estimate
of the values of the trans-P-Ir-P couplings could be made. With the
notation

and values of 2Jpp in the range 300-400 Hz? the spectrum could be
satisfactory simulated with 2Jpp (corresponds to J,, and Jpg) = 385 and
320; %Jpp (corresponds to J,g) = 65.8; and *Jpp (corresponds to Jsp) =
25.3 Hz. With these parameters, the original 40.48-MHz spectrum could
also be satisfactorily simulated. In this and the simulations of the
AA'BB”*'P NMR spectra of the complexes reported here it was generally
not poesible to refine %/pp, with the LAOCOON-3 program since the weakest
lines needed to determine %J/pp were usually not observed. Instead, values
comparable to those reported® for some mononuclear iridium complexes
were chosen and the other spectral parameters refined. Further refine-
ment involved successive cycles of manual adjustment of 2Jpp followed
by refinement of the remaining parameters. In most instances, therefore,
while the reported values for “Jpp are reasonable, they are only approx-
imate and it is not possible to say which is J,,  and which is Jgp.

(8) Pregosin, P. 8.; King, R. W. “3!P and *C NMR of Transition Metal
Phosphine Complexes”; Springer-Verlag: New York, 1979; Tables 18b,
19, 21.

(9) Sutherland, B. R.; Cowie, M. Inorg. Chem., 1984, 23, 2324,
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= 14.4 Hz). Isomer 5b: IR vcmgo 2089 (m), 2051 (vs) 1995 (m)
em™, yo—g 1558 (m) cm™; 'H NMR (CD,Cly) 6 3.31 (s, 3 H), 2.52
(s, 3 H, CO,CHy); 'P{'H} NMR (CD,Cl,) 5 -18.2, -32.2 (%Jpp =
375, 342, 2Jpp = 32.0, *Jpp = 7.9 Hz). Anal. Caled for CsgHgy-
P,0,,CLIr, (8): C, 46.79; H, 3.33; C], 4.68. Found: C, 46.5, H,
3.2; Cl, 4.3. Isomer 6a: IR vomg 2077 (m), 2045 (s), 2039 (vs) em™,
vo—c 1568 (m) em™, 'H NMR (CD,Cl,) 4 3.49 (s, 3 H), 2.76 (s, 3
H, CO,CHj;); *'P{*H} NMR (CD,Cl,) 5 -31.6, -33.3 {%Jpp 378, 323,
%Jpp = 41.2, *Jpp = 14.2 Hz). Isomer 6b: IR o 2085 (sh), 1998
(m) em™, vec 1568 cm™; 'H NMR (CD,Cl,) 6 3.92 (s, 3 H), 2.51
(s, 3 H, CO,CH,); 3'P{tH} NMR (CD,Cl,) 6 -18, -32.1 (%Jpp = 375,
342, zJpp' = 33.0, 4Jpp/ =6.4 HZ).
[Ir5(CO)3Cl(u-HC=CCO,CHy)((CeH;),PCH,P(CgHy),),]B-
(CeHs) CH,Cl, (7). This was prepared in the same manner as
the previous complex and obtained as pale yellow crystals from
dichloromethane-diethyl ether. Unlike 4-6 a single isomer ap-
peared to be formed. Anal. Caled for CyHy,P,O5Cl;BIr, (7): C,
55.62; H, 4.04; Cl, 6.08. Found: C, 55.8; H, 3.9; Cl,7.0. 7: IR
ve=o 2082 (s), 2085 (vs), 2000 (m) em™, voeg 1533 (m) em™; 'H
NMR (CD,Cl,) 4 3.28 (s, 3 H, CO,CHjy); 3'P{*H} NMR (CD,CL,)
6 ~26.9, -27.7 (3Jpp = 358.5, 341.5, %Jpp = 35.0, Jpp = 9.7 Hz).
[Ir;(CO),Cl(p-H;CO,CC=CCO,CH;)((CsH;),PCH,P-
(CeHj),):]A-C,H0 (A = PF, (8), C10, (9)). A suspension of
0.25 g of either 5a,b or 6a,b in 10 mL of tetrahydrofuran was
refluxed overnight under a nitrogen purge. The yellow solid soon
dissolved in the hot solvent, and the solution slowly became dark
orange. At the end of the reflux period, 9 had precipitated as
orange microcrystals while 8 could be obtained as dark brown
orange crystals by dilution of the cooled solution with diethyl
ether. Both products were filtered off, washed with diethyl ether,
and dried in vacuo. The presence of the solvent molecule was
confirmed by 'H NMR. Anal. Calcd for CgyHygP50,FCllr, (8):
C, 46.42; H, 3.65; Cl, 2.21; F, 7.11. Found: C, 46.4; H, 3.5; Cl,
2.1; F, 7.1. IR vcp 8: 2046 (vs), 2024 (vs) cm™, vo—c 1558 (m)
cm™'; 'H NMR (CD,Cl,) 6 2.54 (br 6 H CO,CH3), 3.65 (m, 4 H),
1.79 (m, 4 H, C,H0); *'P{!H} NMR (CD,Cl,, -30 °C) 6 +5.0 (t),
-27.1 (t, Jpp = 29.9 Hz). Anal. Caled for CgHgP 01, ClyIry (9):
C, 47.78; H, 3.76; Cl, 4.55. Found: C, 47.4; H, 3.8;Cl, 4.5. 9: IR
vo=o 2402 (vs), 2018 (vs) cm™, ve— 1545 (m) cm™; 'H NMR
(CD,Cl,) é 2.54 (br, s, 6 H, CO,CH,), 3.65 (m, 4 H), 1.79 (m, 4
H, CH,H;0); 3'P{'"H} NMR (CD,Cl, -12 °C) 5 +8.8 (t), —23.2 (t,
Jpp = 29.8 Hz).
[Ir,(CO),(P(OCH,)3)Cl(p-H,CO,CC=CCO,CH,)-
((C¢H;),PCH,P(C:H;),),]C10, (10). To a solution of 0.200 g
(0.128 mmol) of 9 in 10 mL of acetone was added 0.016 g (0.128
mmol) of trimethyl phosphite whereupon the red-orange solution
immediately became pale yellow. Addition of diethyl ether and
hexane precipitated the product as pale yellow crystals that were
filtered off and recrystallized from dichloromethane-diethyl
ether-hexane. Anal. Caled for 051H59P5013C121r2 (10) C, 45.49;
H, 3.70; P, 9.62. Found: C, 45.5; H, 3.40; P, 9.1. 10: IR »cq
2029 (vs), 2014 (vs) cm™, yoc 1545 (m) cm™; 'H NMR (CD,Cl,)
6 3.70 (S, 3 H), 3.32 (S, 3 H, COch;;), 3.06 (d, JP—H = 11.7 HZ,
9 H, P(OCH,);); 'P{!H} NMR (CD,Cl,) 5 +44.7 (m), -32.7 (m).
[Ir;(CO),(CeHj) (r-H;CO.CC=CCO,CH;) ((CeHs),PCH,P-
(CeH;)9):1B(CeH;)-C ,HgO (11). A solution of 0.25 g of 4a,b in
10 mL of tetrahydrofuran was refluxed under a nitrogen purge
for 36 h. The yellow solution slowly became orange and ultimately
a dark red. By the end of the reaction a yellow precipitate
indentified as [Ir,(CO),Cly(x-H;CO,CC=CCO,CH,)-
((C¢Hj5)oPCH,P(Cg¢Hp)s),] (vide infra) had also formed. The re-
action mixture was filtered and the filtrate diluted with diethyl
ether and hexane. Upon standing overnight at room temperature
the product was obtained as dark red crystals. Although the
solvent in the product appears tightly bound, prolonged residence
in vacuo led to some loss and a change in color from dark red to
brown. Anal. Calcd for Cg;HgP,0,BIr, (11): C, 60.61; H, 4.76.
Found: C, 60.8; H, 4.8. 11: IR vceg 2012 (vs), 1993 (m) cm™,
ve—c 1545 (w) em™; TH NMR (CD,Cl,) 6 3.29 (s, 3 H), 2.13 (s, 3
H, CO,CHj), 3.65 (m, 4 H), 1.79 (m, 4 H, C,H;0); 3'P{!H} NMR
5 +8.7, —23.3 (Jpp = 372, 342, 2Jpp = 28.1, 4Jpp = 8.3 Hz).
[Irg(CO )2012(#‘H3002CC=CCOZCH3) ((CGH5)2PCH2P-
(CeH;)1)2)-2CH,CI, (12). This complex was initially obtained
as a side product in the formation of 11 as described above. It
can also be formed by the reaction of either 8 or 9 with 1 equiv
of lithium chloride in acetone solution. Recrystallization from
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dichloromethane—diethyl ether produces bright yellow crystals
sometimes having a slight greenish cast. The presence and
quantity of solvating dichloromethane was established by 'H NMR
speectroscopy in dimethyl sulfoxide-ds. Anal. Caled for Cg,-
H;,P,0.Cllr, (12): C, 45.93; H, 3.48, Cl, 13.56. Found: C, 45.2;
H, 3.4; Cl, 13.0. 12: IR vomp 2026 (vs), 2000 (vs) cm™, yomc 1541
(m) em™; 'H NMR (CD,Cl,) 6 2.82 (s, 3 H), 3.22 (s, 3 H, CO,CH,);
S1p{tH} NMR (CD,Cl,) 6 -28.5, -32.1 (3Jpp = 416.7, 395.1 2Jpp
= 45.2, “Jpp = 10.3 Hz).

