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anthroline is effectively removing some of the catalyst
from the reaction chain. Pyridine competes with o-
phenanthroline for the rhodium(I), and to whatever
extent it forms complexes with the labile metal, the
catalyzed pyridination is carried on. The slower rate
is the result of the decreased effective catalyst concen-
tration. The smaller inhibition of the alcohol catalyst
compared with [Rh(CO),Cl]; can also be accounted for.
As o-phenanthroline removed rhodium(I), the excess
alcohol was able to produce more while, with the [Rh-
(CO):Cl); catalyst, only a fixed amount of rhodium(I)
was available.

The question still remained about the synthesis of
[Rh(phen),Cl,]Cl. Closer scrutiny of the procedure
indicated that the catalyst, hydrazinium chloride,
was added in sufficient quantity to reduce more than
half of the rhodium present. Furthermore, the re-
action was carried out in boiling 50% ethanol. It
may have been that the chain mechanism, with rho-
diums exchanging oxidation states, did not occur. In-
stead, all of the rhodium was reduced, underwent li-
gand exchange, and was reoxidized by the reducing
and oxidizing agents present in the reaction mixture.

OxmaTivE AppiTIoN REacTiONS oF IRDIUM(T) CoMPLEXES 27

Conclusion

The author feels that many of the data presented
in this paper are inconsistent with the catalytic species
in the pyridination of hexachlororhodate ion being
a hydride. On the other hand, nothing presented
here or elsewhere is inconsistent with the catalyst being
a rhodium(I) complex. The reagents which have
been shown to produce hydrido complexes have pre-
viously been used in such large quantities that the
small amounts of reduced rhodium needed to bring
about catalysis could easily have been formed. When
the amounts of the promoters are reduced to a mini-
mum, it is found that rhodium(I) compounds are more
active than hydride ion. Since rhodium(I) does not
form hydrido complexes under the reaction conditions,
it seems necessary to conclude that it is the primary
catalytic agent.
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A study has been made of the stereochemistry of the oxidative addition reactions of halogens, hydrogen halides, alkyl halides,

and acetyl halides with frans-[IrCl{(CO)((CeHs):PCHj).).

The stereochemistry of the resulting octahedral complexes has

been assigned by a combination of nmr and far-infrared spectroscopy. Evidence supporting a kinetically controlled #rans
addition isreported. Reactions with mercuric chloride and perflioroalkyl iodides are also described.

Oxidative addition reactions involving four- and five-
coordinate d® complexes is a subject of considerable cur-
rent interest.~® TImpetus is given to this research
by the number of homogeneous catalysts which are d®
complexes and whose mode of action involves oxida-
tive addition and its reverse, reductive elimination.*
To understand the detailed mechanisms by which such
homogeneous catalysts act requires a knowledge of the
stereochemical course of these reactions. The two-
stage oxidative addition of five-coordinate d® com-
plexes has been shown to be cis.* Herein is described
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our investigation of the stereochemistry of oxidative
additions involving planar four-coordinate complexes.

When this project was begun, the only definitive
stereochemical information concerning oxidative addi-
tions with four-coordinate complexes were the re-
sults of Basolo” on platinum(Il) amine complexes and
Vaska’s? addition of oxygen to irans-halogenocarbonyl-
bis(triphenylphosphine)iridium(I) (1, X = Cl). Re-
action of chlorine with the platinum(II) complexes af-
forded octahedral products in which the chlorine
atoms were trams,” however, it is not clear that this
configuration results from kinetic or thermodynamic
control. ¢ss addition is clearly indicated in the for-
mation of [IrX(CO)((CeHs);P)3;0.]. The apparent
cis elimination of chlorine from tetrachlorobis(tri-n-

(7) F. Basolo, J. C, Bailar, and B, R. Tarr, J, Am. Chem. Soc., 723, 2433
(1950).
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and J. A. Ibers, ¢bid., 168, 709 (1967).
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propylphosphine)platinum(IV) reported by Chatt?
might be used to advocate the ¢is mode of addition by
applying the principle of microscopic reversibility.

During the course of the present investigation it was
established that the addition of hydrogen to 1Y and
related planar iridium(I)!! and rhodium(I)® complexes
is ¢£s.1* Recently a preliminary report!® described cis
addition of gaseous hydrogen halides to solid [IrCl-
(CO)(P(CsHs)s)z]. The results presented herein, how-
ever, show that in solution preferential trans addition
takes place.1%®

Reaction of a molecule X, (X # Cl) with trans-
chlorocarbonylbis(triphenylphosphine)iridium(I) (1)
could give rise to six isomers. If, as might be expected,
the phosphine liquids remain #rams, then only two
isomers (2a and 2b) are possible as a result of cis and
trans addition, respectively

X X
L al L X L
\Ir/ 2N ™ Ir g + ™ Ir//cl
oc” oc” [Ny oc” I\
al X
1, L=P(CH,), 2a 2b

