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anes;3'6 however, complexes with boron <r-bonded to a 
metal atom are much less prevalent. 

In addition to the work reported herein, Grimes has pre
pared a B-<r-complex with germanium by thermal rear
rangement of a compound containing a bridging trimethyl-
germyl group, although similar bridging tin and lead conge
ners failed to rearrange.7 Gaines and Iorns prepared two 
fi-tr-boranyl metal complexes by the nucleophilic displace
ment of chloride or bromide from halo derivatives of B5H9 
using NaM(CO)5 (M = Mn, Re) nucleophiles.8 Also, a 
number of complexes of boron halides were prepared by ox
idative addition of B-X bonds in Ph2BCl, BCl3, BBr3, or 
BI3 to certain metal complexes including [(77-CsHs)2Ti]2 
and [Me2PCH2CH2PMe2J2Co.9 Very recently, oxidative 
addition of B-Br and B-H bonds in BsHgBr and B5H9 to 
(PMe3)2(CO)IrCl was reported.10 

Herein we report the preparation of a series of S-cr-car-
boranyl iridium complexes by oxidative addition of carbo-
ranyl boron-hydrogen bonds to certain iridium(I) species. 
Preliminary reports of part of this work have appeared else
where.11'12 

Results and Discussion 
The Preparation of a B-<r-Carboranyl Iridium Complex 

by an Intramolecular Oxidative Addition. Although oxida
tive addition of carbon-hydrogen bonds to low-valent, coor-
dinatively unsaturated metal complexes is a well-known re
action, especially in the form of intramolecular reactions 
such as ortho metalation,13,14 oxidative addition of a boron-
hydrogen bond had not been reported when we initiated the 
research described in this paper. We decided to explore the 
feasibility of synthesizing Z?-<r-carboranyl metal complexes 
by oxidative addition of terminal boron-hydrogen bonds to 
suitable transition metal complexes, and we chose to model 
our test system after the facile intramolecular ortho metala-
tion observed with (PPh3)3IrCl, a system extensively stud
ied by Bennett and Milner.14 It seemed possible that an 
L3IrCl complex, with L being a carboranyl phosphine, 
might upon heating undergo an intramolecular oxidative 
addition similar to that found with the arylphosphine com
plexes.14 

To minimize steric factors, which might inhibit the de
sired expansion of the coordination sphere due to the pres
ence of such bulky groups as icosahedral carboranyls, and 
to enhance the basicity of the phosphine ligand, thus en
hancing the probability of oxidative addition, we decided to 
restrict the other two groups present on the phosphine li
gand to small alkyl groups such as methyl. Thus, 1-PMe2-
l,2-C2BioHn (Ia) was chosen as the desired ligand, and it 
was synthesized by modification of existing procedures15 

used in the synthesis of diphosphinocarboranes (eq 1). 

[Ir(C8HJ2Cl]2 + 6 cydohexane 

Ia # = CH, 0 = ® = BH 
b' #-CD, 0 @ - B H 
c # = CH, O'BH, 

#'BH°BO-H 

[2L3IrCI] 

Figure 1. Preparation of B-<r-carboranyl iridium complexes by intra
molecular oxidative addition. 

874 8.8? 
(6) (61 

V * * w « ^ 

Figure 2. The methyl region of the 251-MHz 1H NMR of Ha taken in 
C6D6. Partial decoupling of 31P indicated that the pair of resonances 
labeled "a" belong to the same phosphine, as do those labeled "b" and 
"c". The numbers above the resonances are the chemical shifts in units 
of T and the numbers in parentheses are coupling constants in Hz. The 
resonances labeled "a" showed evidence for unresolved, fine coupling 
in addition to that indicated. 

1-Li-1,2-C2B10Hn+Me2PBr — 1-PMe2-U-C2B10Hn 
-LiBr 

(1) 
Bennett and Milner had previously prepared a wide vari

ety of L3IrCl complexes by the addition of an excess of the 
desired ligand to a suspension of [Ir(CsHM)2Cl]2 in petro
leum ether (eq 2).14 When excess Ia was added to a yellow-

[Ir(C8Hu)2Cl]2 + 6 L ^ 2L3IrCl + 4C8H14 (2) 

orange suspension of [Ir(C8Hu)2Cl]2 in petroleum ether or 
cyclohexane the color of the suspended powder changed im
mediately to yellow, presumably forming (Ia)3IrCl accord
ing to eq 2. However, even if the yellow powder was imme
diately collected by filtration, its infrared spectrum exhib
ited a band at 2220 cm - ' , assigned to VUH, which indicated 

that further reaction had begun (vide infra). Thus, 
(Ia)3IrCl was not isolated in a pure state. . 

Heating the cyclohexane suspension at the reflux temper
ature for 2 hr converted the yellow powder to a white, air-
stable, and cyclohexane insoluble product. By analogy to 
the arylphosphine work of Bennett and Milner, and as con
firmed by analysis, molecular weight, and spectral data, 
this product was determined to be Ir( 1-PMe2-1,2-
C2B10Hn)2[I-PMe2-U-C2B1OH10]HCl (Ha), the product 
of an intramolecular oxidative addition in (Ia)3IrCl (Figure 
1). 

The infrared spectrum of Ha exhibited bands at 2600 and 
2220 cm -1 assigned to VBH and Pi1-H, respectively. The pres
ence of an iridium hydride was confirmed by the 251-MHz 
1H NMR spectrum which contained a quartet at r 30.9 
(JPITH (apparent) = 12.3 Hz). The other features of the 
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CH5COCH8C=CCH8OfCH, 

' 9 
K C H J , H CH8OCCH, 

I c • BH:BDWI 

• H 
© 0:H=l'-l 

Figure 3. Preparation of Ic, 1-P(CH3)2-3,4,5,6,7,1 l-D6-l,2-C2S I0-
H5(rf3). 

proton N M R spectrum were three broad singlets of area 1 
at T 4.79, 5.48, and 6.11 assigned to carboranyl C-H reso
nances and the six sets of area 3 methyl resonances shown 
in Figure 2. Heteronuclear double resonance was used to 
partially decouple 31P from the methyl region signals at 100 
MHz. In this manner it was determined that there were in
deed six methyl resonances and that the two lowest field 
methyl resonances belong to the same phosphine, as do the 
two middle field and the two highest field resonances, but 
the spin-coupling pattern was not completely unraveled. 
These data imply the presence of three nonequivalent Ia Ii-
gands. 

The stereochemistry of the complex about the iridium 
atom may be assigned from the spectral data.16 The chemi
cal shifts of iridium hydrides trans to phosphines are usual
ly in the range T 20-25, while hydrides trans to chloride ap
pear in the r 26-32 region. Furthermore, JpirH for cis phos
phines is usually on the order of 10-20 Hz while for trans 
phosphines it is generally 100-170 Hz. These data strongly 
imply a configuration for Ha with the three phosphines cis 
to the hydride and the chloride trans. The high VUH value is 
also indicative of a trans chloride. The proposed stereo
chemistry about the iridium atom is shown in Figure 1. 