[Ir,(CO)3(CgH) (u-H,CO,CC=CCO,CH;)((C;H;PCH,P-
(CeHs)o)oIB(CeHj), (13). A dichloromethane solution of 11 was
purged with carbon monoxide whereupon the color rapidly
changed from dark red to pale yellow. Dilution with diethyl ether
afforded the product as pale yellow microcrystals. These tend
to lose carbon monoxide in vacuo with a change in color to orange,
but the original color can be restored by blowing carbon monoxide
over the solid. Anal. Caled for CggHP,0,BIr, (13): C, 60.09;
H, 4.43; P, 6.96. Found: C, 60.3; H,4.3; P, 7.2. 13: IR vomg 2064
(sh), 2056 (s), 2022 (vs) ecm™!, vo—c 1533 (m) cm™’; 'H NMR
(CD,Cl,) 5 3.50 {s, 3 H), 2.44 (s, 3 H, CO,CH;); *'P{'H} NMR
(CD,Cly) 5 -24.4, -29.4 (3Jpp = 292.1, 267.1, ZJpp = 32.0, *Jpp =
5.2 Hz).

[Iry(CO)o(CNC(CH,)3)(CeH5) (u-H;CO,CC=CCO,CH3;)-
((CGH5)2PCH2P(CGH5)2)2]B(CSH5)4'C4H30 (17). To a solution
of 11 (0.216 g, 0.118 mmol) in 20 mL of tetrahydrofuran was added
a tetrahydrofuran solution of 0.008 g (0.118 mmol) of tert-butyl
isocyanide dropwise with stirring. The dark red-brown solution
lightened during this time to finally become a pale brownish
orange. Following filtration the solution was diluted with diethyl
ether and hexane and upon standing overnight the product formed
as off-white flakes. These were collected, washed with diethyl
ether, and dried briefly in vacuo. Anal. Caled for Cg;HgsP,O7-
NBIr, (17): C, 61.12; H, 5.03; N, 0.74. Found C, 60.8; H, 4.8; N,
0.74. 17: IR ve=p 2179 (8) cm™, yomp 2014 (vs), 1981 (s) em™?,
vo—c 1530 (w) ecm™; 'H NMR (CD,Cl,) § 3.48 (s, 3 H), 2.48 (s, 3
H, CO,CHy), 1.17 (s, 9 H, C(CHy),); *'P{'H} NMR (CD,Cl,) 5 —22.8,
-26.7 (ZJPP = 288, 291, 2Jpp/ = 31.1, 4Jpp/ = 6.1 HZ).

[Iry(CNC(CHy),) 4(#-H;CO,CC=CCO,CH,)((CeH;),PCH,P-
(06H5)2)2](B(CsH5)4)2'CH2Clg (18). To a solution of 0.300 g (0.173
mmol) of 4a in 10 mL of acetone was added 0.072 g (0.864 mmol)
of tert-butyl isocyanide. The light yellow solution effervesced
and took on a slight greenish cast. After the mixture was stirred
for 2 h, an acetone solution of 0.059 g (0.173 mmol) of sodium
tetraphenylborate was added and the resulting cloudy solution
was filtered through a pad of diatomaceous earth and diluted with
diethy! ether to precipitate pale yellow crystals. These were
dissolved in dichloromethane; the solution was filtered and diluted
with diethyl ether to afford the product as pale yellow needles
in essentially quantitative yield. Anal. Calcd for Cjp:H 4Py
N,0,CL,B,Ir, (18): C, 63.96; H, 5.34; N, 2.39. Found: C, 64.1,
H,59; N, 2.2. 18: IR o=y 2198 (s) 2180 (s) cm™, vee 1607 (m)
cm™l; 'H NMR (CD,Cl,) 6 3.48 (s, 6 H, CO,CHj), 1.25 (s, 18 H),
0.53 (s, 18 H, C(CH,),); 3'P{'H} NMR (CD,Cl,) 6 -24.1 (s).

X-ray Diffraction Study. Yellow columnar crystals of 5a
were grown by slow diffusion of hexane into a solution of the
complex in a mixture of tetrahydrofuran and acetonitrile. Among
the mass of badly fractured crystals produced were two or three
that appeared to be undamaged. One of these, in the shape of
a rectangular parallelepiped, was selected and mounted on an
Enraf-Nonius CAD-4 diffractometer. Final lattice parameters
determined by a least-squares fit of [(sin 6)/A]? values for 25
high-order reflections accurately centered on the diffractometer
are presented in Table I together with other data pertinent to
the data collection. A total of 10332 independent reflections were
measured at 100 K with three standard reflections being monitored
at 2-h intervals. No significant change in the intensities of the
standards was noted. The data were corrected for Lorentz and
polarization effects. An empirical absorption correction was
employed to compensate for a 14% variation in absorption as a
function of ¢.1° The structure was solved by direct methods using
the MULTAN program package!! that revealed the positions of

(10) In these and all other computations performed, the programs
constituting the CAD-4 SDP package (B. Frenz (1982)) were used.