Jenkins and Shaw!* have demonstrated that it is
possible to determine the relative positions of methyl-
substituted phosphine ligands by nmr spectroscopy.
In complexes having mutually frens phosphines the pro-
ton nmr spectrum of the PCH; groups exhibits a trip-
let because of strong coupling between the #rans phos-
phorus atoms. However, if the phosphines are cis,
they behave as isolated units, and the PCH; group
gives rise to a doublet. In order to apply this tech-
nique to the present problem, it was necessary to pre-
pare methylated phosphine complexes analogous to 1.
This now famous iridium(I) carbonyl complex (1) was
first prepared in 1959 by Angoletta®® from Ir(CO);Cl
but this method has been little used, probably because
of the toil required to prepare substantial quantities of
Ir(CO);CL The usual method for preparing 1 involves
heating triphenylphosphine with an iridium(III) or
-(IV) salt in the presence of an oxygenated solvent such
as ethylene glycol' or preferably dimethylformamide.*®
When alkyl-substituted phosphines are employed,
this method fails to produce carbonyl complexes analo-
gous to 1. trams-Chlorocarbonylbis(diphenylmethyl-
phosphine)iridium(I) (3) was prepared from 1 by phos-
phine exchange (eq 1).1%1 It should be noted this type
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in press.

(17) Exchange reactions of this type have been reported in the case of the
rhodium complex isostructural with 1: H. B. Gray and A. Wojcicki, Proc.
Chem. Soc., 358 (1960).
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of thermodynamically controlled exchange cannot be
used to form the analogous triphenylarsine complex
inasmuch as triphenylphosphine is more strongly
bound to iridium. More recently, complexes such as 3
have been prepared by reducing iridium salts in a
stream of carbon monoxide in hot S-methoxyethanol
and then adding the desired phosphine or arsine,!®

(CsHs)2PCHs
trans-[1rCL{CO)(P{ CsHs)s)s] —
1 benzene
t?'ans—[IrCl(CO)((CeHa)gPCH3)2] <1>

3

The nmr spectrum of 3 revealed the expected methyl
triplet verifying the trans disposition of the two phos-
phine ligands. Using this test, trans arrangement of
the phosphine ligands was verified for all of the octa-
hedral iridium(III) complexes prepared from 3 (see
Table I).

Once the phosphines in the octahedral adducts were
shown to be frans, it became possible to elucidate the
remaining stereochemistry by use of infrared spec-
troscopy. Jenkins and Shaw!® measured the far-
infrared spectra of a series of octahedral iridium(III)
halide complexes and demonstrated that the iridium-—
chlorine stretching frequency depends primarily on the
nature of the ligand trans to the chlorine and is insensi-
tive to the cis ligands.

To determine the stretching frequency of iridium-
chlorine bonds frans to a carbonyl, trichlorocarbonyl-
bis(diphenylmethylphosphine)iridium (111} (4) was pre-
pared by treating 3 with chlorine.

(Gl CHP Ol .
PN —
0oC P(C¢H;), CH,
3
(C(;HS)ZCHgP\ }|( /Cl
e
oc”” }|( N p(CH),CH,

4,X=Cl

5,X=Br

6,X=1I

The proton nmr of 4 exhibits a PCH; triplet at ¢
7.60 establishing the stereochemistry as shown. Two
iridium—chlorine absorptions were observed at 330 and
310 ecm™!, in the far-infrared spectrum of 4. On the
basis of Shaw’s studies!® the absorption at 330 cm—1 is
assigned to the two mutually trans chlorines and the
one at 310 em™! to the chlorine trans to the carbonyl.
The absence of an additional iridium—chlorine stretch-
ing mode can be explained by the failure of a symmetri-
cal stretching motion of the collinear chlorine atoms to
produce a dipole change. A similar effect was noted by
Shaw.!9

Treatment of the chloro complex 3 with bromine and
iodine afforded [IrClBr(CO)((C¢H;).PCH;)2] (5) and
[IrCL(CO) ((CeHs):PCHs):]  (6), respectively. Thiu
layer chromatography indicated the formation of single

(18) J. Chatt, N. P. Johnson, and B. L. Shaw, J. Chem. Soc., 604 (1967).
(19) J. M. Jenkins and B. L. Shaw, ¢bid., 6789 (1965).
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TABLE I

ProTON NMR SPECTRA

Compound
[IrCI(CO)((CsH;s):PCHy)y] (3)
[IrBr(CO)((CsH;)PCH;):] (9)
[IrCl3(CO)((CeH;),PCHj)o) (4)
[IrCIBro(CO)({CeH;): PCH;)2] (5)
[IrClI(CO)((CsH;):PCH; 2] (6)
[IrCl,CH;(CO)((CeHs ). PCH3)] (7)
[IrCIBrCH;(CO)((CeH;):PCH,)z] (8A)
[IrCIBrCH;(CO)((CsH; ) PCH; )2} (8B)
[IrCLH(CO)((CeH;):PCHa)o] (11)
[IrCl(CH3CO)(CO)((CeHs):PCH;3),] (12)
[IrCIBrH(CO)((CeHs ) PCH; )] e (14)
[IrCIBr(CH;CO)(CO)((CsHs ) PCHs )¢ (18)