Examination of the ligand Ia (Figure 1) reveals that 
there are five sites "ortho" to the carbon atom bearing the 
dimethylphosphino group and therefore sterically available 
for participation in the reaction. However, there are only 
three chemically nonequivalent types of bonds: the carbon-
hydrogen bond and the chemically equivalent pairs of 
boron-hydrogen bonds at positions 3,6 and 4,5. 

To confirm that the reaction did not occur at the carbon 
atom, the ligand Ib, l-PMe2-2-D-l,2-C2B10Hi0 , was pre
pared from 1,2-D2-1,2-C2B i0H io according to eq 3 and was 
heated with [ I r (C 8 Hn) 2 Cl] 2 in cyclohexane to afford Hb. 

C 6 H 6 

l,2-D2-l,2-C2Bi0Hio +n-BuLi — 

Me2PBr 
l-Li-2-D-l,2-C2B,oHio - * 

l-PMe2-2-D-l,2-C2B,oH10 (3) 
Ib 

The infrared spectrum of l ib exhibited a VITH band at 2210 
c m - 1 and I*CD bands at 2270 and 2290 cm - 1 , but contained 
no evidence of a VUD band in the 1500-1700-cm_1 region. 
This proved that the carboranyl C-H was not the source of 
the metal hydride. 

Chatt and Davidson reported a reaction in which a C -H 
bond in a methylphosphine underwent oxidative addition,17 

producing a ruthenium hydride by what has recently been 
shown to be a dimerization reaction.18 Although osmome-
tric molecular weight measurements showed Ha to be mo-

nomeric (calcd mol wt = 840, found = 829 ± 24), the 
methyl groups still remained as a possible source of iridium 
hydride. To prove that the source of the hydride was a 
boron-hydrogen bond, the ligand Ic, containing approxi
mately 50 atom % D at each of the 3, 4, 5, 6, 7, and 11 posi
tions in the cage, was prepared via the carborane from 
M,5,6,7,8,9,10-DioB10H4(c?5)19 (Figure 3). The "ortho" me-
talated complex Hc was prepared from Ic and its infrared 
spectrum was found to exhibit, as expected, both VITH at 
2250 c m - 1 and vIrD at 1610 c m - 1 (pirHMrD = 1-40, theo
retical = 1.41) with about equal intensities. 

The one stereochemical question which remained was 
whether iridium showed any stereospecificity for attack at 
either the 3,6 or 4,5 positions. Attempts to prepare carbo-
ranylphosphine ligands stereospecifically labeled with deu
terium at one of these pairs of sites were unsuccessful. 

From the study of para-substituted triphenylphosphine 
complexes, Bennett and Milner found that electron donat
ing groups accelerated the rate of ortho metalation.14 This 
behavior is consistent with either of two competing effects: 
(1) enhanced electron density in the aromatic ring should 
promote electrophilic aromatic substitution, but (2) en
hanced basicity of the ligand should promote electron densi
ty on the metal, making it a better nucleophile. At the time 
of our initial report,11 the electrophilic substitution inter
pretation was favored on the basis of substituent effects for 
an analogous ortho-palladation of azobenzene complexes,20 

which strongly suggested electrophilic aromatic substitu
tion.13,20 Thus, the 4,5 positions were predicted to be the fa
vored sites for B-H oxidative addition since known patterns 
of electrophilic substitution on carboranes indicate that the 
sites farthest from the carbon atoms are those most suscep
tible to electrophilic attack.15 More recent studies of oxida
tive addition of B-H (vide infra) and C-H 2 1 bonds indicate 
that the nucleophilic substitution interpretation is probably 
the correct one. The site of attachment of the iridium atom 
to the carborane cage in I la-c is therefore most probably 
the 3,6 positions. 

The Preparation of B-<r-Carboranyl Iridium Complexes 
by Intermolecular Oxidation Addition. The Preparation and 
Characterization of 3-[(PPh3)ZIrHCl]-I5I-C2B10Hi1 (HI). 
The work described above showed that oxidative addition of 
terminal boron-hydrogen bonds to suitable metal com
plexes was a feasible route to 5-<r-carboranyl metal com
plexes, at least in the intramolecular reaction. Our related 
work on the isotopic exchange of deuterium gas with termi
nal boron-hydrogen bonds catalyzed by transition metal 
complexes22 strongly implied that intermolecular oxidative 
addition could also be a facile reaction; however, no stable 
5-o--carboranyl metal complexes were isolated under the 
exchange conditions. 

Since four-coordinate iridium(I) complexes with strong 
(T-donor ligands are among the complexes most susceptible 
to oxidative addition,23 we decided to attempt the synthesis 
of S-u-carboranyl metal complexes by intermolecular oxi
dative addition of carboranyl boron-hydrogen bonds to suit
able iridium(I) complexes. 

Prolonged treatment of (PPh 3MCO)IrCl with 1,2-
C2Bj0Hi2 in refluxing toluene failed to yield a stable oxida
tive adduct. However, (PPh3)2(CO)IrD2Cl was found to be 
an effective catalyst for deuterium exchange in this carbo
rane.2213 This implied that the oxidative addition occurred 
but the product was not thermodynamically favored. Simi
lar reaction of (PPrIa)3IrCl, a complex even more suscepti
ble to oxidative addition than (PPh3)2(CO)IrCl,14 with 
1,2-C2Bi0Hi2 resulted in the first intermolecular synthesis 
of a B-cr-carboranyl metal complex.12 

The reaction of 1,2-C2Bi0Hi2 with (PPh3)3IrCl in re-
fluxing toluene afforded a small yield of III, a yellow crys-
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talline B-a-carboranyl iridium complex;12 the major prod
uct was Ir(PPh3M(O-C6H4)PPh2]HCl, the result of intra
molecular ortho metalation in (PPh3MrCl.14 Analogous re
actions with 1,7-C2B10Hi2 and 1,12-C2Bi0Hi2 failed to 
yield any /?-<x-carboranyl containing products. On the basis 
of elemental analysis and spectral data (vide infra), III was 
identified as 3-[(PPh3)2IrHCl]-l,2-C2Bi0Hif(Figure 4), a 
five-coordinate iridium(III) complex with only two triphen-
ylphosphine ligands. It seemed probable that III was 
formed either by oxidative addition of 1,2-C2Bi0Hi2 to 
(PPh3)3IrCl followed by loss of PPh3, or by prior dissocia
tion of PPh3 followed by oxidative addition to (PPh3) 2IrCl. 
In either case, the low yield of III was presumably due to 
the strength of the Ir-P bond which inhibits dissociation of 
a phosphine,14,24 and to the presence of a facile competing 
reaction, the ortho metalation. Thus, it was found that 
(PPh3MrCl, formed in situ from [Ir(CgHn)2Cl]2 and 2 
equiv of PPh3 in various solvents,24 reacted readily with 
l,2-C2BioHi2 according to eq 4 

1A[Ir(C8Hu)2Cl]2+ 2PPh3 + 
1,2-C2Bi0H12 — 3-[(PPh3MrHCl]-U-C2B10H11 (4) 

III 

to afford III in good yield (Table I). 
*The infrared spectrum of III (Table III) exhibited a 

strong band at 2560 cm -1 assigned to VBH and a pair of 
sharp, medium intensity bands at 2209 and 2199 cm -1 as
signed to virH. The 251-MHz 1H NMR spectrum consisted 
of resonances in the T 2.0-2.8 region assigned to coordinat
ed PPh3, a typically broad carboranyl C-H singlet at r 
7.29, and a 1:2:1 triplet at T 28.08 (7PirH = 14.3 Hz), as
signed to the hydride. As only one hydride resonance was 
found, the two bands for virH in the Nujol mull ir spectrum 
are believed to be an artifact of the solid state spectrum. In 
CH2Cl2 solution III exhibited a single v\ru at 2203 cm"'. 
The 80.53-MHz 11B NMR spectrum (Figure 4) consisted 
of an unresolved set of broad, overlapping resonances be
tween 0.0 and +20.0 ppm (from BF3-O(C2Hs)2) of relative 
area 9.1 and a broad singlet (width at half-height ca. 300 
Hz) at +34.4 ppm of relative area 0.9. 

