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Unusual Stereochemistry of the Oxidative Addition Reaction of Hydrogen
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A series of new stable iridium(I) complexes of the type trans-[(CsHs)3P]2Ir(CO)(o-carb), where carb is 2-R-1,2-B1oC2H 10~
(R = H, CH3) and 7-R'-1,7-BioC2H10~ (R' = H, CH3, C¢Hs), has been prepared. Their infrared spectra are discussed.
An analogous carborane complex containing CH3(CsHs)2P has also been prepared for NMR structural purposes. These
complexes are isoelectronic and isostructural with the Vaska’s complex but differ from this in two principal aspects: (a)
the reaction with hydrogen is irreversible; (b) it occurs yielding three different isomers of cis addition as a result of solvent
dependence of the hydrogen uptake. One of these isomers is not stable in solution and isomerizes, the type of the reaction
product depending on the solvent used. The stereochemistry of the octahedra! dihydrido derivatives obtained has been
assigned by a combination of ir and !H NMR spectroscopy. Evidence supporting the kinetic control of the hydrogen addition

is also reported.

Introduction

In the course of our research on the synthesis, character-
ization, and reactions of transition metal complexes containing
1,2- and 1,7-dicarba-closo-dodecaborane(12) formed through
metal—-carbon ¢ bonds,1-6 we have prepared a series of stable
uncharged iridium(I)—carborane complexes of general formula
trans-[(Ce¢Hs)3P]2Ir(CO)(o-carb), where carb is 2-R-1,2-
B1oC2Hio~ (R = H, CH3) and 7-R'-1,7-B1oC2H10~ (R' = H,
CH3, CeHs).

In spite of the remarkable interest concerning the properties
and reactivities of various halogen and phosphine analogs of
the Vaska complex, trans-[(CsHs)3P]2Ir(CO)C], only very few
stable organometallic derivatives of these iridium(I) complexes
have been reported.”-9

We wish to report here the preparation and characterization
of some neutral iridium(I)-carborane complexes containing
stable metal-carbon o bonds. The reactions of these complexes

with molecular hydrogen are also reported together with a
study of their stereochemical course.

Results and Discussion

Preparation and Characterization of the Iridium(I)-
Carborane Complexes. Compounds of general formula
trans-[(CeHs)3P]2Ir(CO)(o-carb), carb = B1oC2H10R~, were
obtained by treating a benzene suspension of trans-
[(CsHs)3P]2Ir(CO)C1 with an excess of 1-Li-2-R-1,2-
BioC2H10 (R = H, CH3) or 1-Li-7-R'-1,7-B1oC2H10 (R' =
H, CH3, CsHs) in diethyl ether (eq 1). In a similar manner
trans-[(C,H;),P1,Ir(CO)CI + Li(carb) —

trans-[(C4H,),P1,Ir(CO)(o-carb) + LiCl 1

the complex trans-[(CeéHs)2CH3P]2Ir(CO)(s-carb), where
carb = 7-CsHs-1,7-B10C2H10-, was also prepared. Table I
lists the complexes obtained with pertinent analytical and ir
(vco) data. Complexes I-VI (Table I) are stable under inert
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atmosphere both in solution and in the solid state, are dia-
magnetic, and behave as nonelectrolytes at 25° in CH2Cl»
solution. The poor solubility of these complexes at low
temperatures prevented measurement of their molecular
weights by the cryoscopic method, whereas the high reactivity
toward oxygen made unsuitable the osmometric method.

The ir spectra of I-VI, exhibit, in addition to the absorption
bands due to the phosphine ligands, the strong absorption
bands in the range 2540-2620 cm~! which are attributed to
the B—H stretching of the dicarba-closo-dodecaborane(12)
ligands and the strong bands due to »co (Table I). The vco
frequencies found suggest a trans configuration for the
complexes I-VI. In fact, bearing in mind that the
electron-withdrawing ability of the carborane is comparable
to that of the chloride ligand,!0 the vco frequencies shown are
consistent with the expectation of a replacement of Cl- by
B10C2H10R- trans to CO in the complex trans-
[(CsH5)3P]2Ir(CO)CI (vco 1967 cm~1, CHCI311), except for
complex III (see below). The relative positions of the
phosphine ligands have been investigated by !H NMR
spectroscopy in connection with complex VI which contains
the diphenylmethylphosphine ligands. The !H NMR spectrum
of this complex shows a well-defined 1:2:1 triplet resonance
at 7 7.74 [J(P-H) (apparent)-= 3.0 Hz] of total relative
intensity 2 due to the CH3P protons, which is in agreement
with two phosphines in mutually trans positions.!2