Chemical shift®

P-CH3 Other signals
7.75 (TR
7.65 (T)
7.60 (T)
7.60 (T)
7.62 (T)
7.51 (T) 9.64 (T)» Ir-CH;,
7.49 (T) 9.48 (T) Ir-CH,
7.49 (T) 9.65 (T) Ir-CH;,
7.52 (T) .
7.42 (T) 9.30 (S) COCH;
7.40 (T), 7.43 (T)
7.42(T) 9.20 (8), 9.30 (S) COCH;,

« Chemical shifts reported in 7 values relative to tetramethylsilane (7 10) in CDCI; using a Varian Associates A-60 spectrometer.

Coupling patterns are indicated by (T) triplet and (S) singlet.
and outer peak) were found to be 10 ¢ps.

isomers of 5 and 6, and their nmr spectra demonstrated
that the phosphines remained trans (Table I). The
frequency of the iridium-chlorine stretching absorp-
tion, in both cases, corresponds to that of a chlorine
frans to the carbonyl (Table II) and suggests frans
addition as illustrated. The stereochemistry of the
addition is apparently unaffected by the nature of the
solvent, since the results are identical when the reac-
tion is carried out in benzene or glacial acetic acid.
Because we had previously found methanol to affect
halogen exchange in analogous rhodium(III) com-
plexes,? it was necessary to show that methanol em-
ployed in the purification step had not caused isomeriza-
tion. In the case of iodine addition, a modified work-up
using nonpolar solvents gave the same results. Addi-
tional support for the improbability of isomerization dur-
ing purification was obtained by heating a mixture of
[IrCls(CO) ((C6H5) 2PCH3)2] and [II'BI‘3 (CO) ((CeHs)z—
PCH,;).] in a benzene—methanol solution under re-
flux. Thin layer chromatography established that
halogen exchange had not taken place.

The alternative reaction, addition of chlorine to
bromocarbonylbis(diphenylmethylphosphine)iridium-
(I), could not be used for this stereochemical study be-
cause chlorine was found to cleave iridium-bromine
bonds.

These methods were then applied to the addition of
methyl halides to the iridium(I) complexes. The
triphenylphosphine complex 1 adds methyl iodide?-*
but not methyl chloride. However, methyl chloride
readily combines with the diphenylmethylphosphine
complex 3. It is generally found that increasing o-
donor characteristics of the ligands attached to four-
coordinate d® compounds enhances their reactivity to-
ward alkyl halides, hydrogen halides, and oxygen.??
The methyl chloride adduct 7 exhibited iridium-chlo-
rine stretching absorption at 305 and 257 cm™! corre-
sponding to chlorine trams to carbon monoxide and
methyl, respectively. No absorption was found for
mutually irans chlorines. Thus the configuration of

(20) R.F. Heck, J. Am. Chem. Soc., 86, 2796 (1964).
(21) P. B. Chock and J. Halpern, bid., 88, 3511 (1966).
(22} See, for example, ref 5.

b All apparent coupling constants for triplets (separation between central
¢ A mixture of isomers is present.

TaBLE 11
INFRARED DATA
»(CO),%  »(Ir-CD)}?
Compound cm 1 cm 1
{IrCI{CO)((CeH;)PCH,)s] (3) 1960 312
[IrBr(CO)((CeH3 ) PCHs) (9) 1960
[IrCls(COX (CeH;):PCHy)s] (4) 2060 330, 310
[IrCIBra(CO)((CsHs e PCHs)s) (3) 2060 310
[IrCIL(CO)((CeHs)PCHs)| (6) 2060 308
[IrC1L,CH3(CO)((CeH; ). PCHs )] (7) 2025 305, 257
[IrCIBrCH;(CO)((CeH; ) PCHj;):] (8A) 2025 302
[IrCIBrCH;(CO)((CsH;):PCHj;),] (8B) 2025 255
[IrCLH (CO)((CeH5);PCH; )] (11) 2050 310, 260
[IrCl:(CH,CO)(CO)((CeHs 2 PCHy )] (12) 2050 310, 296
[IrCIBrH(CO)({CsH; ) PCHy)s] (14) 2045 311, 263
[IrCIBr(CH;CO)(CO)((CeHs):PCHa )] (15) 2050 309, 297
[IrCIIR(CO)((CeH; ). PCH,),] (16, 17, 18) 2060 315

@ KBr pellets recorded on a Perkin-Elmer Model 237 grating
spectrophotometer. ? Benzene solution in 1.0-mm polyethylene
cells recorded on a Perkin-Elmer Model 521 spectrophotometer.

the adduct is established as depicted for 7, but the
stereochemical course of the addition is not revealed.