These spectral data and the elemental analysis (Table 
IV) support the trigonal bipyramidal structure about the 
iridium atom depicted in Figure 4. The symmetrical hy
dride triplet is consistent with two equivalent phosphines cis 
to the hydride and the chemical shift and position of virH 
are consistent with chloride trans to the hydride.16 Al
though a square pyramidal structure with an axial hydride 
would also have phosphine cis to the hydride, Shaw and co
workers have shown that such species exhibit Vi1-H at ca. 
2000 cm -1 and the hydride resonance at ca. r 60.2S 

The position of substitution on the carborane cage is not 
readily apparent from the 11B NMR spectrum. The reso
nance at +34.4 ppm, a singlet shifted far upfield, clearly 
represents the boron atom to which the iridium atom is 
bonded; the remainder of the spectrum is very similar to 
that of 1,2-C2Bi0Hi2,

12 but small shifts and extensive line 
broadening26 preclude definite assignments in this region. 
However, the existence of only one carboranyl C-H reso
nance in the 1H NMR spectrum (assuming it does not rep
resent the coincidental overlap of resonances for two chemi
cally different C-H groups) requires the metal atom to be 
substituted on the plane of symmetry between the carbon 
atoms, i.e., at either B(3,6) or B(8,10). Rates of transition 
metal catalyzed deuterium exchange on 1,2-C2Bi0Hi2 have 
been found to follow the nucleophilic substitution pattern 
B(3,6) > B(4,5,7,ll) > B(8,10) > B(9,12).22 Since this iso-
topic exchange is proposed to proceed via a rate-determin
ing oxidative addition, the expected position of substitution 

-100 00 +100 +200 +300 +4QO +500 

©B 

Figure 4. The proposed structures and 80.53-MHz "B NMR spectra 
of 3-[(PPh3)2lrHCl]-l,2-C2B10Hii (III) and 3-[(AsPh3)2IrHCl]-l,2-
C2B10H]] (IV). Spectra (b) and (d) are proton decoupled and can be 
rationalized by resonances with the required symmetry as illustrated 
by the line spectra below them. 

in III would be B(3,6). 
The position of substitution on the carborane cage of III 

was experimentally determined by deuterium labeling ex
periments. The reaction of (PPh3)2IrCl with 1,2-
C2H2B10D10 yielded IX, a complex with j / l r D at 1580 and 
1570 cm -1 (virH/virD = 1-40, theoretical = 1.41), which 
confirmed that the product arises from oxidative addition of 
a carboranyl B-H bond to the metal atom. When 3,6-D2-
1,2-C2B10H10(^1.6) was used, the product (X) gave an in
frared spectrum which exhibited both VUH and i>irD bands 
with a ratio of absorbances of ca. 1:2, respectively. This 
proved that substitution was indeed at the B(3,6) sites. 

Preparation of Other B-a-Carboranyl Iridium Complexes. 
Table I lists a series of complexes, III-VIII, prepared from 
L2IrCl (L = PPh3 or AsPh3) and each of the three icosahe-
dral C2B]0Hi2 carboranes. Unlike syntheses with 1,2-
C2B10H12, which yielded nearly analytically pure crude 
products with a stoichiometric quantity of carborane, syn
theses with 1,7- or 1,12-C2B10H12 required a large excess of 
carborane. Also, VI or VIII, products prepared from (As-
Ph3MrCl and 1,7- or 1,12-C2B10H12, respectively, could 
not be prepared in refluxing cyclohexane but were success
fully prepared at room temperature in benzene solution. 
The complexes III-VIII are all yellow, crystalline com
pounds and are indefinitely stable to air in the solid state. In 
solution, the PPh3 complexes rapidly decompose upon expo
sure to air, V and VII within minutes and III within hours, 
while the AsPh3 complexes are stable for at least several 
hours. 

NMR and infrared spectral data for III-VIII are record
ed in Tables II and III, respectively, and Table IV lists the 
results of elemental analyses. Although VII did not survive 
recrystallization attempts, one crude sample was obtained 
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Table I. Conditions for and Results of Selected Syntheses of 5-o-Carboranyl Iridium Complexes 

Product0 

III 

IV 
V 

VI 
VII 

VIII 

IX 
X 

XI 

Ir*:Lc:carbd (mmol) 

0.112:0.446:0.290 

0.112:0.446:0.229 
0.115:0.442:0.277 
0.114:0.446:0.243 
1.12:4.46:2.36 
0.558:2.23:1.38 
0.569:2.23:6.93 
0.223:0.891:1.38 
0.558:2.23:2.50 
0.114:0.446:0.693 
0.334:1.34:2.00 

0.117:0.477:0.233 
0.112:0.447:0.274 
0.112:0.447:0.379 

Solvent (ml)e 

C6H6(IO) 
+ C6H14(30) 

C6Hn(IO) 
C6H14(IO) 
C2HSOH(10) 
C6H14(IOO) 
C6H12(SO) 
C6H12(40) 
C2H5OH(IO) 
C6H6OO) 
C6H12(IO) 
C6H6OO) 

+ C5H12(60) 
C6H12(IO) 
C6H12(IO) 
C6H12(IO) 

Time/ 

5 min 

5 min 
12 hr 
45 min 

1 hr 
30 min 

5 min 
40 min 
18 hr' 
1 hr 

18 hr' 

5 min 
5 min 
5 min 

% yield? 