It is to be noted that remarkable differences between the
properties of the complexes containing as ligands the un-
substituted 1,2- or 1,7-carboranes and C(7)-substituted de-
rivatives of 1,7-carborane and those of the complexes con-
taining the C(2)-substituted derivatives of 1,2-carborane are
observed. In the latter case the steric effects due to the
presence of a substituent on the bulky carborane cage in the
“ortho” position plays an important role. Thus, a peculiarity
was encountered by treating trans-[(CsHs)3P]21r(CO)Cl with
1-Li-2-CsHs-1,2-B10C2H 10 in excess. The final product of this
reaction is complex VII whose analytical and spectroscopic
data are consistent with a hydridocarborane derivative of
iridium(III). The ir spectrum (Nujol mull) exhibits, in ad-
dition to the absorptions of the carborane (vBH 2540-2620
cm™1) and to those of the phosphine ligands, a strong band
- at 2010 cm™! assigned to »co and two strong—medium ab-
sorptions at 2100 and 810 cm-! attributed to »irH and é1rH,
respectively. Furthermore, a strong band centered at 728 cm™!
is observed which is in the typical range of the C-H out-
of-plane deformation for ortho-disubstituted aromatics.!3 The
low solubility of complex VII in most of the solvents prevented
any adequate !H NMR measurements. Actually, the first
product of the reaction under discussion is an orange compound
which is likely a carborane—iridium(I) complex, analogous to
[-VI, formed through eq 1. This complex in the course of
purification or on standing yields the white iridium(III) de-
rivative, VII, which ought to form through an intramolecular
oxidative addition reaction involving one ortho C-H bond of
the C(2)-carborane ligand phenyl substituent, as shown in eq
2.

Steric requirements of the “ortho”-substituted carborane
ligand may be responsible for this internal metalation, by
forcing the iridium atom and the phenyl group of the carborane
close together above the molecular planei4!3 as previously
suggested in order to explain an identical intramolecular
reaction observed in the formation of a similar hydrido-
carboranerhodium(III) complex.5 Steric effects due to the
C(2)-methyl-substituted carborane ligand may also explain
the anomalous low yco value (1950 cm-!) found in the case
of complex III. This complex, unlike the other iridium(I)-
carborane complexes, is not soluble in most of the organic
solvents and exhibits an exceptionally high reactivity toward
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We think that these peculiar aspects of complex III could be
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between the C(2)-carborane methyl group and the iridium
atom as shown in 1.
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If this interaction was effective, an electron donation from
the CH3 group would take place and hence the nucleophilic
power of the metal atom would be increased and it might also
justify the exceptionally low »co frequency exhibited by III.
Structural information in this connection could be obtained
by proton NMR spectroscopy of the corresponding 1-
[((CeH5)2CH3P)21r(CO)]-2-CH3-1,2-(o-B10C2H10) complex
(vco 1954 cm™!1, Nujol). However, the preparation of such
a complex leads to an unpurifiable compound whose low
solubility in most organic solvents did not allow us to obtain
an adequate NMR spectrum.

Reaction of Iridium(I)—Carborane Complexes with Mo-
lecular Hydrogen., The complexes trans-(R2R'P)21r(CO)-
(o-carb) (R = CsHs; R' = CsHs, CH3) react rapidly with
molecular hydrogen or deuterium giving dihydrides or di-
deuterides of general formula (R2R'P)2IrH2(or D2)(CO)-
(o-carb). These complexes are colorless crystalline compounds,
nonelectrolytes in solution, and very stable complexes with

‘respect to thermal loss of either carborane or molecular

hydrogen, but they are light sensitive. The stereochemical
course of the oxidative addition reactions of hydrogen to
carborane-iridium(I) complexes appears to be solvent de-
pendent and three different isomeric adducts can be identified.
Conversely, it is a well-known fact that the addition of hy-
drogen to related planar iridium(I) complexes is always
stereospecifically cis and is unaffected by the nature of the
solvent, a single isomer in which the phosphine ligands remain
trans (configuration B, Figure 1) being formed.11,16,17

Infrared and 'TH NMR data of the dihydridocarborane-
iridium(IIT) isomers discussed in this report are listed in Table
II. ,

Complex III, for which no information could be obtained
with regard to the reaction with Hz in solution owing to its
insolubility, is very reactive toward hydrogen in the solid state.
Thus, the reaction is complete in a few seconds at room
temperature under 1 atm of hydrogen, yielding a single di-
hydridocarboraneiridium(III) isomer, X, which is soluble in
the common organic solvents where it is indefinitely stable.