CH,(CoHy),P o
3(CeHs)s \Ir/ cc
-
a0 T P(CH),CH,
3
CH.PEP, ™ co
ird
a” CII\P(CGH5)20H3
7

Treatment of 3 with methyl bromide afforded bromo-
chloromethylcarbonylbis(diphenylmethylphosphine)-
iridium(III) (8) in 549, yield. Both the crude prod-
uct precipitated from the reaction mixture by the
addition of n-hexane and the analytical sample re-
sulting from recrystallization from benzene-methanol
have a single iridium—chlorine stretching frequency at
302 em~l. Thus the adduct 8 has configuration A
with methyl and bromine frans—apparently the result
of trans addition. An alternative structure involving
methyl {rans to CO can be disregarded in view of struc-
ture 7 and the constant CO frequencies exhibited by
methyl halide adducts.
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The alternative isomer was obtained from the addi-
tion of methyl chloride to trans-bromocarbonylbis(di-
phenylmethylphosphine)iridium(I) (9) and precipi-
tation with #-hexane. The crude white powder ex-
hibited little absorption in the region 300~-310 cm™! but
an iridium-chlorine band was found at 255 cm~.
This indicates that the adduct 8 has configuration B—
the result of trams addition. After recrystallization
from benzene-methanol, the infrared spectrum of this
adduct showed a peak of diminished intensity at 255
cm~! and a new absorption band at 302 cm~1. Heating
a solution of 8, configuration B, in benzene—methanol at
the reflux temperature for 3 hr resulted in complete
isomerism to 8, configuration A. Thus the addition of
methyl chloride to 9 is stereospecific, #ans, and the
result of kinetic control. Addition of methyl iodide to
3 gives a similar product 10 whose configuration is A.
The ease with which configuration B isomerizes to A
illustrates the danger in concluding that the configura-
tions of the products observed from oxidative addition
reactions are kinetically determined. This is particu-
larly evident in the case of the analogous rhodium com-
plexes which are much more labile than the iridium
compounds.

CHg(CeHs)ZP\Ir /CO
PN
P(CsH;),CH,
3
\SHBX
CHy(CeHy)eP_ C]Hf,co
Piv
LiBr a” )l( S B(CH,),CH,
configuration A
8,X=Br
10,X=1
CHg(CsHs)ZP\Ir /CO
N
P(CGHé)ZCHS benzene-methanol
9
\\C‘HBCI
CH,(CeH:), P CHE/CO
~ r/
Br/ Cl\P(CGHs)ZCHs

8, configuration B

The lability of a halogen trans to a methyl group is
suggested by reaction of 8 (configuration A) with
lithium chloride in tetrahydrofuran to form the di-
chloride complex 7 in excellent yield.??

Chock and Halpern?! studied the kinetics of the
addition of methyl iodide to the planar iridium(l)
complex 1. They point out the similarity with re-
spect to activation parameters and solvent dependence
between this oxidative addition reaction and the alkyla-
tion of tertiary amines. A highly polar transition state

(28) It would be satisfying to prove that the halogen frans to the methyl
is more labile than one {raus to the carbonyl; however, it is not possible to
do so because the conditions necessary for halogen exchange will lead to
isomerization.
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was suggested for the oxidative addition reaction. It
seems likely that the isomerization from configuration
B to A involves a similar intermediate—probably a five-
coordinate complex cation,

Hydrogen chloride, acetyl chloride, and mercuric
chloride® react with 3 to form octahedral adducts
having the stereochemistry shown, 11-13. The stereo-
chemical course of these reactions is uncertain, and at-
tempts to clarify this problem by using mercuric bro-
mide were frustrated by intermolecular halogen inter-
change. This facile halogen exchange may have taken
place prior to oxidative addition. Four-coordinate
complexes such as 3 are known to be exceptionally re-
active toward nucleophilic substitution,

CH,(CH; )ZP\ /CO al
/Ir\ —
a1 P(C,Hy),CH,
3
Z
CH(CH)P, |
S
oc/cil\mcﬁﬁazcm
11.7Z=H
12.7= CH,CO
13.7 = HgCl

Treatment of 3 with either dry hydrogen bromide or
acetyl bromide afforded a mixture of two stereo-
isomers, The absence of any other products such as
those arising from halogen exchange was shown by
thin layer chromatography and elemental analyses.
The same mixtures were obtained from treatment of
the bromo complex 9 with hydrogen chloride or acetyl
chloride. Prolonged heating of the mixture of isomers
{14A and 14B) in benzene—methanol did not produce a
significant change in the isomer ratio suggesting that the
system is at equilibrium, It is possible that isomer-
ism occurs in the work-up of 14 and 15 rather than
during the addition reactions.