84 

86 
91 
61 
93 
88 
80 
60 
58 
66 
62 

87 
84 
80 

Recryst'' 

B/H (59%) 
D/E (80%) I 
D/E (74%)/' 

D/H.D/E (36%) 
D/E (61%) 
k 
D/E (63%) 

Mp,'0C 

250(210) 
235 (200) 

220(195) 
215 (190) 
240 (200) 
215 (185) 

a See Table II for formulas of III-VIII, IX= 3-[(PPh3)JrDCl]-1,2-C2H2B10D,, X = 3-[(PPh3),IrDCl]-6-D-l>2-C2BloH,o01 6), XI = 2-
[(PPh3)2IrDCl] -3-D-l,7-C2B10H10(^1). *>Ir = [Ir(C8H14)2Cl] 2 • <?For III, V, VII, IX, X, and XI: L = PPh3, for IV, VI, and VIH: L = AsPh3. ''For 
III and IV, carb = 1',2-C2B10H12; for V and VI, carb = 1,7-C2B10H12; for VII and VIII, carb = 1,12-C2B10H12; for IX, carb = 1,2-C2H2B10D10; for 
X, carb = 3,6-D2-l,2-C2B10H10(c?U6); for XI, carb = 2,3-D2-IJ-C2B10H10W1).

 eWhere a second solvent is indicated, it was added to the cooled 
solution in the first solvent to crystallize the product./Except where noted, time is for reflux in indicated solvent. SCrude yield.h Solvent 
mixture for recrystallization by rotary evaporation in drybox (except where noted): D = dichloromethane, E = ethanol, B = benzene, H = 
hexane. Recovery from recrystallization is given in parentheses. 'Began to darken at temperature in parentheses, melted with decomposition 
at indicated temperature. /Recrystallized by rotary evaporation in air. ^Crude product analytically pure. Attempts to repeat this synthesis 
gave impure product which decomposed upon attempted recrystallization in the drybox. 'At room temperature. 

Table II. NMR Data for g-o-Carboranyl Iridium 
Complexes III—VIII 

Compound 

III, 3-[(PPh3)JrHCl] -
1,2-C2B10H11 

IV, 3-[(AsPh3)JrHCl]-
1,2-C2B10H11 

V, 2-[(PPh3)JrHCl]-
1,7-C2B10H11 

VI, 2-[(AsPh3)JrHCl]-
1,7-C2B10H11 

VII, 2-[(PPh3)JrHCl]-
1,12-C2B10H11 

VIII, 2-[(AsPh3)JrHCl]-
1,12-C2B10H11 

1I 

Carborane 
C-H, T̂  

7.29/ 

7.40 

7.99 

7.91 

8.27,9.32 

7.55,8.21 

•i NMR" 

Hydride, T -
11B NMR* 

(/P_H,Hz)d I r -B, ppm« 

t, 28.08 ( 1 4 . 3 / 

s, 30.17 

t, 28.96(14) 

s, 31.17 

t, 29.08 (14) 

s, 31.23 

+34.4 

+36.9 

+40.8 

+42.8 

+36.2 

+38.4 

a Except where noted, taken in supersaturated CH2Cl2 solution at 
100 MHz. &Taken in supersaturated CH2Cl2 solution at 80.53 MHz. 
cBroad singlets. d Sharp 1:2:1 triplets (t) or singlets (s). eRelative to 
BF3-O(C2Hj)2./Taken in CD2Cl2 at 251 MHz. 

which was spectroscopically free of impurities and the anal
ysis of this sample was satisfactory. These data are all in ac
cord with the same stereochemistry for IV-VIII about the 
iridium atom as was found for III. The remaining unknown 
is the site of substitution on the carborane cage. 

The expected site of substitution in IV is the same as that 
found in III, B(3,6). The 11B N M R spectra in Figure 4 
show a great deal of similarity making it highly probable 
that the site of substitution is the same, and that IV is 3-
[(AsPh3)2lrHCl]-l,2-C2BioHii. Although the individual 
resonances cannot be resolved, except for those assigned to 
the boron atoms bonded to the metal, the envelopes of the 
proton decoupled spectra can at least be rationalized as 
peaks with the relative areas required by the symmetry of 
the proposed structures. This is shown by the line spectra in 
Figure 4. 

The 11B NMR spectra of V and VI were similar to each 
other, but even less well resolved than those of III and IV. 
Both complexes exhibited only one carboranyl C-H reso
nance in the 1H N M R spectra, indicating that substitution 

had occurred at B(2,3) or B(9,10). On the basis of the ob
served order of rates for deuterium exchange on 1,7-
C2B10H12 catalyzed by transition metal complexes,22 which 
was B(2,3) > B(4,6,8,ll) > B(5,12) > B(9,10), and by 
analogy to the course of reaction with 1,2-C2BiOH 12, the 
site of substitution was assigned as B(2,3). This assignment 
was confirmed for V by the observation of a v]ro band at 
1573 c m - 1 in the infrared spectrum of XI, the product from 
the reaction of (PPh3)2IrCl with 2,3-D2-IJ-C2B1 0H,o(^i) . 
Figure 5 depicts the proposed structures of V and VI, 2-
[(PPh3)2IrHCl]-l,7-C2BioH„ and 2-[(AsPh3)2IrHCl]-
1,7-C2Bi0Hn, respectively. 

Since all boron atoms in 1,12-C2Bi0Hi2 are chemically 
equivalent, there can be only one isomer for a monosub-
stitution product. The proposed structures of VII and VIII, 
2-[(PPh3)2IrHCl]-l ,12-C2B1 0Hn and 2-[(AsPh3)2IrHCl]-
1,12-C2B10Hn respectively, are also shown in Figure 5. 

Attempts to prepare 5-<r-carboranyl rhodium complexes 
from reactions between 1,2-C2B10H]2 and (PPh3)3RhCl or 
[(PPh3)2RhCl]2 failed to yield stable oxidative adducts. 

Reactions of 3[(PPh3)IIrHCl]-I5I-C2B10Hn (III). Carbon 
Monoxide. The rapid reaction of III with excess CO in ben
zene solution at room temperature produced trans-
(PPh3)2(CO)IrCl and 1,2-C2Bi0Hi2 (eq 5). As mentioned 
above, even prolonged heating of trans-(PPh3)2(CO)IrCl 

3-[(PPh3)2IrHCl]-l ,2-C2BioHn + C O - ^ 
fra«j-(PPh3)2(CO)IrCl + 1,2-C2B,0H12 (5) 

with 1,2-C2Bi0H12 in toluene solutions produced no 
stable i?-o--carboranyl iridium complexes. However 
(PPh3)2(CO)IrCl is an active deuteration catalyst for car-
boranes,22b implying that the carborane does undergo oxi
dative addition but that the product is not thermodynami-
cally favored. 

Triphenylphosphine. Upon heating III with an excess of 
PPh3 in toluene, a reaction similar to that observed with CO 
occurred. The carborane was reductively eliminated with 
complexation of the new ligand; however, under the vigor
ous conditions employed, the (PPh3)3IrCl produced was 
partially converted to the ortho metalation product.14 These 
processes are shown in eq 6. 