The 'H (hydride) NMR spectrum of X is consistent with
configuration C (Figure 1). In fact it shows two doublets of
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Figure 1.

doublets, both of total relative intensities 1, indicating that the
hydride and the phosphine ligands are cis to each other
(because of H-H coupling each peak is further split into two
lines). The low-field resonance (7 18.44) is assigned to hy-
drogen trans to CO,!8 whereas the resonance at higher field
(7 21.48) together with the high Jpu value found is in
agreement with a hydrogen trans to one phosphine ligand.!8
Once the phosphines in this octahedral adduct were shown to
be mutually cis, it was possible to confirm the remaining
stereochemistry by use of infrared spectroscopy. Thus, the
corresponding dideuterated complex was also prepared and
an increase in »co of 25 cm~! was observed in going from the
dihydride to the dideuteride derivatives in agreement with the
expectation of a CO trans to a H ligand,!920 and it provides
further support for the configuration C.

Complex V reacts with hydrogen in the solid state at room
temperature although more slowly than complex III, the
reaction being ended in about 1 hr. The dihydride so formed,
XI1I, is a single stereoisomer, to which configuration A (Figure
1) has been assigned on the basis of the following consider-
ations. The 'H (hydride) NMR spectrum in CH2Cl> of this
adduct (Table II) is a complex centrosymmetrical multiplet
centered at 7 19.52 (Figure 2). This hydride resonance
pattern is characteristic of an AA'XX' spin system in which
the two hydride ligands are mutually in cis position and are
both trans to the phosphine ligands, thus leading to chemical
but not magnetic equivalence. Moreover, the high »CO fre-
quency exhibited by XII indicates that the CO group is trans
to the carborane ligand (see above). Stereoisomers of type
A can be obtained also by allowing complexes I, II, IV, and
VI to react with hydrogen in the solid state. However, the
reaction with these complexes is too slow to be a useful method
for the preparation of isomers of type A. The dihydrides of
this type are indefinitely stable in the solid state, whereas they
isomerize quantitatively at room temperature in nonpolar
solvents,2! such as CH2Cly, 1,2-C2H4Cl2, C¢Hs, etc., affording
the stereoisomers of type B (Figure 1). The !H (hydride)
NMR spectrum of the species B exhibits two 1:2:1 triplets
indicating that the phosphine ligands are mutually trans (each
peak of these triplets is further split into two lines by H-H
coupling). The triplet at low field is due to the hydride trans
to CO,!8 that at high field (r ~25) being consequently at-
tributable to the hydride trans to the carborane anionic ligand
(Table II).

With the exception of the insoluble complex III, the car-
borane—iridium(I) complexes have been shown to be very
reactive toward hydrogen in solution at room temperature.
However, in these cases, the addition reaction exhibits a
stereochemical course which changes with the solvent used.
Thus, if the oxidative additions are carried out in polar solvents,
such as CH3CN, only adducts of configuration C are formed,
whereas a mixture of stereoisomers is obtained working in
nonpolar solvents, such as CH2Cl2 or C2H4Cl2. Ir and 'H
(hydride) NMR spectroscopy of the latter reaction mixtures
allowed us to detect only species A and B which appear to be
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Figure 2. 'H (hydride) NMR pattern of 1-[(Ph,P),Ir(CO)H, |-
7-CH,-1,7-(a-B,,C, H, ), configuration A (XII).

formed in all cases in the virtual molar ratio 6:4, which seems
to be unaffected by the reaction temperature between —60 and
+30°. However, species A is not stable in solution and slowly
isomerizes quantitatively to B. By addition of methanol to the
reaction mixture or by stripping the solvent, a mixture of the
isomers A and B can be isolated in the solid state.