(11) Main, P.; Woolfson, M. M.; Germain, G. Acta Crystallogr., Sect.
A 1977, A27, 368.
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Table I. Summary of Crystal Data and
Intensity Collection

compd [Ir,(CO),Cl(p-H,CO,CC=CCO,CH,)-
(DPM), |PF,-CH,CN

fw 1600.89
formula C,,H,,P,O,F,CINIr,
cell parameters

a, A 10.531 (9)

b, A 27.522 (3)

¢, A 20.233 (4)

8, deg 92.40 (4)

V, A3 5859.2

VA 4

d(caled), g em™? 1.82
systematic absences hOl, h + |=2n + 1;0k0,k=2n + 1

space group P2,/n

cryst dimens, mm  0.99 X 0.66 X 0.58

temp, K 100

radiatn Mo Ka (A = 0.70930 &), graphite

monochromated
takeoff angle, deg  2.95
scah range 0.9 + 0.35tan ¢
1.5-1
0.5

scan speed, deg/min 0 (in w)
total bkgd time/
scan time
29 range, deg 2.8-50
scan mode w-26

unique data used 8129
(I= 3a())°

final no. of para- 748
meters varied

error in observn 1.57

of unit weight

R?Y 0.0339

R,° 0.0435

o(l)=[(C + 4B) + (0.03(C + 4B))*]1*'* (C = total
scan count; B = total background count). ® R =
ZHF, I — |Fll/Z1Fg). € Ry = (Sw(lFol— |F )/ ZwF 22
(w = 1/0*(Fo)). ‘

the two iridium atoms on the initial £ map. The remaining
non-hydrogen atoms were located from subsequent Fourier maps
following full-matrix least-squares refinement of the positional
and thermal parameters of the atoms located up to that point.
All scattering factors!? were corrected for the effects of anomalous
dispersion. Because of the large number of parameters, the
least-squares refinement had to be carried out in blocks. In each
cycle all positional parameters and one fourth of the anisotropic
thermal parameters were refined. This was continued with a
different block of the thermal parameters being included in
subsequent cycles. In the final stages of the refinement, the
hydrogen atoms were included in the structure factor calculations
with fixed positions based on sp? or sp® geometry about the
associated carbon atom, a carbon-hydrogen bond length of 0.95
A, and fixed thermal parameters of 2.0 A.2 These parameters were
not refined but were updated periodically. Convergence was
assumed when no parameter shift was more than 0.1 times its
estimated standard deviation. Final fractional coordinates for
all non-hydrogen atoms are given in Table II while important bond
lengths and interbond angles are listed in Tables III and IV,
respectively.

Results and Discussion

Chemical Studies. A summary of the major reactions
performed in this study is given in Figure 1. Addition of
an acetone suspension of [Ir,Cly(cyclooctene),] to an ace-
tone solution of DPM and sodium tetraphenylborate under
a carbon monoxide atmosphere yields an essentially
quantitative yield of [Iry(CO)3(u-CO)CI(DPM),]BPh, (1)
after 30 min. The hexafluorophosphate (2) and perchlorate
(3) salts are prepared similarly. This method is to be
preferred to that originally reported® for 1 because of the

(12) “International Tables for X-ray Crystallography”; Kynoch Press:
Birmingham, England, 1974; Vol. IV.
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Table II. Fractional Atomic Coordinates

atom X y F4 atom X y [
Ir(1) 0.66992 (2) 0.13046 (1) 0.26312 (1) C(21) 0.9474 (8) 0.0816 (3) 0.5149 (4)
Ir(2) 0.66732 (2) 0.06695 (1) 0.14929 (1) C(22) 0.9848 (8) 0.0540 (3) 0.4628 (b)
Ci 0.4538 (2) 0.05125 (6) 0.10022 (9) C(23) 0.9036 (7) 0.0475 (3) 0.4069 (4)
P(1) 0.6733 (2) 0.06213 (6)  0.33405 (8)  C(24)  0.8683 (6) 0.2308 (2) 0.2285 (3)
P(2) 0.7288 (1) 0.19668 (6) 0.19625 (8) C(25) 0.9914 (7) 0.2178 (3) 0.2110 (4)
P(3) 0.6738 (2) 0.13413 (8) 0.07852 (8) C(26) 1.0948 (7) 0.2439 (3) 0.2360 (4)
P(4) 0.6422 (2) —-0.00126 (8) 0.21641 (8) C(27) 1.0777 (6) 0.2824 (3) 0.2784 (4)
P(5) 0.4076 (2) 0.22987 (7) 0.4378 (1) C(28) 0.9569 (6) 0.2953 (3) 0.2966 (4)
F(1) 0.5145 (4) 0.1927 (2) 0.4650 (2) C(29) 0.8521 (6) 0.2692 (3) 0.2709 (4)
F(2) 0.5123 (4) 0.2646 (2) 0.4104 (3) C(30) 0.6092 (6) 0.2444 (2) 0.1851 (3)
F(8) 0.4151 (5) 0.2569 (2) 0.5069 (2) C(31) 0.6052 (6) 0.2745 (2) 0.1299 (4)
F(4) 0.3994 (5) 0.2019 (2) 0.3692 (2) C(32) 0.5151 (7) 0.3095 (3) 0.1238 (4)
F(5) 0.3025 (4) 0.1942 (2) 0.4650 (3) C(33) 0.4307 (7) 0.3178 (3) 0.1728 (4)
F(6) 0.3001 (5) 0.2660 (2) 0.4114 (3) C(34) 0.4359 (6) 0.2896 (3) 0.2276 (4)
o(1) 0.3809 (4) 0.1411 (2) 0.2472 (2) C(35) 0.5241 (6) 0.2520 (2) 0.2347 (3)
0O(2) 0.7348 (4) 0.1985 (2) 0.3796 (2) C(36) 0.5308 (6) 0.1683 (2) 0.0532 (3)
0(3) 0.7817 (8) 0.0054 (2) 0.0428 (3) C(37) 0.5393 (7) 0.1994 (3) —-0.0026 (3)
0(4) 0.9833 (4) 0.0109 (2) 0.1779 (3) C(38) 0.4378 (7) 0.2276 (3) —-0.0207 (4)