Journal of the American Chemical Society / 97:22 / October 29, 1975 



6393 

Table III. Infrared Spectra £-o-Carboranyl Iridium Complexes HI-VIH" 

Compound "IrHc Other bandsc 

3010 (m),d 2570 (s),<* 1970 (w) fl 1910 (w),<* 1820 (w)d 1780 (w),<* 1680 (w),<* 1590 
(w) d 1570 (w)d 1475 (s),<* 1430 (s),<* 1310 (w),<* 1220 (w), 1190 (m),d 1160 (m),<* 
1130 (w), 1100 (s),d 1075 (w),<* 1030 (m),<* 1005 (m) ,<* 990 (w), 960 (w), 950 (w), 
930 (W), 910 (w), 854 (w), 832 (sh), 814 (m), 790 (m), 754 (s),d 749 (s),<* 709 (s),<* 
695 (vs)<* 

3000 (m),e 2570 (s)« 1960 (w),e 1900 (w),e 1820 (w),e 1770 (w),e 1660 (w),e 

1575 (m),e 1475 (s),« 1430 (s),e 1305 (m),e 1270 (w)« 1220 (w),« 1190 (m) e 1155 
(m),e 1130 (W), 1075 (m),« 1025 (m),* 1000 (m),* 988 (w), 960 (w), 950 (w), 925 (w), 
910 (w), 895 (w), 850 (w), 835 (w), 815 (m), 751 (m), 740 (s),e 720 (w), 692 (s)« 

d, 1150(sh), 1060 (w), 976 (w), 940 (m), 894 (w), 850 (w), 837 (m), 818 (m), 775 (w), 
732 (m) 

e, 1060 (W), 992 (w), 972 (w), 941 (w), 890 (w), 850 (w), 835 (sh), 818 (m), 777 (w) 
d, 1120 (w), 1075 (m), 980 (w), 948 (w), 926 (w), 906 (w), 861 (sh), 847 (sh), 840 (m), 
800 (m), 790 (m), 783 (sh), 731 (m) 

e, 1120(w), 1110 (w), 1030 (sh),978 (w), 945 (w), 919 (w), 904 (w), 860 (sh), 848 (sh), 
839 (m), 802 (m), 782 (m) 

III 

IV 

VI 
VII 

VIII 

2208 (m), 2198 (m), 
2203 (m)f 

2195 (w), 2179 (m), 
2201 (m/ 

2214 (m) 

2203 (m) 
2200 (m) 

2190 (m) 

"Nujol mull, cm"1 (intensity: w = weak, m = medium, s = strong, vs = very strong, sh = shoulder). ^Recorded on Perkin-Elmer 421 spectro
photometer. c Recorded on Perkin-Elmer 137 spectrophotometer. d Absorptions in the spectrum of III are common to V and VII also. e Ab
sorptions in the spectrum of IV are common to VI and VIII also. /Recorded in CH2Cl2 solution using Perkin-Elmer 421. 

Table IV. Elemental Analyses for 5-a-Carboranyl Iridium Complexes III—VIIIa 

Compound %C %H %B % P/As %C1 .Ir 
III, 3-[(PPh3)2IrHCl] -1,2-C2B10Hn 

IV, 3-[(AsPh3)2IrHCl] -1,2-C2B10H11 

V, 2-[(PPhJ)2IrHCl]-IJ-C2B10H11 

VI, 2-[(AsPh3)2IrHCI] -1,7-C2B10H11 

VII, 2-[(PPh3)2IrHCl]-l,12-C2B10H11 

VIII, 2-[(AsPh3)JrHCl] -1,12-C2B10H11 

Calcd 
Found 
Calcd 
Found 
Calcd 
F'ound 
Calcd 
Found 
Calcd 
Found 
Calcd 
Found 

50.91 
50.86 
46.37 
46.20 
50.91 
50.58 
46.37 
46.35 
50.91 
50.61 
46.37 
46.20 

4.72 
4.99 
4.30 
4.40 
4.72 
4.81 
4.30 
4.33 
4.72 
4.86 
4.30 
4.56 

12.06 
11.82 
10.98 

12.06 

10.98 
10.82 
12.06 
11.80 
10.98 

6.91 
6.59 

15.22 
15.02 
6.91 
6.61 

15.22 
15.55 
6.91 
6.86 

15.22 
14.95 

3.95 
4.21 
3.60 

3.95 

3.60 
3.61 
3.95 
3.91 
3.60 

21.44 
20.85 
19.52 

21.44 

19.52 
19.12 
21.44 
21.72 
19.52 

"Analyses were of those products in Table I for which melting point data are given. 

3-[(PPhS)2IrHCl]-U-C2B1OH11 + PPh3 

- L 2 - C 2 B 1 0 H 1 2 

(PPh3)3IrCl — Ir(PPh3Mo-(C6H4)PPh2]HCl (6) 
A 

No reaction occurred between III and the weaker ligands 
acetonitrile and triethylamine. 

Conclusion 

Oxidative addition of terminal boron-hydrogen bonds to 
suitable low valent metal species appears to be a useful 
technique for the synthesis of complexes with a metal-
boron tr-bond. It is anticipated that other B-H containing 
substrates and other metal complexes will be found to un
dergo similar reactions. Indeed, B5H9 has been found to ox-
idatively add to (PMe3)2(CO)IrCl, although not to 
(PPh3)2(CO)IrCl.10 This latter result is in accord with our 
failure to obtain stable products from oxidative addition of 
carboranes to (PPh3)2(CO)IrCl. However, in the light of 
the reaction between III and CO, and in view of the efficacy 
of (PPh3)2(CO)IrCl as a catalyst for deuterium exchange 
on carboranes,22b this apparent failure is most probably due 
to unfavorable thermodynamic stability of the products 
rather than a prohibitive activation energy. 

The fl-cr-carboranyl iridium complexes are models for in
termediates postulated for transition metal catalyzed deute
rium exchange at terminal boron-hydrogen bonds in a wide 
variety of B-H containing species and are themselves the 
most active agents thus far discovered for such exchange 
reactions.2213 The many transition metal species which have 
been found to catalyze this deuterium exchange,22 including 

3ZE, L = PPh3 

3ZIII1L=AsPhJ 
0CH 
Q BH 

^ B 

3ZT, L=PPh3 

3ZI, L = AsPh3 

Figure 5. The proposed structures of V-VIII. 

Pd on charcoal, (PPh3)3RuHCl, (PPh3)3RhCl, and several 
hydridometallocarboranes,27 indicate that such oxidative 
addition is a more facile reaction than the number of re
ported stable adducts would imply. 

Experimental Section 

All reactions were carried out under an atmosphere of dry, oxy
gen-free nitrogen and solvents were saturated with nitrogen just 
prior to use. Unless otherwise noted, isolation and purification of 
products were accomplished under an inert atmosphere. 
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Physical Measurements. Infrared spectra were recorded on a 
Perkin-Elmer Model 137 sodium chloride spectrophotometer in the 
range of 4000-700 c m - 1 with KBr pellets or Nujol mulls. The 
100-MHz proton N M R spectra were obtained on a Varian HA-
100 spectrometer with samples which had been greatly supersatu
rated in CH2Cl2 . These samples were prepared in the drybox by 
rotary evaporation of solvent from less than saturated solutions. 
The supersaturated solutions slowly deposited crystals, so all spec
tra were obtained within 1 hr of sample preparation. The chemical 
shifts were converted to T values by addition of 4.65 ppm to the 
shift from CH2Cl2 . The 251-MHz proton and 80.53-MHz 11B 
N M R spectra were obtained on a superconducting, Fourier-trans
form instrument designed and constructed by Professor F. A. L. 
Anet and coworkers of this department. The 11B N M R spectra of 
fi-<r-carboranyl iridium complexes were taken on supersaturated 
samples prepared as described above. Mass spectra were obtained 
with an Associated Electrical Industries MS-9 spectrometer. Mo
lecular weights were determined in tetrahydrofuran with a 
Mechrolab osmometer calibrated against benzil. Melting points 
(uncorrected) were taken in sealed, evacuated capillary tubes on a 
Unimelt Thomas-Hoover apparatus. Elemental analyses were per
formed by Schwarzkopf Microanalytical Laboratory, Woodside, 
N.Y., and by Galbraith Laboratories, Knoxville, Tenn. 