A more complete investigation on the H2 uptake has been
possible using complex IV, whose the reaction products exhibit
a chemical shift of the CH3 proton resonance of the 7-
CH3-1,7-B10C2H1o ligand which depends on the particular
configuration of the complex (Table II). Thus, when the
hydrogen addition is carried out in a nonpolar solvent, the 1H
NMR spectrum of the reaction product shows three different
chemical shift values of the carborane CH3 proton resonance,
consistent with a mixture of isomers A (7 8.78) and B (7 8.84)
and a small amount (2-5%) of isomer C (7 8.64). The 'H
NMR spectrum run immediately after bubbling of hydrogen
for 10 sec exhibits the carborane methyl proton resonances
attributed to the growing species A, B, and C with relative
intensities 6:4:0.2. The same relative intensities are found by
recording the IH NMR spectrum after 5 min, when the
starting complex is completely reacted.

These observations exclude that the formation of the stable
species B and C is due merely to isomerization of A to B or
A to C, thus showing that the reaction is kinetically controlled.
Addition of CH3CN (=2% in volume) to a CH2Cl2 solution
containing both stereoisomers A and B leads to quantitative
isomerization of A to C, whereas isomer B appears to be stable.

Figure 3 shows the reaction sequence found in solution for
the hydrogen addition to the carborane—iridium(1) complexes.

We think that steric crowding effects, resulting from the
presence of the large carborane and phosphine ligands, can
play an important part in determining the stereochemistry of
the oxidative addition reactions in the cases of the carbo-
rane-iridium(I) complexes. In fact, these steri¢ requirements
are expected to induce a considerable distortion from the
square-planar structure in the starting d8 complex.14.15
Consequently, the approach of H2 above the molecular plane
accompanied by simultaneous decrease in the P-Ir—P angle
would give the adduct of configuration A in nonpolar solvents
(eq 3), together with the stable species B.

The stereospecific course yielding the isomer of configuration
C, observed when these hydrogen oxidative addition reactions
are carried out in polar solvent, could be due to several
unexplored reasons, such as the presence in solution of
solvent-containing intermediates or simply as a thermodynamic
solvent effect.
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Experimental Section

Reagent grade solvents were further purified by standard methods
and were dried and degassed before use. The lithiocarboranes were
prepared by treating the carboranes with lithium butyl as reported
in the literature.22 trans-(PPh3)2Ir(CO)Cl and trans-
(PPh2Me)2Ir(CO)Cl were prepared by literature methods.2> All of
the reactions involving iridium(I) complexes were carried out under
argon atmosphere. 'H 90-MHz NMR spectra were recorded with
a Bruker HFX-90 spectrometer. Infrared spectra were obtained with
a Perkin-Elmer Model 457 and calibrated against polystyrene fitm.
Melting points were determined by a conventional hot-stage microscope
and are uncorrected. Molecular weights were obtained by a Mechrolab
Model 301 A osmometer.

1-{(Ph3P)2Ir(CO)}-2-H-1,2-(c-B10C2H10) (I). The solution obtained
by treating 0.7 g (4.8 mmol) of 1-H-2-H-1,2-B10C2H 10 in 10 ml of
diethyl ether with 3.25 m! of n-butyllithium (9.7% in hydrocarbons)
was added to a suspension of 0.5 g (0.6 mmol) of trans-(Ph3iP)2Ir-
(CO)Clin 10 ml of C¢He at room temperature. The resulting orange
solution was stirred for 1 hr and then filtered. Addition of 40 ml of
n-hexane to the resulted solution afforded yellow crystals which were
washed with methanol and dried. The yield of pure product was 0.6
g (75%); mp 183-184° dec. 'H NMR spectrum (CH2Cl2): broad
singlet at 7 7.10 due to the CH carborane proton resonance.

1-[(Ph3P)2Ir(CO)}-7-H-1,7-(c-B10C2H10) (II). A suspension of
1-Li-7-H-1,7-B10C2H10 (3.8 mmol) in 10 ml of diethyl ether was added
to a suspension of 1 g (1.28 mmol) of ¢trans-(Ph3P)2Ir(CO)Cl in 20
ml of benzene at room temperature. The mixture was stirred for 2
hr and the orange solution was then filtered. By addition of n-hexane
a yellow precipitate was separated which was washed with methanol
and further purified by recrystallization from CH>Clo-CH30OH. The
yield of pure yellow crystals was 0.8 g (709%); mp 173° dec. 'H NMR
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spectrum (CH2Cl2): broad singlet at T 7.64 due to the CH carborane
proton resonance. )

1-{(Ph3P)2Ir(CO)]-2-CH3-1,2-(o-B1oC2H10) (III). A solution of
3.4 mmol of 1-Li-2-CH3-1,2-B1gC2H 10 in 30 ml of diethyl ether was
added to a solution of 1 g (1.28 mmol) of trans-(Ph3P)2Ir(CO)Cl in
50 ml of benzene at room temperature. After a few minutes a
yellow-orange microcrystalline product was formed which was washed
with n-hexane and methanol and dried in vacuo. The yield of orange
microcrystals was 1.04 g (90%); mp 183-184° dec. The product
appears to be insoluble in most of the organic solvents, but good
analytical data were obtained without further purification.