O(5) 1.0155 (4) 0.0795 (2) 0.1204 (3) C(39) 0.3270 (7) 0.2271 (3) 0.0144 (4)
o(6) 1.0762 (4) 0.0981 (2) 0.2664 (3) C(40) 0.3195 (6) 0.1968 (3) 0.0680 (4)
o(7) 0.9661 (4) 0.1469 (2) 0.3305 (2) C(41) 0.4203 (8) 0.1673 (2) 0.0874 (3)
N(1) 0.2423 (7) 0.0963 (2) 0.6088 (4) C(42) 0.7426 (6) 0.1180 (2) 0.0009 (3)
C(1) 0.7288 (6) 0.0068 (2) 0.2952 (3) C(43) 0.6700 (6) 0 0915 (3) —0.0437 (4)
C(2) 0.7782 (6) 0.1792 (2) 0.1150 (3) C(44) 0.7211 (7) 0.0733 (3) -0.0996 (4)
c(3) 0.9560 (6) 0.0526 (2) 0.1646 (3) C(45)  0.8487 (7) 0.0801 (3)  —0.1106 (4)
C(4) 0.8455 (6) 0.0789 (2) 0.1907 (3) C(46) 0.9209 (7) 0.1050 (3) —-0.0660 (4)
C(5) 0.8524 (6) 0.1073 (2) 0.2439 (3) C(47) 0.8697 (7) 0.1248 (3) —-0.0103 (4)
C(8) 0.9775 (8) 0.1165 (2) 0.2799 (4) C(48) 0.7038 (6) -—0.0571 (2) 0.1821 (3)
C(7) 1.0825 (7) 0.1579 (3) 0.3677 (4) C(49) 0.8013 (6) —0.0842 (2) 0.2114 (3)
C(8) 1.1222 (9) 0.0570 (4) 0.0897 (5) C(50) 0.8406 (7) -0.1267 (3) 0.1825 (4)
C(9) 0.7110 (6) 0.1721 (2) 0.3381 (3) C(51) 0.7851 (7) —0.1423 (2) 0.1229 (4)
C(10) 0.4851 (6) 0.1381 (2) 0.2543 (3) C(52) 0.6887 (6) —0.1146(2) 0.0927 (4)
C(11) 0.7350 (6) 0.0276 (2) 0.0814 (3) C(53) 0.6474 (6) -0.0725 (2) 0.1227 (3)
C(12) 0.5313 (6) 0.0459 (2) 0.3769 (8) C(54) 0.4831 (6) -0.0202 (2) 0.2396 (3)
C(13) 0.4484 (6) 0.0817 (3) 0.3960 (3) C(55) 0.3850 (6) 0.0127 (2) 0.2436 (3)
C(14) 0.3476 (7) 0.0698 (3) 0.4542 (4) C(56) 0.2673 (6) -0.0016 (3) 0.2656 (3)
C(15) 0.3296 (7) 0.0220 (3) 0.4542 (4) C(b7) 0.2492 (6) —0.0496 (3) 0.2830 (4)
C(16) 0.4109 (7) —-0.0138 (3) 0.4351 (4) C(58) 0.3451 (7) -0.0825 (3) 0.2778 (4)
C(17) 0.5122 (6) -0.0018 (3) 0.3972 (3) C(59) 0.4639 (6) —0.0683 (2) 0.2561 (4)
C(18) 0.7859 (6) 0.0696 (2) 0.4045 (3) C(60) 0.3225 (9) 0.1249 (3) 0.6099 (4)
C(19)  0.7495 (7) 0.0984 (3) 0.4579 (4) C(61)  0.4254 (9) 0.1597 (3) 0.6119 (5)
C(20) 0.8329 (8) 0.1042 (3) 0.5118 (4)

Table III. Interatomic Distances (A )¢ Table IV. Interbond Angles (deg)®
Tr(1)-P(1) 2.366 (1) Ir(2)-P(3) 2.342 (1) P(1)-Ir(1)-P(2) 163.95 (4) P(3)-Ir(2)-P(4) 174.87 (4)
Ir(1)-P(2) 2.368 (1) Ir(2)-P(4) 2.339 (1) P(1)-Ir(1)-C(5) 83.0 (1) P(3)-Ir(2)-C(4) 94.3(1)
Ir(1)-C(5) 2.077 (5) Ir(2)-C1 2.461 (1) P(1)-Ir(1)-C(9) 89.8 (2) P(3)-Ir(2)-C(11) 89.2(2)
Ir(1)-C(9) 1.935 (5) Ir(2)-C(4) 2.055 (5) P(1)-Ir(1)-C(10) 97.6 (1) P(3)-Ir(2)-C1 86. )
Ir(1)-C(10) 1.962 (5) Ir(2)-C(11) 1.910(5) P(2)-Ir(1)-C(5) 82.1 (1) P(4)-Ir(2)-C(4) 90.
C(1)-P(1) 1.821 (5) C(2)~P(2) 1.810 (5) P(2)-Ir(1)-C(9) 86.4 (2) P(4)-Ir(2)-C(11) 91.
C(1)-P(4) 1.819 (5) C(2)-P(3) 1.798 (5) P(2)-Ir(1)—C(10) 98.5 (1) P(4)-Ir(2)-C1 88. )
C(4)-C(5) 1.330 (7) Ir(1)-Ir(2) 2.8933(2) C(5)-Ir(1)-C(9) 98.5

% Numbers in parentheses are estimated standard devia-
tions in the least significant digit.

much shorter reaction time and the more efficient use of
iridium. Unlike the original report,® preparations of 1 by
this route yield a product showing three terminal carbonyl
bands as was found for [Iry,(CO),(u-CO)CI(DAM),]|BPh,
(DAM = bis(diphenylarsino)methane).’* The infrared
spectra of 2 and 3 also show three terminal carbonyl bands
as does [Iry(CO);(u-CO)CI(DPM),]CL.° We are uncertain
about the discrepancy between the infrared data reported
by Sanger® for 1 and those obtained in this study, par-
ticularly since the 3'P NMR spectra appear to be the same.
Possibly the different preparative route leads to an al-
ternative arrangement of the carbonyl ligands. Despite
this, the infrared data obtained here are quite consistent
with the proposed structures. Although the mull spectra
of 2 and 3 show a single absorption for the bridging car-

(13) Mague, J. T.; DeVries, S. H. Inorg. Chem. 1980, 19, 3743.

C(5)-Ir(1)-C(10) 159.8
P(9)-Ir(1)-C(10) 101.6
P(2)-C(2)-P(3) 111.3
Ir(1)-C(5)-C(4) 108.2
Ir(1)-C(5)-C(6) 131.2(
C(4)-C(5)-C(6) 120.6 (4) C(3)-C(4)-C(5)
C(9)-Ir(1)-Ir(2) 167.6 (2) C(11)-Ir(2)-Ir(1) 157.6

¢ Numbers in parentheses are estimated standard
deviations in the least significant digit.

)

) C(4)-Ir(2)-CI ~ 179.
) C(11)-Ir(2)-Cl  88.
) P(4)-C(1)-P(1) 108.
) Ir(2)-C(4)-C(5) 116.
) Ir(2)-C(4)-C(3)

5
8
0
3
C(4)-Ir(2)-C(11) 91.3
1
4
9
3

(2
(2
(2
(3
(4
5

bonyl ligand, that of 1 exhibits a distinct splitting. While
this may be due to solid-state effects, it could also indicate
the presence of a second isomer (1b), a possibility which
is supported by the observation that the AA’'BB’ 3'P NMR
spectrum of 1 shows a number of weak resonances sug-
gestive of the presence of a second AA’BB’ pattern.
Complexes 1-3 react readily with an excess of dimethyl
acetylenedicarboxylate (DMAD) to give 4-6, respectively,
which on the basis of elemental analyses, infrared and
NMR spectral data, and a single-crystal, X-ray structure
determination of 5a (vide infra) are formulated as the
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dimetalated olefin complexes [Iry,(CO);Cl(u-H;CO,CC=
CCO,CH;)(DPM),]A. When prepared in this fashion, 46
are frequently obtained as isomeric mixtures. Thus the
IH NMR spectra show two sets of resonances for the
nonequivalent carboxymethyl groups of the olefinic ligand
while the 3P NMR spectra (Figure 2) show two overlap-
ping AA’BB’ patterns with small (isomer a) and large
(isomer b) chemical shift differences between the two pairs
of phosphorus nuclei. Instrumental limitations have
prevented a resolution of the overlapping multiplets that
occur in the high-field region. Nevertheless it seems rea-
sonably certain that the mirror image of the pattern cen-
tered at ca. —19.5 ppm does occur in the high-field region.
Comparison of this latter region with the spectrum of 4a
alone (Figure 3) permits the identification of the two
strongest lines of the high-field multiplet expected for 4b.
From these the companion of the closely spaced doublet
signal appearing at ca. —18.2 ppm is calculated to lie di-
rectly under the intense pair of lines for 4a at ca. -33 ppm.
Additionally, comparison of the overlapped region in
Figure 2 with the spectrum of 4a (Figure 3) shows sig-
nificant additional intensity in this region as well as near
-32 ppm that would be consistent with the presence of the
remainder of the lines expected for the upfield component
of the pattern assigned to 4b. Since the sample of 5 used
for the structure determination contained a negligible
amount of isomer b (by #P NMR), we assign the structure
shown in Figure 4 to isomer a while that of isomer b most
likely has the chloride ligand along the metal-metal axis.