Materials. Decaborane(14), 1,2-C2Bi0Hi2,28 and 1,7-
C2B10H1229 were purified by sublimation prior to use; 1,12-
C2B]0H1 2

3 0 was purified by chromatography with 30-60° petrole
um ether on basic alumina according to the suggestion of Siec-
khaus et al.31 /!-Butyllithium in hexane was purchased from Ven-
tron, D2O (99.8% isotopic purity) from Bio-Rad Laboratories, and 
D2 (99.7% isotopic purity) from Liquid Carbonic. Triphenylphos-
phine and triphenylarsine were recrystallized from ethanol prior to 
use. Hexane and dichloromethane (technical grade) were distilled 
from Drierite, dioxane (Matheson Coleman and Bell, reagent 
grade) was purified by a literature method,32 and benzene and tol
uene (Mallinckrodt, reagent grade) were distilled from CaH 2 and 
stored under nitrogen. Reagent grade cyclohexane from Matheson 
Coleman and Bell and anhydrous ether from Mallinckrodt were 
used as received. Deuterium chloride,33 Me2PBr,34 

[Ir(C8H,4)2C1]2 ,35 1,2-C2H2Bi0Di0,22 and (PPh3)3RuHCl. 
CeH5CH3

3 6 were prepared by literature methods. 

1-PMe 2 -U-C 2 Bi 0 Hn (Ia). A slurry of l-Li-l ,2-C2B,0Hi, was 
prepared by addition of 50 ml of 2.0 M «-butyllithium in hexane 
(0.1 mol) to 14.4 g (0.1 mol) of 1,2-C2Bi0Hi2 dissolved in 400 ml 
of benzene. The slurry was added, over a period of 15 min, to 14.1 
g (0.1 mol) of Me2PBr suspended in 100 ml of ether. After addi
tion was complete, the mixture was stirred for 30 min at ambient 
temperature and then rotary evaporated to remove solvents. The 
residue was treated with 100 ml of hexane and filtered. The filtrate 
was washed with water (100 ml) and dried (MgSO4). Removal of 
solvent by rotary evaporation yielded a yellow syrup. This syrup 
was sublimed/distilled under high vacuum with a 200° oil bath, 
yielding a white semisolid on the 0° cold finger and a colorless liq
uid in the receiver. Both products were mixtures of 1-PMe2-1,2-
C 2 Bi 0 Hn and l,2-C2BioHi2. The mixtures were combined, dis
solved in 10 ml of CH2Cl2 , and separated by preparative GLC 
with an Aerograph gas chromatograph on a 10 ft by % in. 20% Ap-
iezon L on Chromosorb P, AW-DMCS column operated at 220°. 
The yield of 1-PMe2-U-C2B,0H,i was 5.8 g (28%) and 6.5 g of 
1,2-C2Bi0Hi2 was recovered (45%). 

The phosphine is a colorless, waxy solid, mp 50-51°. It has a 
pungent odor and must be stored in the absence of air to prevent its 
slow oxidation. The 60-MHz proton N M R (CCl4) consisted of a 
broad, area 1 singlet at T 6.51 assigned to the carboranyl C-H, and 
a sharp, area 6 doublet r 8.71 (JPCH3 = 5 Hz) assigned to the 
methyl protons. The 80.53-MHz 11B-(1H) N M R spectrum (CCl4) 
was similar to that of 1,2-C2Bi0Hi2, consisting of four resonances 
of relative areas 2:2:4:2 at +2.0, +7.7, +12.6, and +13.6 ppm 
from BF3-O(C2Hj)2, respectively. The 101-MHz 31P N M R spec
trum (CCl4) exhibited a single phosphorus resonance at +140.3 
ppm from P(OC 2H 5) 3 as a broad singlet (width at half-height ca. 
38 Hz). The ir spectrum (neat melt on NaCl) exhibited the fol
lowing bands above 1200 cm"1: 3035 (w), 2950 (w), 2890 (w), 
2600 (s), 1420 (m), 1295 (m), 1283 (m). The relative intensities of 
the molecular ions in the mass spectrum at 15 eV were all within 
5% of theoretical37 for C4H1 7Bi0P. Anal. Calcd for C4Hi7Bi0P: C, 
23.52; H, 8.39; B, 52.93; P, 15.16. Found: C, 23.26; H, 8.56; B, 

52.61; P, 14.90. 
1,2-02-1,2-C2Bi0HiO. Excess /!-butyllithium (160 ml of 1.6 M 

in hexane) was added to a solution containing 14.4 g (0.1 mol) of 
1,2-C2Bi0Hi2 in 250 ml of ether. After 20 min, D2O (10 ml) was 
slowly added. The mixture was stirred for 15 min and the ether 
layer then separated and dried (MgSO4). Solvent was removed by 
rotary evaporation and l ,2-D2-l ,2-C2Bi0Hi0 was sublimed (60° to 
0° cold finger under high vacuum) from the residue. The yield was 
13.5 g (93%). The ir spectrum lacked the vcu band at 3050 c m - 1 

in 1,2-C2B]0Hi2 and exhibited only the following absorptions: 
2570 (s, VBH); 2295 (m, vCv\ ^ C H / V D = 1.33, theoretical = 1.36), 
1080 (m), 954 (m), 909 (m), 831 (m), 749 (m), 736 (w), 724 (w), 
708 (w). The mass spectrum at 15 eV was nearly identical with 
that of 1,2-C2Bi0Hi2, but with an increase of two mass units for 
each peak. The 11B N M R spectrum was identical with that of the 
undeuterated carborane. 

l-D-2-PMe2-l,2-C2BioHio (Ib). Ib was prepared as described 
for Ia, but with l,2-D2-l,2-C2B1 0Hi0 as the starting carborane. Ib 
lacked the T 6.51 carboranyl C-H resonance found in the 1H 
NMR spectrum of Ia, but had an identical 11B NMR spectrum. 
The ir spectra above 1200 c m - 1 were identical for the two phos-
phines except for the shift of VCH from 3035 c m - 1 in Ia to VCD at 
2295 cm- ' (J-CHACD = 1-32, theoretical = 1.36) in Ib. 