1-[(Ph3P).Ir(CO) - 7-CH3-1,7-(o-B10C2H10) (IV). A solution of
7.5 mmol of 1-Li-7-CH3-1,7-B1oC2Hi1o in 15 ml of diethyl ether was
added to a suspension of 2 g (2.5 mmol) of trans-(Ph3P)20r(CO)Cl
in 25 ml of benzene at room temperature and an orange solution was
rapidly obtained. The LiCl formed was filtered off and then the
addition of n-hexane caused separation of orange crystals which were
separated by filtration, washed with methanol, and dried. The obtained
product was purified by recrystallization from CH2Clo-CH30H. The
yield of pure yellow-orange crystals was 1.65 g (82%); mp 180~181°
dec.

1{(Ph3P)2Ir(CO)]-7-C¢Hs-1,7-(o-B10C2H10) (V). This complex
was prepared as above by treatment of a solution of 1 g (1.28 mmol)
of trans-(Ph3P)2Ir(CO)Cl in 30 ml of C¢Hg with a solution of 3.4
mmol of 1-Li-7-C¢Hs-1,7-B1o0C2H10 in 15 ml of ether. The crude
product was further purified by recrystallization from benzene-n-
hexane. The yield of pure product, orange crystals, was 1.0 g (85%);
mp 132-133° dec.

1-[(PhoMeP)2Ir(CO)}-7-CsHs-1,7-(0-B1oC2Hi0) (VI). As complex
V, this was prepared from a solution of 0.7 mmol of 1-Li-7-
CeHs-1,7-B1oC2Hio in 10 ml of diethy! ether and a solution of 0.45
g (0.18 mmol) of trans-(PhoMeP)2Ir(CO)Clin 10 ml of benzene. The
yield of pure orange crystals was 0.5 g (85%); mp 186-189° dec.

1-[(Ph3P)2IrH]-2-C¢Ha-1,2-(o-B1oC2H10) (VII). Under argon,
3.4 mmol of a solution of 1-Li-2-Ce¢Hs-1,2-B10C2H10 in 30 ml of
anhydrous diethyl ether was slowly added to a stirred solution of 1
g (1.28 mmol) of trans-(Ph3P)2Ir(CO)Cl in 50 ml of anhydrous
benzene at room temperature. The reaction mixture was stirred for
12 hr. The lithium chloride precipitate so formed was then separated
by filtration in an argon atmosphere. Addition of n-hexane to the
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resulting orange solution caused separation of a very air-sensitive
orange product. Attempted purification of this crude product either
by column chromatography (Al2O3, benzene as eluent) or by re-
crystallization from CH2Cl>-CH3OH afforded pure white crystals,
yield 75%, of VII, mp 193-195° dec.

Reaction of 1-[(Ph3P)2Ir(CO)]-2-H-1,2-(¢-B10C2H10), I, with H>,
Complex I (0.5 g) was dissolved in CH2Cl2 (10 ml) under argon and
then hydrogen was bubbled through the solution at 25° for 3 min.
The orange solution turned pale yellow. The ir and !H NMR spectra
of this solution run within a very short time showed the presence of
the dihydrido derivative in both configurations A and B. The solution
was allowed to stand at room temperature for 24 hr and then addition
of methanol precipitated a white solid, which was recrystallized from
CH2Cl12-CH3O0H to give white crystals of pure 1-[(PhiP)2Ir(H2)-
(CO)]-2-H-1,2-(s-B10C2H10), configuration B (VIII), mp 170-171°
dec. Anal. Caled for C39H43B100OP2Ir: C, 52.63; H, 4.87. Found:
C, 51.95; H, 4.80.