_ =
OC |P P C0
oC \I £ Cl

>y, Z
[ Se=¢"|
P K g P

4b, A= BPh4, R = COZCH3
5b, A= PFg, R= CO2CH3
6b, A= Cl0O4, R=CO2CH3

We find that both isomers also result when the reaction
is carried out under carbon monoxide, but when DMAD
reacts with [Iry(CO)y(u-CO)(u-Cl)(DPM),]1BPh,,5 the
product is 4a with only a trace of 4b being formed.
Monitoring the reaction of DMAD with 1 in the presence
of carbon monoxide by 3P NMR showed that as incre-
ments of the acetylene were added AA’BB’ spectra at-
tributable to both 4a and 4b grew in while that for 1
showed a corresponding decrease. During the course of
the experiment, the relative amounts of 4a and 4b ap-
peared to remain approximately the same, and complete
conversion had occurred at the point where slightly more
than 1 equiv has been added. No other species were de-
tected. In a separate experiment the mixture of 4a and
4b used to obtain the 3'P NMR spectrum shown in Figure
2 (CH4Cl,/CDyCl, solution) was allowed to stand, and after
2 days nearly complete isomerization of the 4b present to
4a had occurred. These experiments suggest that in the
reaction of 1-3 to give 4—6 both isomers a and b are formed

Mague et al.

initially in the reaction. It seems unlikely that isomer b
is the sole initial product for two reasons. First, the relative
amounts of 4a and 4b observed in the former experiment
appear to remain approximately the same throughout its
course and there is more of 4a present. In addition, this
experiment required about 3 h to complete while the
isomerization of 4b to 4a took much longer. It thus ap-
pears that while isomer b can only be formed in significant
amounts from [Ir,(CO)4(u-CO)CH{DPM),]*, isomer a re-
sults from the reaction of either this species or its decar-
bonylation product [Iry(CO),(u-CO)(u-Cl)(DPM),]*. The
relative proportions of the two isomers obtained from 1-3
in any given preparation must therefore depend upon both
the reaction time and the extent to which these become
decarbonylated prior to the addition of the acetylene
(partial conversion of 1-3 to [Iry(CO),(u-CO)(u-Cl)-
{(DPM),]* occurs on dissolution in the absence of carbon
monoxide?).

While it is tempting to attribute the formation of two
isomers of 4-6 when DMAD reacts with 1-3 and only one
when the reactant is [Iro(CO)5(u-CO){u-Cl)(DPM),]* to the
fact that the iridium atoms are nonequivalent in the former
and equivalent in the latter, the available data are insuf-
ficient to permit a detailed discussion of the mechanism.
It is clear however that isomer a is the thermodynamically
stable isomer of 4-6 since, as discussed above, isomer b
converts to isomer a on standing in solution, but we have
been unable to effect the reverse conversion. The mech-
anism of the isomerization is unclear since its rate does
not appear to be markedly affected by the presence of
either carbon monoxide or chloride ion. We tentatively
suggest that it could occur by loss of the axial chloride
ligand in isomer b which would allow the carbonyl ligand
on this same metal to move toward the site thus vacated.
Reattachment of the chloride ligand on the opposite side
of this carbonyl ligand would then form isomer a. In
support of this we note that the axial Ir-Cl distance in
[Ir,(CO)4Cly(u-H4CO,CC=CCO,CH,;)(DPM),] is quite
long,? suggesting that the axial chloride ligand in isomer
b could be rather weakly bound.

In contrast to the related rhodium complexes studied
earlier,! no evidence was found for bridging carbonyl lig-
ands reflecting the decreased tendency of third-row ele-
ments to support this mode of carbon monoxide coordi-
nation.

Complex 1 also reacts readily with methyl propiolate to
give yellow crystals of 7, which is formulated as [Ir,-
(CO)sCl(x-HC=CCO,CH,)(DPM),|BPh,. That the acet-
ylene has reacted to form a dimetalated olefin rather than
an acetylide is indicated by the absence of an infrared
absorption attributable to vo—c'* and the presence of a
band of medium intensity at 1533 em™ that is comparable
to those assigned to vc—c in 4-6. Furthermore there is no
evidence for an Ir-H resonance in the tH NMR spectrum
that would result were oxidative addition of the acetylenic
C-H bond to have occurred. While this is not not nec-
essarily conclusive since elimination of HCI or loss of a
proton could have occurred subsequently, the analytical
and infrared data support the presence of one chlorine and
one tetraphenylborate ion in the product making both of
these possibilities unlikely. Finally, the infrared spectrum
in the carbonyl region is quite similar to those found for
4-6. Interestingly the 3P NMR spectrum shows a single
AA’BB’ pattern, indicating that only one isomer is formed.
Although it is not possible to say with certainty which of
the two possible orientations of the methyl propiolate

(14) Hutton, A. T.; Pringle, P. G.; Shaw, B. L. Organometallics 1983,
2, 1889.
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Figure 1. Reaction chemistry of [Irg(CO)3(u-CO)CI(DPM),]* and derivatives: (a) R:Cy (R = CO,CH;, A = BPh,, PFg, ClO,); (b) 4,
THF, CO; (¢) L = CN-t-Bu, A = BPhy; (d) A, THF/acetone, A = PFg, ClO,. (e) A, THF /acetone, A = BPh,. (f) L = CO, P(OCHy);,

A =ClO, (g) L = CO, CN-t-Bu, A = BPh,.

ligand is present, we feel that that shown is more likely
since it places the less electronegative carbon on the metal
that formally bears the positive charge. The ready for-
mation of 7 contrasts with preliminary observations on the
rhodium systems [Rhy(CO),(u-X)(DPM),]PF; (X = Cl,
0,CCH_;) where methyl propiolate reacts with difficulty
if at all and then no dimetalated olefin complex forms.,!*
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=
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7.R = CO2CH3z

Prolonged refluxing of 5a,b and 6a,b in tetrahydrofuran
yields red-brown 8 and orange 9 which are obtained as
tetrahydrofuran solvates and which show only two carbonyl
bands in their infrared spectra. They are therefore for-
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8. A= PF@. R COzCH3
9, A= ClOq, R = CO2CH3

(15) Mague, J. T.; McCurdy, W., unpublished observations.
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Figure 2. The 3'P{'H} NMR spectrum of [Irs(CO)sCl(u-
H;C0,CC=CCO,CH;)(DPM),]BPh, (4). Peaks marked b are
those assigned to isomer 4b; the remainder are assigned to isomer
4a.

mulated dicarbonyl species. The 3P NMR spectra of both
complexes at room temperature consist of two broad,
featureless resonances; however, at temperatures below —12
°C they appear as pairs of approximate triplets. Evidently
the chemical shift difference between the two pairs of
phosphorus nuclei is sufficiently large that the spectra are
approximately first order. We attribute the dynamic be-
havior observed at higher temperatures to exchange of
chloride between the two ends of the molecule, viz., eq 1.
Although we have not been able to detect the presence of
the proposed chlorine-bridged intermediate, in the related
species derived from hexafluorobuty-2-yne, this species has
been detected in solution at low temperature.? Although
it could be argued that the fluxional behavior is the result