CH,(CeH, )P CO
3( 6 5)2 \Ir/ 7-Br
C]/ \P(CGH5)2CH3
3
Z Z
CH3<C5H5>2P\ I ’,CO CHs(CsH;',)zP\ ’fCO
\II‘/ b Ir/
a” | pcacn, B | “P(CHo.CH,
Br Cl
A B
14.72=H
15.Z = CH,CO

Another attempt to form a single sterecisomer of 15
was made by treating the methyl bromide adduct 8A
with carbon monoxide, No reaction was observed,
although carbonylation has been reported in the closely
related complex, [RhCIICH;(CO) ((n-C4H,)3P)2].2

In the course of this work, addition of perfluoroalkyl
iodides to the iridium(I) complex (3) has been studied.
The adducts 16, 17, and 18 seem to be single stereo-

(24) Previous examples of such mercuric halide additions have been de-
scribed: R. S. Nyholm and K. Vrieze, J. Chem. Soc., 5336 (1965).
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isomers as indicated by their homogeneity on thin layer
chromatograms and the presence of a single iridium—
chlorine stretching frequency. Lacking a model for the
frequency of an iridium—chlorine stretching mode for a
chlorine frans to a perfluoroalkyl group, we are unable
to assign a configuration to these adducts.

[IrCI{(CO)(P(Ce¢H;);:CHs)] + Rrl —>

3 [TrCIIR#(CO)(P(CeHs):CHis)s]
16, Rr = CF;
17, Rr = C:Fs
18, Rp = n-C3F7

Experimental Section

General Material —Refluxing and stirring of solutions of
iridium carbonyl complexes were performed under nitrogen,
Stripping of solvents was performed at reduced pressure with a
rotatory evaporator.

Chlorocarbonylbis(diphenylmethylphosphine )iridium(I) (3).—
This compound was prepared as pteviously described.'® Anal.
Caled for CyHzsC1OP:Ir: C,49.35; H, 3.99; Cl,5.40; P, 9.44.
Found: C, 49.67; H, 4.02; Cl, 5.05; P, 9.18.

Bromocarbonylbis (diphenylmethylphosphine )iridium(I) (9).—
A procedure analogous to that used for preparation of chloro-
carbonyl 3 gave a 629, yield of 9. Anal. Caled for CuHy-
BrOP,Ir: C, 46.23; H, 3.73; P, 8.38; Br, 11.39. Found: C,
46.42; H, 3.99; P, 8.78; Br, 11.00.

Trichlorocarbonylbis(diphenylmethylphosphine )iridium (IIT)
(4).—To a solution of 0.20 g (0.30 mmole) of chlorocarbonyl 3
in 30 ml of methylene chloride was added an excess of a solu-
tion of chlorine in methylene chloride. After stirring for 30 min,
the solution was evaporated to dryness under reduced pressure.
Recrystallization of the residue from methylene chloride~meth-
anol afforded 0.16 g (739%,) of yellow crystals. Amnal. Caled
for CmHzeClaOPzIr: C, 44.55,’ H, 3.60; Cl, 14.61; P, 8.51.
Found: C, 44.76; H, 3.72; Cl, 14.19; P, 8.38.

Chlorodibromocarbonylbis(diphenylmethylphosphine )iridium-
(III) (5). Procedure A.—To 0.33 g (0.5 mmole) of chlorocar-
bonyl 3 dissolved in 30 m! of benzene was added 1 equiv of bro-
mine in benzene and the mixture was stirred for 1 hr. Upon
addition of hexane, the small amount of white precipitate which
formed was discarded. The volume of the yellow solution was
reduced on a rotatory evaporator until the product separated as a
yellow powder, which was washed with #n-hexane and air-dried.
The product recrystallized from benzene~methanol or methylene
chloride-methanol had far-infrared spectra identical with that
of the unrecrystallized powder.

Procedure B.—To 0.20 g (0.3 mmole) of chlorocarbonyl 3 in
50 ml of glacial acetic acid was added an excess of bromine in
acetic acid. The mixture was stirred for 1 hr. The solution
was poured into a benzene—water mixture and the benzene layer
separated and evaporated to dryness under reduced pressure.
Recrystallization of the residue from benzene—methanol afforded
0.060 g (25%) of yellow crystals. Anal. Caled for CyHy-
Br,Cl1OP,Ir: C, 39.76; H, 3.17; Br, 17.63; Cl, 4.35; P, 7.61.
Found: C,39.91; H, 3.34; Br, 17.76; Cl, 4.20; P, 7.57.

Chlorodiiodocarbonylbis(diphenylmethylphosphine )iridium-
(III) (6). Procedure A.—To a solution of 0.40 g (0.6 mmole)
of chlorocarbony! 3 in 20 ml of benzene was added 0.16 g of iodine
in 20 ml of benzene. The mixture was stirred for 1 hr. TUpon
the addition of hexane and reduction of the volume of solution,
the orange product precipitated. Recrystallization from ben-
zene~cyclohexane afforded 0.19 g (359%,) of 6.