Reaction of 1-[(Ph3P)2Ir(CO)}-7-H-1,7-(o-B1oC2H10), II, with Ha,
(a) The procedure was as described above, using 0.15 g of ITin 1.5
ml of CH2Cl2. The initially orange solution turned pale yellow within
15 min. A mixture of adducts of configurations A and B (IV) was
formed. The solution was allowed to stand at 40° for 5 hr and then
methanol was added and the precipitate was recrystallized from-
CH:Cl1>-CH30H to give white crystals of pure 1-[(Ph3P)2Ir(H2)-
(CO)]-7-H-1,7-(¢-B10C2H10), configuration B, IX, mp 161-162° dec.
Anal. Caled for Ca9H43B10OP2Ir: C, 52.63; H, 4.87. Found: C,
52.20; H, 4.91.

(b) By treating complex II with hydrogen in CH3CN solution as
described above, a white precipitate was rapidly formed. This crude
product was purified by recrystallization from CH2Cl>-CH3OH
yielding white crystals of pure 1-[(PhiP):Ir(H2)(CO)]-7-H-1,7-
(¢-B10C2H10), configuration C (IX). Anal. Caled for
C39H43B100P2Ir: C, 52.63; H, 4.87. Found: C, 52.60; H, 4.85.

Reaction of 1-[(Ph3P)2Ir(CO)}-2-CH3-1,2-(o-B10C2H10), III, with
H>. (a) Crystals of I1I were kept under hydrogen at 25° (1 atm) and
the orange solid immediately turned white. The crude product was
purified by recrystallization from CH2Cl>~-CH30H to give white
crystals of pure 1-[(PhiP)21r(H2)(CO)]-2-CH3-1,2-(o-B1oC2Hio0),
configuration C (X), mp 161° dec. Anal. Caled for C40HasB10OP2Ir:
C. 53.14; H, 5.02. Found: C, 52.60; H, 5.07. The corresponding
dideuteride was prepared similarly using deuterium. Ir bands (cm™!)
at 1583 (m) and 1520 (w) were due td virD and that at 2025 (s) was
due to vco (Nujol).

(b) By bubbling hydrogen through a CH2Cl> suspension of III at
room temperature, a colorless solid was rapidly formed which resulted
in being a mixture of isomeric adducts having poor solubility and it
was no further investigated. Ir maxima (¢cm!) are at 2247 (m), 2230
(m), 2130 (s), and 2115 (s) [v1irH] and at 1997 (s) and 1981 (s) [v»co]
in Nujol.

Reaction of 1-[(Ph3P)2Ir(CO)]-7-CH3-1,7-(o-B10C2H10), IV, with
H2. (a) Crystals of IV were kept under hydrogen (1 atm) at room
temperature for 12 hr. According to ir and NMR spectroscopy the
white solid so formed appears to contain the dihydride adduct of
configuration A (XI) together with unreacted complex IV. Attempts
to isolate the pure isomer A by recrystallization were unsuccessful
since isomerization to species B takes place in solution of CH2Cl2.

(b) Complex IV (0.3 g) was dissolved in 1,2-dichloroethane (20
ml) under argon and hydrogen was bubbled through the solution at
25°. The initially orange solution turned colorless in the course of
3 min. Addition of ethanol caused a white precipitate which according
to ir and 'H NMR (in CH2Cl,) spectroscopy turned out to be a
mixture of the dihydride adducts of configurations A, B, and C (60,
35, and 5%, respectively) (XI, Table II). The same mixture was
obtained when the reaction was carried out in CH2Cl solution. This
mixture of isomeric adducts was then dissolved in CH2Cl2 and the
obtained solution was allowed to stand at room temperature for 24
hr. Addition of methanol to this solution and recrystallization of the
resulting precipitate from CH2Clz-CH30H gave pure XI, config-
uration B, mp 153° dec. Anal. Caled for CsoHasB1oOP2Ir: C, 53.14;
H, 5.02. Found: C, 52.90; H, 4.98,

(c) The procedure was as described in (b), using as solvent CH3CN
in place of CH2Cl2. The initially orange solution turned colorless
in the course of 2 min and a white crystals solid began to precipitate.
After 30 min this was filtered, washed with methanol, and recrys-
tallized from CH2Cl.~-CH3OH to give white crystals of pure 1-
[(PhaP)zlr(Hz)(CO)]-7-CH3-1,7-(0-B10C\2H10), configuration C (XI),
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mp 163-164° dec. Anal. Calcd for C40H4sB10OP2Ir: C, 53.14; H,
5.02. Found: C, 52.50; H, 5.04. The adduct of configuration C was
also obtained using nitromethane or dimethylformamide as reaction
solvent,

The corresponding dideuteride (mp 162-164° dec) was prepared
similarly in CH3CN solution using deuterium. Bands due to yco were
seen at 2020 (s) cm™! in Nujol and at 2021 (s) cm~! in CH2Cl,.