-30 -36
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of rapid exchange of the solvating tetrahydrofuran at the
formally positive iridium atom, this does not seem likely
since this should only affect the resonance of the phos-
phorus nuclei attached to this iridium while in fact both
resonances broaden to the same extent as the temperature
is raised. Indeed if tetrahydrofuran is added to a di-
chloromethane solution of 9 at —20 °C, the 'P NMR shows
that the high-field resonance is unaffected but the low-field
resonance collapses to a broad, featureless absorption.
Further addition of a few drops of acetonitrile to this
solution causes the color to change from red-orange to
yellow, and the P NMR spectrum now consists of a
nonfluxional AA’'BB’ pattern over the temperature range
—20 to +30 °C with §(P) of -16.8 and —37.6. This is at-
tributed to the formation of [Ir,(CO),ClI(INCCHg)(u-
H,CO,CC=CCO,CH3){DPM),]Cl0, in which the solvent
molecule is bound sufficiently strongly that no exchange
occurs. A similar result is seen when chloride ion is added
to a solution of 9 whereupon the color becomes yellow and
a static spectrum identical with that observed for 12 (vide
infra) is now seen. This spectrum is unaffected by the
presence of excess chloride, suggesting that 12 does not
readily exchange chloride. The observation of the chloride
exchange process in 8 and 9 provides further support for
the structure assigned since if the chloride ligand were
along the metal-metal axis, this process would be expected
to be far less facile.

Complexes 8 and 9 readily react with carbon monoxide
to regenerate 5 and 6, respectively (isomer a only) while
9 also adds 1 equiv of trimethyl phosphite to yield 10 which

0 P P
E\Il i/céo Clo
—Jdr r— 4
PR ‘s P

10, R= CO,CH3, L = P(OMe )3

is formulated as [Iry(CO)(P(OCH,);)Cl(u-H;CO,CC=
CCO,CH3)(DPM),]ClO, on the basis of elemental analysis
and infrared spectral data. Although two isomers are
possible, only one appears to be formed, and while it is not
possible with the data available to determine which is
produced, that shown is preferred on steric grounds. The
SIP NMR spectrum shows multiplets assignable to the
phosphite and DPM phosphorus atoms but is not of suf-
ficient resolution to permit a detailed analysis. The
chemical shifts of the DPM ligand are very similar and in
the range expected but that for the phosphite is consid-
erably upfield from what has been found previously for the

Mague et al.
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Figure 3. The 3P{!H} NMR spectra of [Iry(CO),Cl(u-
H3;CO,CC=CCO,CH,;)(DPM),]BPh,, isomer 4a (top), and [Ir,-
(CO)a(CsH5)(ﬂ-HgCOgCC=00020H3)(DPM)g]BPh4, 13 (bOttOm)

Figure 4. Perspective view of the dimeric cation [Iry(CO)3Cl-
(u-H;CO,CC=CCO,CHy)(DPM),]* of 5a. Thermal ellipsoids are
drawn at the 50% probability level. The numbering of the carbon
atoms in the phenyl rings continues sequentially around each ring
from those labeled.

related rhodium complex [Rhy(P(OCHj3)3)(0,CCHg)(u-
CO)(u-HzCO,CC=CCO,CH;)(DPM),]PF; (6(P), 118.2)!
and for several mononuclear iridium phosphite complex-
es.!® At present we have no explanation for this result.
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Unlike 5 and 6, 4 does not undergo simple thermal de-
carbonylation. When refluxed in tetrahydrofuran under
a dinitrogen purge, the solution changes from yellow to
orange to dark red but a yellow solid also separates after
several hours. The red crystals obtained from the solution
analyze as [Ir,(CO),(CgH;)(u-H;CO,CC=CCO,CH,)-
(DPM),]BPhC HO (11) while the yellow precipitate is
characterized as [Iry,(CO),Cly(u-H;CO,CC=CCO,CHy)-
(DPM),] (12). While 12 is fully characterized by the
analytical and spectroscopic data provided in the Exper-
imental Section (AA’BB’ pattern for the 'P NMR spec-
trum), we note that the same complex has been prepared
independently by another route and structurally charac-
terized by X-ray crystallography.? The spectroscopic data
for both samples are in good agreement.
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12. R = COxCH3
11, R = CO2CH3

For the characterization of 11 we note that it contains
no chloride, has infrared and 3P NMR (AA’BB’ pattern)
spectra very similar to those for 8 and 9, and shows no
spectroscopic evidence for the presence of a hydride or an
ortho-metalated ligand. Further, the 'H NMR spectrum
shows that both carboxymethyl groups of the olefinic lig-
and remain intact while the infrared spectrum confirms
that the tetraphenylborate counterion is still present. Thus
it appears that 11 has a structure very similar to that for
8 and 9 with evidently the same formal oxidation states
for the two metal atoms. This in turn indicates the
presence of a formally uninegative ligand bound to one
metal. The observation that the 3P NMR spectrum shows
no evidence for fluxionality at room temperature indicates
that unlike 8 and 9, this ligand must not be capable of
bridging the two metals. All the data are thus consistent
with 11 containing an iridium-bound phenyl group, and
it is only with this formulation that the analytical data can
be satisfactorily fit. (While it could be argued that the
presence of solvating tetrahydrofuran weakens this argu-
ment, careful integration of the 'TH NMR spectrum shows
that there is exactly one solvent molecule present per
dimer). The source of the phenyl ligand must be the
tetraphenylborate ion, and while this transformation is rare
in transition-metal chemistry, it has been found previously
that [PtH(NO,)(PEt;),] reacts with sodium tetraphenyl-
borate in methanol to yield [Pt(CqH;)(PEts)y(u-H)Pt-
(H)(PEty);]BPh,.!"!1®  Also sodium tetraphenylborate is
known to react readily with mercury(II) chloride to pro-
duce phenylmercuric chloride.’®* While the details of the
conversion of 4 to 11 have not been elucidated, monitoring
the reaction by 3P NMR spectroscopy shows that a
fluxional species that appears to be analogous to 8 and 9
is formed after short reaction times. Since 4 can be re-
covered unchanged (except for the isomerization noted

earlier) when refluxed under carbon monoxide, it appears
that the [Ir,(CO),Cl(u-H;CO,CC=CCO,CH;)(DPM),]*

(16) Meakin, P.; Jesson, J. P. J. Am. Chem. Soc. 1974, 96, 5751.

(17) Deeming, A. J.; Johnson, B. F. G.; Lewis, J. J. Chem. Soc., Dalton
Trans. 1973, 1848.

(18) Bracher, G.; Grove, D. M.; Venanzi, L. M.; Bachechi, F.; Mura,
P.; Zambonelli, L. Angew. Chem., Int. Ed. Engl. 1978, 17, 778.

(19) Coates, G. E.; Wade, “Organometallic Compounds”; Methuen:
London, 1967; Vol. I, p 216.
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cation is the reactive species toward tetraphenylborate.
Further evidence for the formulation of 11 will be discussed
below.

Complex 11 reacts readily with carbon monoxide to
afford a yellow species showing three terminal carbonyl
absorptions very similar to those observed for 4-6 and
analyzing as [Iry(CO);(C¢Hp)(u-H3CO,CC=CCO,CH,)-
(DPM),]BPh, (13). Significantly, however, the 'P NMR
spectrum of 13 is noticeably different from that for 4
(Figure 3), indicating further that unlike 8 and 9 which
add carbon monoxide to regenerate 5 and 6, 11 cannot
contain the [Iry(CO),Cl(u-H;CO,CC=CCO,CH;)(DPM),}*
cation.