M,5,6,7,8,9,10-DioBi0H4(d5). Decaborane(14) with approximate
ly 50% D at each of the bridge and 5,6,7,8,9,10 terminal sites was 
prepared by a modification of the procedure of Dupont and Haw
thorne.33 Decaborane(14) (39.6 g, 0.324 mol) was dissolved in 600 
ml of 5.5 M DCl in dioxane (3.3 mol) and allowed to equilibrate 
for 2 weeks at ambient temperature. Dioxane and HCl-DCl were 
removed under vacuum, and the deuterated decaborane was col
lected by sublimation to 0° cold finger. This crude product was 
resublimed to yield 38.8 g of M , 5 , 6 , 7 , 8 , 9 , 1 0 - D I 0 B I 0 H 4 ( ^ 5 ) (94%). 
The 11B NMR spectrum of the product showed collapse of the 
doublets assigned to B(6,9) and B(5,7,8,10) to broad singlets due 
to partial replacement of terminal H by D at those sites. The ir 
spectrum (Nujol mull) exhibited bands due to both J/BH (2600, 
2560 c m - ' ) and ^BD (I960, 1940 cm - 1 ) ; in a KBr pellet, the KBDB 
band could be observed at 1390 c m - ' . 

3,4,5,6,7,1 l-D6-l,2-C2BioH6( (̂ 3). This hexadeuteriocarborane 
was prepared in 55% yield from M,5,6,7,8,9,10-Di0Bi0H4(^5) by 
the procedure of Todd et al.38 The product had an 11B N M R spec
trum identical with that of 1,2-C2Bi0Hi2, but with partial collapse 
of the B(3,6) and B(4,5,7,l 1) doublets to singlets due to the partial 
replacement of H by D at those sites. The ir spectrum (KBr) 
showed B̂D at 1950 c m - 1 (m) and CBH at 2600 c m - 1 (s). 

l-PMe2-3,4,5,6,7,ll-D6-l,2-C2BioH5(d3) (Ic). Ic was prepared 
as described for Ia but with 3,4,5,6,7,11-D6-1,2-C2B,0H6(^3) as 
the starting carborane. 

General Procedure for Preparation of Complexes Ha-c. Ir(I-
PMe2-U-C2BIoHiI)2[I-PMe2-U-C2B]OHiO]HCl (Ha). Addition 
of 920 mg of 1-PMe2-1,2-C2Bi0Hn (4.5 mmol) to a yellow-orange 
suspension of 600 mg of [ I r (CsHu) 2Cl] 2 in 25 ml of cyclohexane 
resulted in an immediate change in color of the suspension to yel
low, presumably forming the L3IrCl complex. The mixture was 
heated at the reflux temperature for 2 hr and allowed to cool. The 
off-white powder was then collected by filtration, washed twice 
with 5 ml of cyclohexane, and dried in vacuo to yield 1.10 g (98%) 
of Ir(I-PMe2-1,2-C2B,0H,i)2[l-PMe2-l ,2-C2BioHi0]HCl. The 
product could be recrystallized from CHCl3 to obtain white micro-
crystals, mp 260-265° dec. The ir spectrum (Nujol mull) exhibited 
the following bands: 2860 (sh), 2600 (s), 2220 (m), 1298 (m), 
1285 (m), 1100 (w), 1175 (m), 1130 (m), 1000 (w), 952 (m), 911 
(s), 876 (w), 856 (m), 847 (w), 742 (m), 732 (m), 706 (m). Anal. 
Calcd for Ci2H5IB3 0P3ClIr: C, 17.15; H, 6.12; B, 38.59; P, 11.06; 
Cl, 4.22; Ir, 22.87; mol wt, 840, Found: C, 16.88; H, 5.88; B, 
38.03; P, 10.90: Cl, 4.22; Ir, 23.01; mol wt, 829 ± 24. 

The complexes l ib and Hc were prepared similarly from 
[(Ir(C8Hi4)2Cl)]2 and the phosphines Ib and Ic, respectively. 

3,6-D2-l,2-C2Bi0Hio(</i.6). A 500-ml flask was charged with 362 
mg (2.51 mmol) of 1,2-C2Bi0H,2, 14.5 mg (0.0143 mmol) of 
(PPh3)3RuHCl-C6H5CH3 , and a magnetic stir bar. The flask was 
evacuated, filled with D2 to 645 mm (ca. 21 mmol), and sealed. 
The 20 ml of benzene was added through a rubber septum. The 
sealed flask was immersed in a 50° water bath and the solution 
magnetically stirred for 3 days. The deuterated carborane was iso
lated from the cooled solution by evaporation of solvent and subli-
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mation under high vacuum. The product was examined by 251-
MHz 11B NMR and was determined to be deuterated ca. 80% at 
B(3,6) and less than 5% elsewhere. 

2,3-D2-l,7-C2BioH|o(rfi). A stream of D2 (ca. 10 cm3/min) was 
bubbled through a solution of 1.0 g (7 mmol) of 1,7-C2B 10H12 and 
350 mg (0.35 mmol) of (PPh3)SRuHCl-C6H5CHj in 50 ml of tolu
ene. The solution was magnetically stirred and heated at 100° for 
4 hr and then allowed to cool. Carborane was isolated by evapora
tion of solvent and sublimation under high vacuum. The 80.53-
MHz 11B NMR spectrum of the product indicated ca. 50% D at 
the B(2,3) positions and ca. 5% at the B(4,6,8,l 1) positions. 

Preparation of B-a-Carboranyl Iridium Complexes HI-XI. 
Table I gives the conditions for and results of selected syntheses of 
B-tr-carboranyl iridium complexes. In general, the reagents were 
mixed in a Schlenk flask under N2 and stirred at the reflux tem
perature for the indicated time. Some of the cyclohexane prepara
tions briefly dissolved to a red solution before the yellow crystalline 
product began to precipitate. The ethanol and hexane preparations 
and some of the cyclohexane preparations remained mixtures in 
which the yellow crystalline product slowly replaced the orange 
suspension which immediately formed from the reagents. The ben
zene solutions lightened from red to orange during the reaction 
period and the products were slowly crystallized from the cooled 
solutions by addition of the indicated solvent. 

Recrystallization of the 1,2-carborane adducts could be accom
plished in the atmosphere by dissolution in CH2CI2, addition of an 
equal volume of ethanol, and slow rotary evaporation to remove 
the more volatile solvent. The other adducts were recrystallized 
similarly in the drybox because of the air sensitivity of their solu
tions. Attempts to recrystallize 3-[(PPh3)2IrHCl]-l,12-C2Bi0Hn, 
even in the drybox, failed due to decomposition of the complex. 

The analyses given in Table IV were taken on the samples of the 
complexes for which melting point data are given in Table I. 

Reactions of 2-[(PPh3)2lrHCl]-l,2-C2B,oHii (III). Carbon Mon
oxide. A suspension of 100 mg (0.111 mmol) of 2-[(PPh3)2IrHCl]-
l,2-C2BioHn in 10 ml of warm benzene was treated with a stream 
of CO for 3 min, during which time the complex dissolved to afford 
a pale yellow solution. The solution was heated briefly to reflux, 
cooled, and treated with 10 ml of pentane, whereupon a yellow 
crystalline product slowly precipitated. After 1 hr, the product was 
collected by filtration, washed with pentane, and air-dried. The ir 
spectrum was identical with that of authentic trans-
(PPh3J2(CO)IrCl. The yield was 70 mg (80%). 