Reaction of 1-[(Ph3P)2Ir(CO)}-7-CsHs-1,7-(o-B10oC2H10), V, with
H>. (a) Crystals of V were kept under hydrogen (1 atm) at room
temperature. The initially orange product lightened in color and in
the course of 20 min a pale yellow solid was obtained. According
to spectroscopic evidence this turned out to be the dihydride of
configuration A (XII) together with a small amount of the unreacted
complex V. Isomerization of the species A occurs when purification
by recrystallization was tried.

(b) The dihydrido derivative obtained as described above was
dissolved in CH2Clz. After 1 day at room temperature a white product
was precipitated with ethanol which was recrystallized from
CH:C1;-CH30H to give white crystals of pure 1-[(PhiP)2Ir(H2)-
(CO)]-7-CsHs-1,7-(a-B10C2H 10), configuration B (XII), mp 142-143°
dec. Anal. Caled for C4sHa7B10OP2Ir: C, 55.95; H, 4.90. Found:
C, 55.62; H, 4.81.

(c) The dihydrido derivative prepared as described in (a) was
dissolved in CH2Cl> containing CH3CN (10% by volume). The
solution was kept for 1 day at room temperature. Thus, ethanol was
added and the precipitate recrystallized from CH2Cl>-CH30H to
give white crystals of 1-[(Ph3P):Ir(H2)(CO)]-7-CeHs-1,7-(o-
BioC2H10), configuration C, mp 140° dec. ~Anal. Caled for
C4sH47B10OP2Ir: C, 5595; H, 4.90. Found: C, 55.80; H, 4.93.

Reaction of 1{(Ph2MeP)2Ir(CO)}-7-CsHs-1,7-(a-B1oC2H10), VI,
with Hz2, Complex VI (0.5 g) was dissolved in CH2Cl2 (40 ml) under
argon and then hydrogen was passed at 25°. The orange solution
rapidly turned colorless. Ir and 'H NMR spectra run after few minutes
revealed the presence of both adducts of configurations A and B (XIII).
By allowing this solution to stand at room temperature for 2 days,
complete isomerization to isomer B was observed. Ethanol was then
added and the precipitate recrystallized from CH2Cl>-CH30H gave
white crystals of pure 1-[(PhoMeP)Ir(H2)(CO)]-7-CsHs-1,7-(o-
B10C2Hio0). configuration B (XIII), mp 169-170° dec. Anal. Caled
for C3sH43B10OP2Ir: C, 49.92; H, 5.15. Found: C, 49.86; H, 5.24.
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Mono- and trinuclear arylnitroso complexes of the nickel triad, M(ArNO)(z-BuNC)2 [M = Ni, Ar = p-XCsH4 (X = NMez,
OMe, Me, H, Cl, Br), 3,4-C12C¢H3; M = Pd, Ar = p-CICsH4], M(PhNO)(PPh3)2 (M = Ni, Pd, Pt), and Pd3(PhNO)3L3
[L = P(z-Bu)3, PPh(z-Bu)z], have been prepared. Ir data of the mono- and trinuclear compounds suggest a side-on 72
coordination of the N==O group which has been confirmed by an x-ray analysis on the latter compound. For M-
(ArNO)(t-BuNC)2, the N==C stretching frequencies (A' and A" modes) correlate linearly with the Hammett ¢ constant
(op) of the para substituent. Consistently a linear correlation was found between the upfield shift (A7) of meta protons
and the cis stretch—stretch interaction Ay(N=C). The property of nitrosobenzenes as two-center = acids has been discussed
on the basis of the spectral data. Facile N—O bond cleavage of the coordinated PhANO leading to phenylnitrene and oxygen
atom transfer was observed when Ni(PhNO)(s-BuNC)2 was treated with electron-donating reagents, t-BuNC, PPhs, and
PhNO. The reaction of PANO with t-BuNC to give t-BuNCOQO, PhN==N(O)Ph, and PhN==C=N(¢-Bu) can be carried
out as a catalytic process. Metal-catalyzed atom-transfer reactions between the nitro compound and :-BuNC were also

described.