0 P
o~
-1, ro— 4

| “e=¢7|

P RP

13, R = CO,CH3, L= CO

To further confirm the identity of 11 and the source of
the phenyl group, [Ir,(CO);Cl(x-H;CO,CC=CCO,CHj,)-
(DPM),]B(p-tol), was prepared by the route used for 4 but
with sodium tetra-p-tolylborate and was refluxed in tet-
rahydrofuran under a dinitrogen purge. As with 4, 12
precipitates from the solution and from the filtrate was
obtained a red crystalline solid (14) having virtually
identical spectroscopic properties to that found for 11 apart
from the obvious differences due to the p-tolyl moieties
present. Complex 14 also reacts readily with carbon
monoxide to yield yellow 15 having spectroscopic prop-
erties essentially the same as those for 13. Attempts to
convert 15 to its perchlorate salt were unsuccessful, and
while it seemed reasonable that 15 is the p-tolyl analogue
of 13, the presence of the tetra-p-tolylborate anion made
it impossible to confirm the presence of an iridium-bound
p-tolyl group. Therefore, 9 was refluxed with 1 equiv of
sodium tetra-p-tolylborate in tetrahydrofuran. The re-
sulting dark red solution was reacted with carbon mon-
oxide to give a yellow solution from which yellow crystals
of 16 were obtained that have identical infrared and 3'P
NMR spectra to those for 13 and 15 apart from those
differences due to the different counterions. The signif-
icant feature of the '!H NMR spectrum of 16 is a new
singlet resonance at 2.02 ppm that is slightly upfield of the
p-methyl resonance for the tetra-p-tolylborate ion and
integrates correctly for one methyl group. These results
confirm that 15 and 16 contain the same cation and that
14 and 15 are the p-tolyl analogues of 11 and 13, respec-
tively. This result further suggests that it is [Ir,-
(CO)4Cl(u-H;CO,CC=CCO,CH;)(DPM),]* which is the
reactive species toward the tetraphenylborate ion.

Complex 11 reacts readily with 1 equiv of tert-butyl
isocyanide to yield off-white crystals of 17 that on the basis
of analytical and spectroscopic data (AA’BB’ pattern for
the 3P NMR spectrum) can be formulated as [Ir,(CO),-
(CNC(CHjy);)(CgHs) (u-H3;CO,CC=CCO,CH,3)(DPM),]-
BPh,. Although the precise stereochemistry is uncertain,
the relatively large separation of the carbonyl stretching
frequencies suggests that the carbonyl groups are in rather
different environments and the structure shown is the most
probable.

An excess of tert-butyl isocyanide reacts with 4a to re-
place the chloride and all the carbonyl ligands. Addition
of 1 equiv of sodium tetraphenylborate allows the isolation
of 18, which is characterized by analytical and spectro-
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scopic data as [Iry(CNC(CHj;)s)(p-H;CO,CC=
CCO,CH;3)(DPM),]1(BPh,),;. The complex is thus the
iridium analogue of [Rhy(CNC(CHg)s)(u-RC=CR)-
(DPM),](BPh,),; (R = CO,CH;, CF;)! and is assigned a
comparable structure. Complex 18 is also the major
product from the reaction of dimethyl acetylenedi-
carboxylate with [Iry(CNC(CHg)s),(u-CO)(DPM),]-
(BPh,),,? but the need to carry out the reaction at reflux
in tetrahydrofuran seems to lead to the formation of some
side products that were difficult to remove. Reaction of
4a with 1 equiv of tert-butyl isocyanide yields a bright
yellow solid that analyzes for [Ir;(CO);(CNC(CHj)3)Cl(u-
H,C0,CC=CCO,CH;)(DPM),]BPh;?*® however, the
spectroscopic data indicate that this material is not a single
compound. The major component as judged by the 'H and
31P NMR spectra is most probably the chloro analogue of
17. At least one other species appears to be present, but
attempts to remove the impurities were unsuccessful.
Crystallographic Studies. The structure of 5a con-
sists of discrete, binuclear cations [Irs(CO);Cl(n-
H,CO,CC=CCO,CH3)(DPM),]* and hexafluorophosphate
anions interspersed with molecules of solvent acetonitrile.
There are no unusually short intermolecular contacts. A
perspective view of the cation is presented in Figure 4. The
two iridium atoms are bridged by the two DPM ligands
that occupy axial positions and the dimetalated olefin
moiety that occupies the equatorial plane. The coordi-
nation in the equatorial plane is completed by two carbonyl
ligands on Ir(1) and by a carbonyl and a chlorine ligand
on Ir(2). The C(4)-C(5) distance of 1.330 (7) A compares
favorably with that found in [Iry(CO),Cly(u-HzCO,CC=
CCO,CH,)(DPM),]2 (1.345 (8) A) and in [Rhy(P-
(OMe);)(0,CCH;) (u-CO) (u-HzCO,CC=CCO,CH;)-
(DPM),]PF¢2 (1.342 (17) A) and with the correspondingly
comparable Ir(1)-C(5) and Ir(2)-C(4) distances clearly
indicates that the dimethyl acetylenedicarboxylate is
bound as a dimetalated olefin. The Ir(1)-Ir(2) distance
of 2.8933 (2) A is only slightly longer than the corre-
sponding distances found in [Iry(C0O),Cly(u-H;CO,CC=
CCO,CH,)(DPM),] (2.7793 (3) A),? [Iry(CO),Cly(u-CO)-
(DPM),] (2.779 (1) A),% and [Ir,(CO),(u-CO)(u-S)(DPM),]
(2.843 (2) A),2 all of which are proposed to contain a
metal-metal single bond. On the other hand, it is con-
siderably shorter than the nonbonded Rh-Rh separation
(3.386 (1) A) found in the related complex [Rh,(P-

(20) Anal. Caled for Cg;Hg,P,OsCINBIr,: C, 58.30; H, 4.62; Cl, 0.78.
Found: C, 58.4; H, 4.6; Cl, 0.98.

(21) Mague, J. T. Inorg. Chem. 1983, 22, 45.

(22) Kubiak, C. P.; Woodcock, C.; Eisenberg, R. Inorg. Chem. 1980,
19, 2733.

Mague et al.

(OMe);3)(0,CCH;) (u-CO) (p-H4CO,CC=CCO,CH,)-
(DPM),)PF..2! Formally each iridium atom would have
a 17-electron configuration in the absence of metal-metal
interaction so that to accomodate the observed dimagne-
tism, some form of metal-metal interaction is necessary.
That this is best considered to be a metal-metal bond is
indicated by the intraligand phosphorus-phosphorus
separations (P(1)--P(4) = 2.961 (2) A; P(2)-P(3) = 2.979
(2) A) that are definitely longer than the metal-metal
distance.

The ligands about Ir(2) are disposed in a very nearly
square-pyramidal array. The largest deviation is with P(3)
that is canted away from C(4) presumably to minimize
contacts between the methyl group attached to O(5) and
the phenyl group that lies just above it. The coordination
about Ir(1) is considerably more distorted from a square-
pyramidal geometry. This is reflected both in the C(5)-
Ir(1)-C(10) angle of 159.8 (2)° (cf. the C(4)-Ir(2)-Cl angle
of 179.1 (1)°) and the significant bending of P(1) and P(2)
toward O(7). Also, C(9) is 10° closer to being collinear with
the Ir(1)-Ir(2) vector than is C(11). This last distortion
together with the large Ir(1)-C(5)-C(6) angle of 131.2 (5)°
is probably to avoid too close a contact between the car-
bonyl (C(9)0(2)) and carboxymethyl groups. As it is, the
C(9)--0(7) distance of 2.785 (6) A is only slightly longer
than a normal van der Waals contact. The reason for the
displacement of the carbonyl group C(10)O(1) toward the
chloride is less clear, but it may be that this position allows
it to most satisfactorily “interleave” between the ortho
hydrogen atoms of the phenyl groups on that side of the
molecule. There is also no immediately obvious reason for
the bending of P(1) and P(2) toward O(7). Possibly this
may be also to minimize contacts between the carbonyl
group C(10)O(1) and the adjacent phenyl rings, but it also
appears from inspection of models that the bending of P(3)
toward the chloride tends to cause at least P(2) to bend
toward O(7) in order to avoid straining the P(2)-C(2)-P(3)
angle.