The filtrate was evaporated to dryness and the residue sublimed 
to a 0° cold finger at 60° in high vacuum. 1,2-C2B10Hi2 (13.2 mg, 
82%) was collected. The ir spectrum was identical with that of au
thentic 1,2-C2Bi0Hi2. 

Triphenylphosphine. To 100 mg (0.111 mmol) of 3-
[(PPh3)2lrHCl]-l,2-C2Bi0Hu suspended in 10 ml of benzene was 
added 117 mg (0.446 mmol) of PPh3 and the mixture was heated 
briefly to the reflux temperature. After cooling, the solvent was 
evaporated and the residue was dissolved in 10 ml OfCH2Cl2. Hex
ane (50 ml) was added and the solution was evaporated to ca. 5 ml. 
Filtration afforded 69 mg (61%) of a yellow powder which ir anal
ysis showed to be a mixture of (PPh3)3IrCl and the ortho metalat-
ed derivative. The identity of the latter was confirmed by the 
chemical shift and distinctive eight line multiplicity of the hydride 
resonance in the 1H NMR spectrum, identical with that of the au
thentic ortho metalated species.14 Evaporation and sublimation of 
the filtrate afforded 1,2-C2Bi0Hi2. 

Acknowledgment. The authors wish to thank Dr. R. J. 
Wiersema and Mr. C. G. Salentine for obtaining the 
80.53-MHz 11B N M R spectra. This research was supported 
in part by the Office of Naval Research and the National 
Science Foundation (Grant No. GP 14372X-1). 

References and Notes 

(1) N.S.F. Graduate Fellow, 1969-1972; U.S. Army Fellow, 1973-1974. 
(2) A few leading references to the extensive work in this field include: (a) 

M. F. Hawthorne, Pure Appl. Chem., 33, 475 (1973); (b) M. F. Haw
thorne and G. B. Dunks, Science, 178, 462 (1972); (c) E. L. Muetterties, 
Pure Appl. Chem., 29, 585 (1972); (d) V. R. Miller, L G. Sneddon, D. C. 
Beer, and R. N. Grimes, J. Am. Chem. Soc, 96, 3090 (1974). 

(3) (a) S. Bresadola, P. Rigo, and A. Turco, Chem. Commun., 1205 (1968); 
(b) S. Bresadola and B. Longato, lnorg. Chem., 13, 539 (1974). 

(4) D. A. Owen, J. C. Smart, P. M. Garrett, and M. F. Hawthorne, J. Am. 
Chem. Soc, 93, 5687 (1971). 

(5) R. Rogowski and K. Cohn, lnorg. Chem., 11, 1429 (1972). 
(6) A. A. Sayler, H. Beall, and J. F. Sieckhaus, J. Am. Chem. Soc, 95, 

5791 (1973). 
(7) (a) M. L. Thompson and R. N. Grimes, lnorg. Chem., 11, 1925 (1972); 

(b) A. Tabereaux and R. N. Grimes, ibid., 12, 792 (1973). 
(8) D. F. Gaines and T. V. Iorns, lnorg. Chem., 7, 1041 (1968). 
(9) G. Schmid, W. Petz, W. Arloth, and H. Noth, Angew. Chem., Int. Ed. 

Engl., 6, 696(1967). 
(10) M. R. Churchill, J. J. Hackbarth, A. Davison, D. D. Traficante, and S. S. 

Wreford, J. Am. Chem. Soc, 96, 4041 (1974). 
(11) E. L. Hoel and M. F. Hawthorne, J. Am. Chem. Soc, 95, 2712 (1973). 
(12) E. L. Hoel and M. F. Hawthorne, J. Am. Chem. Soc, 96, 6770 (1974). 
(13) G. W. Parshall, Ace. Chem. Res., 3, 139 (1970). 
(14) M. A. Bennett and D. L. Milner, J. Am. Chem. Soc, 91, 6983 (1969). 
(15) R. N. Grimes, "Carboranes", Academic Press, New York, N.Y., 1970. 
(16) E. L. Muetterties, "Transition Metal Hydrides", Marcel Dekker, New 

York, N.Y., 1970. 
(17) J. Chart and J. M. Davidson, J. Chem. Soc, 843 (1965). 
(18) F. A. Cotton, B. A. Frenz, and D. L. Hunter, J. Chem. Soc, Chem. Com

mun., 755 (1974). 
(19) For partially deuterated compounds, the approximate total deuterium 

content of the molecule is given as subscript to the "a" in parentheses 
following the formula. 

(20) H. Takahashi and J. Tsuji, J. Organomet. Chem., 10, 511 (1967). 
(21) U. Klabunde and G. W. Parshall, J. Am. Chem. Soc, 94, 9081 (1972). 
(22) (a) E. L. Hoel and M. F. Hawthorne, J. Am. Chem. Soc, 96, 4676 

(1974); (b) E. L. Hoel and M. F. Hawthorne, in preparation. 
(23) J. P. Collman, Ace. Chem. Res., 1, 136 (1968). 
(24) H. van Gaal, H. G. A. M. Cuppers, and A. van der Ent, Chem. Commun., 

1694(1970). 
(25) C. Masters, B. L. Shaw, and R. E. Stainbank, J. Chem. Soc, Dalton 

Trans., 664 (1972). 
(26) Extensive line broadening is a feature of all the 11B NMR spectra for the 

S-ir-carboranyl iridium complexes described in this paper. The only re
solved resonances are those which are shifted 15-30 ppm upfield by 
the iridium substituent. 

(27) T. E. Paxson and M. F. Hawthorne, J. Am. Chem. Soc, 96, 4674 
(1974). 

(28) M. F. Hawthorne, T. D. Andrews, P. M. Garrett, F. P. Olsen, M. J. 
Reintjes, F. N. Tebbe, L. F. Warren, P. A. Wegner, and D. C. Young, 
lnorg. Synth., 10, 95 (1967). 

(29) S. Papetti, C. O. Obenland, and T. L. Heying, lnd. Eng. Chem., Prod. Res. 
Dev., 5, 334(1966). 

(30) P. M. Garrett, G. S. Ditta and M. F. Hawthorne, lnorg. Chem., 9, 1947 
(1970). 

(31) J. F. Sieckhaus, N. S. Semenuk, T. A. Knowles, and H. Schroeder, 
lnorg. Chem., 8, 2452 (1969). 

(32) L. F. Fieser and M. Fieser, "Reagents for Organic Synthesis", Vol I, 
Wiley, New York, N.Y., 1967, p 333, method a. 

(33) J. A. Dupont and M. F. Hawthorne, J. Am. Chem. Soc, 84, 1804 (1962). 
(34) L. Maier, HeIv. Chim. Acta, 46, 2026 (1963). 
(35) A. van der Ent and A. L. Onderdelinden, lnorg. Synth., 14, 94 (1973). 
(36) R. A. Schunn and E. R. Wonchoba, lnorg. Synth., 13, 131 (1972). 
(37) Calculated by ISOTOPE, a FORTRAN IV program written by E. L. Hoel. 
(38) C. R. Kutal, D. A. Owen, and L. J. Todd, lnorg. Synth., 11, 94 (1968). 

Hoel, Hawthorne / Preparation of B-a-Carboranyl Iridium Complexes 