Procedure B.—To 0.40 g (0.6 mmole) of chlorocarbonyl 3 in 20
ml of glacial acetic acid was added 0.16 g of iodine and the mix-
ture stirred for 1 hr. The solution was poured into a benzene-
water mixture, and the benzene layer was separated and evapo-
rated to dryness under reduced pressure. Recrystallization of
the residue from benzene—methanol afforded 0.465 g (85%) of
orange crystals. A4d#xal. Caled for CyuHyClL,OPIr: C, 35.60;
H, 2.87; P, 6.79; I, 27.86. Found: C, 35.96; H, 3.06; P,
6.99; I, 27.76.

C(IID) (7).
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Tribromocarbonylbis(diphenylmethylphosphine )iridium (III),—
To 0.20 g (0.28 mmole) of bromocarbonyl 9 in 20 ml of benzene
was added an excess of bromine in benzene and the mixture was
stirred for 15 min. Upon the addition of methanol, the product
separated and was collected by filtration. Recrystallization
from benzene-methanol afforded 0.16 g (67%,) of the yellow
crystals. Infrared absorption (KBr) occurred at 2060 cm™!
(CO). Anal. Caled for CyHyBriOPIr: C, 37.65; H, 3.04;
P, 7.19; Br, 27.93. Found: C, 38.77; H, 3.23; P, 7.57; Br,
27.93.

Attempted Halogen Exchange between Trichlorocarbonylbis-
(diphenylmethylphosphine )iridium(III) and Tribromocarbonyl-
bis(diphenylmethylphosphine )iridium(III).—Ten milligrams of
both trichloro- and tribromocarbonylbis(diphenylmethylphos-
phine)iridium(III) were dissolved in 5 ml of a benzene-hexane
mixture (50:50 v/v). A thin layer chromatogram on silica gel
showed two spots. A similar mixture was prepared in a ben-
zene-methanol (50:50 v/v) mixture and heated at the reflux
temperature for 15 min. Thin layer chromatography showed
only two spots, indicating that halogen exchange had not oc-
curred; neither did the addition of chlorocarbonyl 3 to the solu-
tion cause exchange.

Dichloromethylcarbonylbis(diphenylmethylphosphine )iridium-
Procedure A.—Methyl chloride (5 ml) was condensed
in a glass tube of approximately 30-ml volume, which contained
0.40 g (0.6 mmole) of chlorocarbonyl 3. The tube was sealed and
allowed to stand at room temiperature for 3 days. Excess methyl
chloride and solvent were allowed to evaporate. Repeated re-
crystallization from benzene-methanol afforded 0.10 g (24%) of
the snow white crystals. Anal. Caled for CpHpClOP,Ir:
C, 47.54; H, 4.13; Cl, 10.02; P, 8.76. Found: C, 47.17; H,
4.36; Cl,9.52; P, 8.51.

Procedure B.—A mixture of 0.10 g (0.13 mmole) of bromo-
chloromethylcarbonyl 8A and 2.0 g of lithium chloride in 50 ml
of tetrahydrofuran was heated at reflux for 6 hr. The mixture
was allowed to cool to room temperature and poured into a ben-
zene—water mixture. The benzene layer was separated and
evaporated to dryness under reduced pressure. Recrystalliza-
tion from benzene-methanol afforded 0.065 g (71%) of 7, iden-
tified by comparative thin layer chromatography on silica gel
with an authentic sample prepared by procedure A and by its
far-infrared spectrum.

Bromochloromethylcarbonylbis(diphenylmethylphosphine)-
iridium(III) (8). Configuration A.—A solution of 0.5 g (0.76
mmole) of chlorocarbonyl 3 in 20 ml of toluene was treated with
5 ml of methyl bromide at room temperature for 1 hr. A Dry Ice
condenser was used to return methyl bromide to the reaction
vessel. At the end of this period, the condenser was removed
and the excess methyl bromide was allowed to evaporate.

A large volume of hexane was added to precipitate the product,
which was washed with hexane. The far-infrared spectrum
of the crude product exhibits only one iridium-chlorine absorp-
tion at 302 cm ™!, Recrystallization afforded 0.33 g (564%) of the
white product. Infrared absorption (KBr) occurred at 2025
em™! (CO) and (Ce¢Hg) at 302 ecm™! (Ir-Cl). Anal. Caled for
CysHzBrCIOP:Ir: C, 44.72; H, 3.75; Br, 10.83; Cl, 4.72; P,
8.24. Found: C, 44.41; H, 4.23; Br, 10.00; Cl, 4.62; P,
8.10.