In most of the nitrosobenzene!:2 or substituted nitroso-
benzene complexes3:4 so far prepared the ligand coordinates
to a metal as a ¢ base through the N or O atom, although
conclusive evidence for their structures is lacking. A recent
x-ray study of trans-PdCl2(PhNO):2 revealed 5! coordination
through the N atom.5 The -NO group in the nitroso com-
pound, isoelectronic (12 electrons) to dioxygen, should be able
to act as a two-center 7 acid. There has been only one ex-
ample, Fe2(CO)6(3-Cl-2-CH3CsH3NO)2,6 for which 52 co-
ordination has been established.” We were interested in
obtaining a series of mononuclear transition metal compounds
having an 52-ligated nitroso compound for information on the
nature of their bonding. In such an attempt we obtained a
stable trinuclear compound Pd3(PhNO)3[P(z-Bu)s3]s and
reported briefly the x-ray structure.8 In this paper we describe
the preparation of mononuclear compounds of the type
M(n2-nitrosobenzene) L2 (M = Ni, Pd, Pt; L = r~-BuNC, PPhs3)
and their spectroscopic data relevant to a discussion of the
bonding to metal. The spectral properties suggestive of
considerable perturbation of the NO bond upon coordination
prompted us to study the reactivity of coordinated nitroso
compounds. Nitrosobenzenes are considerably reactive. For
example, the deoxygenation occurs readily with trivalent
phosphorus compounds leading to nitrene reactions.® This type
of reaction was also observed with Fe(salen) (salen = N,-
N'-ethylenebis(salicylaldiminato)).10 Some metal-assisted
atom-transfer redox reactions were also reported without
details.11,12

AINO + L - AIN: + LO
L/
AINL’
From the reactivity studies, we were able to convert a stoi-
chiometric atom-transfer reaction into a catalytic process.

Results and Discussion

Preparation, Properties, and Structure. The complex Ni-
(t-BuNC)x!3 (n = 2 or 4) suspended in n-hexane was treated

with an equimolar amount of p-XCsH4NO (X = Me2N, MeO,
Me, H, Cl, Br) or 3,4-Cl2C¢H3NO at room temperature to
obtain quantitatively diamagnetic complexes Ni(ArNO)(¢-
BuNCQC)2 as red microcrystals. The reaction with an excess
of PhNO under nitrogen gave unexpectedly a nitrobenzene
complex Ni(PhNO2)(-BuNC)2.12 A similar reaction of
“Pd(z-BuNC)2"13 with p-CIC¢H4NO yields a diamagnetic
orange complex Pd(p-CIC¢H4NO)(#-BuNC)2. Triphenyl-
phosphine analogues M(PhNO)(PPh3)2 (M = Ni, Pd, Pt) are
prepared from M(CH>=CH2)(PPh3)2!4-16 and PhNO in
n-hexane. In contrast, a similar reaction of the two-coordinate
phosphine complex PdL»!7 (L = P(¢-Bu)3, PPh(z-Bu)2) affords
a trinuclear complex Pd3(PhINO)3L38 as red crystals with
liberation of 1 mol of phosphine. The steric bulk of P(¢-Bu)3
(cone angle!8 180 % 2°) and PPh(¢-Bu)2 (cone angle!® 170
&+ 2°) apparently prevents the formation of Pd(PhNO)L:.

The isocyanide complexes M(ArNO)(¢-BuNC)2 are mo-
nomeric and readily soluble in benzene, ether, and acetone but
insoluble in saturated hydrocarbons. The nickel isocyanide
complexes are unstable in air and even in the solid state, while
the palladium complex is stable in the solid state for a few
hours. The triphenylphosphine complexes are less soluble in
benzene and more stable toward air compared to the isocyanide
analogues. The trinuclear complexes Pd3(PhNO)sL3 are
soluble in #-hexane and stable in air in solution. The thermal
stability of the nickel isocyanide complexes increases with
increase of electron-accepting property of the para substituent
of the nitroso compounds, as manifested qualitatively in their
decomposition temperatures (Table I).

Assignment of the N=0O stretching of nitrosobenzenes
appears not to have been settled yet. The absorption at ~1500
cm™! has been assigned as »(N=0),2! while Nakamoto et al.22
assigned the absorption at 1340-1350 cm-! as »y(N=0). The
ir spectra of the coordinated nitrosobenzenes (Table II),
lacking absorptions in these regions, show a new strong band
in a region of 978-1040 cm~1. These bands were not observed
in trans-PdCl2(PhNO)22 where PhNO coordinates as a ni-