As was observed in [Rhy(P(OMe)3)(u-CO) (u-MeQ,CC=
CCO,CH,)(0,CMe)(DPM);]PF¢?! the carboxymethyl
groups are nearly perpendicular to one another (interpla-
nar angle 85.7°), which serves to minimize the contacts
between them and with the adjacent carbonyl ligands.
Also as is generally observed in complexes of this type, the
phenyl groups are staggered and the methylene carbon
atoms of the DPM ligands are both on the same side of
the molecule as the dimetalated olefin ligand, which best
serves to minimize intramolecular contacts. The phenyl
groups are planar within experimental error, and their
metrical parameters are unexceptional. Both the hexa-
fluorophosphate ion and the solvent acetonitrile also have
normal geometries.

Conclusions

The complexes [Ir,(CO);Cl(u-CO)}DPM),]A (A = BPh,,
Cl0,, PF;) readily react with dimethyl acetylenedi-
carboxylate and methyl propiolate to form binuclear de-
rivatives in which the acetylenes are bound as dimetalated
olefins. These lose one carbonyl group on refluxing under
nitrogen and when the counterion is tetraphenylborate
react with this ion to form a mixture of [Iry(CO),Cly(u-
HaCOZCC=CCOQCH3)(DPM)2] and [Irg(CO)Q(CGH5)(ﬂ-
H,C0,CC=CCO,CH,)(DPM),]BPh,. The decarbonylated
complexes can coordinate one Lewis base ligand. The
structure of [Iry(CO);Cl(u-H;CO,C=CCO,CH,)(DPM),]-
PFg has been determined.
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The reactions of trans-[IrC1(CO)(DPM)], with dimethyl acetylenedicarboxylate (DMA), hexafluro-2-butyne
(HFB), and acetylene yield the species [Ir,Cl,(CO),(u-RC,R)(DPM),] (R = CO,CH;, CF3, H) in which the
alkyne ligand bridges the two iridium centers as a cis-dimetalated olefin. In contrast, no reaction is observed
with 2-butyne. Refluxing the DMA and HFB adducts in toluene results in CO loss to produce [Ir,Cly-
(CO)(u-RC,R)(DPM),] (R = CO,CH;, CF3). The reaction of [Ir,Cly(CO),(u-RC,R)(DPM),] (R = CO,CHj,,
CF,;) with AgBF, produces the cationic compounds [Ir,C1(CO),(x-RC,;R)(DPM),][BF,] that are observed
to be fluxional on the NMR time scale. Isomers of these latter two compounds can be prepared by the
reaction of DMA and HFB with [Ir,(CO),(u-CH(DPM),]{BF,]. Both sets of isomers react with CO to give
[Ir;CI(CO)3(u-RC,R)(DPM),][BF,]. Refluxing these tricarbonyl species regenerates the isomers obtained
by the AgBF, route. [Ir;Cly(CO),(n-DMA)(DPM),]-2CH,Cl, crystallizes in the space group P1 with a =
11.880 (2) A, b = 23.514 (3) A, ¢ = 11.689 (1) A, o = 95.429 (9)°, 8 = 110.389 (9)°, v = 77.999 (10)°, and
Z = 2. The structure was refined to R = 0.037 and R,, = 0.067 based on 7796 unique observed reflections

and 367 variables.

Introduction

The chemistry of DPM-bridged, binuclear complexes of
rhodium (DPM = Ph,PCH,PPh,) with activated acety-
lenes such as dimethy) acetylenedicarboxylate (DMA) and
hexafluoro-2-butyne (HFB) is now rather well estab-
lished.'® In all cases reported, the acetylene molecules
are found to bridge the two metal centers parallel to the
metal-metal axis, in what is often referred to as a cis-di-
metalated olefin geometry. This is in constrast to an
analogous DAM-bridged cobalt species (DAM =
Ph,AsCH,AsPh,)” in which the acetylene molecule binds
perpendicular to the Co—Co bond in a pseudotetrahedral
geometry and to some binuclear rhodium complexes, not
bridged by DPM or similar groups, which also display the
pseudotetrahedral acetylenic binding mode.®?

We have shown, for example, that the binuclear com-
plexes [RhyX,(u-CO)(DPM),] and trans-[RhCI(CO)-

(1) (a) Cowie, M.; Southern, T. G. J. Organomet. Chem. 1980, 193,
C46. (b) Cowie, M.; Southern, T. G. Inorg. Chem. 1982, 21, 246.

(2) Cowie, M.; Dickson, R. S. Inorg. Chem. 1981, 20, 2682.

(8) Mague, J. T.; DeVries, S. H. Inorg. Chem. 1982, 21, 1632.

(4) Mague, J. T. Inorg. Chem. 1983, 22, 1158.

(5) Cowie, M.; McKeer, J. R. Inorg. Chim. Acta 1982, 65, L107.

(8) Cowie, M.; Dickson, R. S.; Hames, B. W. Organometallics, follow-
ing paper in this issue.

(7) Bird, P. H.; Fraser, A. R.; Hall, D. N. Inorg. Chem. 1981, 20, 2682.

(8) Dickson, R. S.; Pain, G. N.; Mackay, M. F. Acta Crystallogr., Sect.
B 1979, B35, 2321.

(9) Bennett, M. A.; Johnson, R. N.; Robertson, G. B.; Turney, T. W.;
Whimp, P. O. Inorg. Chem. 1976, 15, 97.

(DPM)}, (X = Cl, Br, I) react with DMA and HFB to yield
the unusual species [RhyX,(u-CO)(u-RC,R)(DPM),] (R =
CO.Me, CF;),! in which the bridging acetylene group is
accompanied by a bridging carbonyl ligand and no met-
al-metal bond. The resulting carbonyl geometry (with
angles about carbon of near 120°) is found to be more
reminiscent of an organic carbonyl than of a classical
inorganic carbonyl group. Somewhat analogous complexes,
also containing “ketonic” carbonyl groups, have recently
been prepared by the reaction of [Rhy(CO)y(u-
0,CCH;)(DPM),]* with the above activated acetylenes.®*
The acetylene-bridged complexes [RhyX,(u-RC,R)(DPM),]
have also been prepared,? and their metal-metal bond
reactivities have recently been studied.?¢

However, at the time this study was undertaken, no
analogous chemistry of binuclear, DPM-bridged complexes
of iridium had been reported. We therefore sought to
extend the acetylene chemistry of the rhodium complexes
to those of iridium, anticipating that a broader range in
reactivities might be observed. Herein, we report the re-
sults of this study, a preliminary report of which has
previously been presented.!°

Experimental Section

All solvents were appropriately dried and distilled prior to use
and were stored under dinitrogen. Reactions were performed

(10) Cowie, M.; Sutherland, B. R. Abstract IN8-8, 66th Canadian
Chemical Conference; Calgary, June 1983.
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