Configuration B.—Methyl chloride (10 ml) was condensed in a
medium-walled glass tube of approximately 30-ml capacity,
which contained a solution of 0.5 g (0.7 mmole) of bromo-
carbonyl 9 in 10 ml of benzene. The tube was sealed and allowed
to stand at room temperature for 5 days. Excess methyl chlo-
ride was then allowed to evaporate and the remaining solution
was taken to dryness under reduced pressure. The far-infrared
spectrum of the crude product shows a predominance of 8B
(infrared absorption at 255 cm~! (Ir-Cl)), although a trace of con-
figuration A was observed. The nmr spectrum exhibits only one
signal attributable to a methyl group directly bonded to iridium:
a triplet at 7 9.65, which corresponds to a methy! group irans to
Cl. This indicates that configuration B accounts for greater
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than 909, of the sample. Attempted purifications from non-
polar solvents failed. Recrystallization from benzene-methanol
decreased the ratio of 8B to 8A.

Isomerization of Configuration B of Bromochloromethylcar-
bonylbis(diphenylmethylphosphine )iridium(III) (8) to Configu-
ration A.—A solution of 0.10 g of 8B in 50 ml of a benzene—
methanol (90:10 v/v) mixture was refluxed for 3 hr. The solu-
tion was evaporated to dryness under reduced pressure. The
residue recrystallized from benzene-methanol had an iridium—
chlorine absorption band at 302 ecm™!; no absorption was ob-
served at 255 cm 1.

Chloroiodomethylcarbonylbis(diphenylmethylphosphine )irid-
ium(I) (10).—A solution of 0.30 g (0.45 mmole) of chlorocar-
bonyl 3 in 15 ml of methyl iodide was stirred at room tempera-
ture for 15 min., The solution was evaporated to dryness under
reduced pressure. Recrystallization from benzene-methanol
afforded 0.29 g (819,) of white crystals. Infrared absorption
(KBr) occurred at 2030 ecm~! (CO) and (CeHg) at 300 ecm ! (Ir—
Cl); nmr (CDCl;) occurred at (P—-CH,) r 7.40 triplet (J = 10
cps) and (Ir-CHj;) r 9.25 triplet (J = 10 eps). 4Anal. Caled for
CyuHyClIIOPR,Ir:  C, 42.09; H, 3.65; Cl, 4.44; I, 15.88; P,
7.76. Found: C,42.35; H, 3.80; Cl,4.91; I, 16.00; P, 7.85.

Dichlorohydridocarbonylbis(diphenylmethylphosphine )irid-
ium(III) (11).—To a solution of 0.15 g (0.23 mmole) of chloro-
carbonyl 3 in 20 ml of benzene was added an excess of dry hydro-
gen chloride in diethyl ether. The yellow solution instantly
turned colorless. The volume of solution was reduced under
vacuum. Upon the addition of methanol, the product pre-
cipitated and was collected by filtration, washed with methanol,
and air dried; yield, 0.090 g (569%). Infrared absorption (KBr)
occurred at 2225 cm~! (Ir-H). Anal. Caled for CyHxCLO-
P.Ir: C,46.76; H, 3.92; Cl, 10.24; P, 8.94. Found: C, 47.09;
H, 3.90; Cl, 10.56; P, 8.85.

Acetyldichlorocarbonylbis(diphenylmethylphosphine)iridium-
(III) (12).—To a solution of 0.40 g (0.6 mmole) of chlorocarbonyl
3 in 30 ml of benzene was added an excess of acetyl chloride, and
the mixture was stirred for 15 min. The mixture was evaporated
to dryness under reduced pressure. Recrystallization of the
residue from methylene chloride-methanol afforded 0.26 g (599,)
of the white product. Infrared absorption (KBr) occurred at
2050 em™! (CO) and 1630 cm ™! (acetyl CO). Amnal. Caled for
CyoHapOCLP:Ir: C, 47.35; H, 3.97; P, 8.43. Found: C, 47.61;
H, 4.15; P, 8.67.

Dichlorocarbonylbis(diphenylmethylphosphine )monochloro-
mercuryiridium(III) (13).—To 0.33 g (0.5 mmole) of chloro-
carbonyl 3 in 30 ml of benzene was added an excess of a solution
of mercuric chloride in methanol. The solution turned colorless

immediately. The volume of solution was reduced until the
product precipitated. The precipitate was washed with meth-
anol. Recrystallization from methylene cliloride-methanol

afforded 0.37 g (809,) of long white needles. Infrared absorption
(KBr) occurred at 2045 cm ! (CO) and (CeH;) at 320, 305, and
270 em™t (Ir-Cl). Anal. Caled for CypHyClsHgOP Ir: C,
34.92; H, 2.82; Cl, 11.45; P, 6.67; Hg, 21.61. Found: C,
34.92; H, 3.34; Cl,11.66; P,6.71; Hg, 21.19.
Bromochlorohydridocarbonylbis(diphenylmethylphosphine )~
iridium(III) (14). Procedure A.—To 0.15 g (0.23 mmole) of
chlorocarbonyl 3 dissolved in 30 ml of benzene was added an
excess of a solution of dry hydrogen bromide in diethyl ether.
The solution instantly became colorless. The volume of solu-
tion was reduced. Addition of methanol gave white crystals
which were collected by filtration, washed with methanol, and
air dried; vyield, 0.119 g (659,). Infrared absorption (KBr)
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occurred at 2210 em ! (Ir-H) and 2045 cm ! (CO) and (CeHs) at
311 and 268 cm™t (Ir-Cl). Anal. Caled for CuyHyBrClOP,lr:
C, 43.94; H, 3.69; Br, 10.82; Cl, 4.81; P, 8.40. Found: C,
43.95; H, 3.79; Cl, 4.52; Br, 10.94; P, 8.28.

Procedure B.—To 0.20 g (0.29 mmole) of bromocarbonyl 9
dissolved in 10 ml of benzene was added an excess of dry hydro-
gen chloride in diethyl ether and the solution was stirred for 10
min, The volume of solution was reduced, and upon the addi-
tion of methanol the product precipitated. The product was
washed with methanol and air dried; vyield, 0.075 g (37%).
Infrared absorption (KBr) occurred at 2210 em ! (Ir-H) and 2045
em™! (CO) and (CeHg) at 310 and 265 em™! (Ir-Cl)., Anal.
Caled for Cy;HyBrClOP,Ir: C, 43.94; H, 3.69; P, 8.28; total
halogen as AgX, 2.400 mg for 5.095-mg sample. Found: C,
44.34; H, 3.76; P, 8.19; AgX, 2.288 mg.

Acetylbromochlorocarbonylbis(diphenylmethylphosphine)-
iridium(III) (15). Procedure A.—To 0.40 g (0.56 mmole) of
bromocarbonyl 9 in 30 ml of benzene was added an excess of
acetyl chloride and the mixture was stirred for 10 min. The
solution was evaporated to dryness and the residue was reg
crystallized from methylene chloride-methanol affording 0.195 -
(449%,) of the pale yellow crystals. Infrared absorption (KBr)
occurred at 2050 cm ! (CO) and 1630 cm ™! (acetyl CO). Anal.
Caled for CyHyyBrCl10,P:lr: C, 44.66; H, 3.74; Cl, 4.55; Br,
10.25; P, 7.94. Found: C, 44.83; H, 3.93; (I, 4.25; Br,
10.34; P, 7.91.

Procedure B.—To a benzene solution of chlorocarbonyl 3 was
added an excess of acetyl bromide under the same conditions
used in procedure A. Thin layer chromatography and infrared
and nmr spectra show the same mixture of isomers was formed
as in procedure A.

Procedure C.—A solution of 0.65 g of bromochloromethyl-
carbonyl 8A in 20 ml of methylene chloride was treated with 50
psi of carbon monoxide at 80° for 24 hr. An infrared spectrum
of the reaction mixture indicated that no reaction occurred.

Chloroiodo(trifluoromethyl)carbonylbis(diphenylmethylphos-
phine)iridium(IIT) (16).—Into a solution of 0.33 g (0.5 mmole)
of chlorocarbonyl 3 in 20 ml of benzene was bubbled trifluoro-
methyl iodide for 3 min. The solvent was removed and re-
crystallization of the residue from benzene-methanol afforded
0.21 g (499) of orange plates. Anal. Caled for CyHyCIF;IO-
P,Ir: C, 39.43; H, 3.04; Cl, 4.04; F, 6.68; 1, 14.88; P, 7.27;
mol wt, 83. Found: C, 39.72; H, 3.57; Cl, 3.94; F, 6.36;
1,15.30; P, 7.13; mol wt, 788.

Chloroiodo(pentafluoroethyl)carbonylbis(diphenylmethylphos-
phine)iridium(III) (17).—Pentafluoroethyl iodide was bubbled
into a solution of 0.33 g (0.5 mmole) of chlorocarbonyl 3 for 3
min. The reaction mixture was worked up in the same manner as
in the preparation of 16. Anal. Caled for CyHyCIFsIOPoIr:
C, 38.62; H, 2.88; Cl, 3.93; F, 10.53; I, 14.07; P, 6.88; mol
wt, 903. Found: C, 37.96; H, 3.17; Cl, 3.91; F,10.22; I,
14.60; P, 6.58; mol wt, 812.

Chloroiodo(heptafluoro-n-propyl)carbonylbis(diphenylmethyl-
phosphine)iridium (IIT) (18).—Upon dropwise addition of hepta-
fluoro-n-propyl iodide to 0.40 g (0.6 mmole) of chlorocarbonyl 3
dissolved in 20 ml of benzene, an immediate color change from
yvellow to orange was observed. The solvent was removed
under reduced pressure and recrystallization of the residue from
methylene chloride-methanol afforded 0.39 g (689;) of orange
prisms. Anal. Caled for C3HyCIF;IOPIr: C, 37.81; H,
2.75; Cl, 3.72; F, 13.96; I, 13.32; P, 6.50; mol wt, 933.
Found: C, 37.61; H, 2.83; Cl, 4.95; F, 12.34; I, 14.13;
P, 6.65; mol wt, 864.



