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The differences in the reactivities of the square-planar compleigd®h(CO)l,]~ (1) andcis[Ir(CO)al;]~ (2),
involved in the catalytic carbonylation of olefins, are investigated, withsR{GH as the counterion, by ambient-
and high-pressure NMR and IR spectroscopy. Under an elevated pressure dfa@@®2 form the [M(CO}l]
complexes with the equilibrium constarkg ~ 1.8 x 1072 andKgrp ~ 4 x 107°. The ratioK/Kg close to 50

shows that, under catalytic conditions (a few

megapascals), only corbipksxains in the anionic form, while

a major amount of the iridium analog@es converted to a neutral species. The oxidative addition reactions of
HI with 1 and?2 give two monohydrides of different geometri@sertrans[HRh(CO)ls]~ (3) andfac,cis-[HIr-
(CO)l3]~ (4), respectively. Both hydrides are unstable at ambient temperature and form, within minutes for Rh
and within hours for Ir, the correspondimis-[M(CO),l2]~ (1 or 2) and [M(CO}l4]~ (5 or 6) species and H

When an H pressure of 5.5 MPa is applied to a nitromethane solution of con#hlea. 50% of2 is transformed

to cis-dihydride complexes. The formation @is,cis,cis-[IrH2(CO)l;]~ (8a) is followed by intermolecular
rearrangements to formis,transcis-[IrH2(CO)l,]~ (8b) andcis,cistrans[IrH(CO)l2]~ (8c). A small amount

of a dinuclear species, PH(COWl4]*~ (9), is also observed. The formation rate constants8band8b at 262

K arel?®®= (4.424 0.18) x 104 M1 s, K*%

= (1.494 0.07) x 104 s 7L, k&%= (2.81+ 0.04) x 10552,

andk’®’ = (5.47+ 0.16) x 108 s~ The two equilibrium constants?® = [8a]/([2][H]) = 2.97 + 0.03 M1
and K5 = [8b)/[8a] = 5.13+ 0.10 show that complegb is the thermodynamically stable addition product.
However, no similar Haddition products of the rhodium analoglare observed. The pressurization withdf
a solution containin@ and6 give the monohydridd, the dihydrides8a and8b, the dinuclear comple®, and the
two new complexes [Ir(CQ)3] (10) and [HIr(CO}l;] (11). The reactions of the iridium complexes with Bind

HI are summarized in a single scheme.

Introduction

The square-planar complexeis-[Rh(CO)l;]~ (1) andcis-
[Ir(CO)2l2]~ (2) are important intermediates in catalytic cycles
for industrial carbonylations of alcohols to form carboxylic
acids!~7 Carbonylations of alcohols higher than ethanol produce
mixtures of linear- and branched-chain carboxylic acid isomers
for both rhodium and iridium systems. The isomerizations occur
through hydride-olefin species:>6 Under the catalytic condi-

tions used for alcohol carbonylations, the alkenes also transform

into carboxylic acid$:® A recent study, by Roe et al., on the
carbonylation of ethene using rhodium as the catalyst under mil
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conditions in CRCl, (Scheme 1) shows the presence of the
hydride complexmertrans[HRh(CO)l3]~ (3), formed by the
oxidative addition of HI tdl.® The nonsaturated hydride [HRh-
(CO)l7] (3a), in equilibrium with 3, is proposed to react with
ethene to form an acyl species, which will form the propanoic
acid. Olefin carbonylation reactions have not received as much
attention as alcohol carbonylation reactions, especially in the
presence of iridium catalysts1?

The goal of this work is to understand the speciation and the
kinetics of olefin carbonylation in the presence of the iridium

dcomplex2 and to compare these with the behavior of the

rhodium analogud in the absence and presence of different
components (CO, olefins, and HI) that participate in the catalytic
cycle? We have chosen P(Hs)," as the counterion, but it

T Permanent address: Rhodia Recherches, Centre de Recherches de Lyoshould be stressed that the equilibria and kinetic behaviors of
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Scheme 1. Proposed Rhodium Catalytic Cycle for Ethylene before and after each spectral acquisition by a substitution technique
Carbonylatiof® with a platinum resisto? For the medium gas pressure work (up to
2.0 MPa of**CO and 5.5 MPa of &}, 10 mm (outer diameter) NMR
R sapphire tubes were us&dThe parameters for the acquisition'8€

| CS‘
I~77~C0 (*H) NMR spectra were as follows: spectral width 21-6) kHz;
0 " 32—128 K (32-128 K) data points; pulse length 10 (73; exponential
line broadening 1 (0) Hz; 0:52 K (0.5-2 K) scans. All*3C NMR
L_A* spectra were obtained witfC-enriched carbon monoxide, except where
EtCOOH stated.
H X

H
EtCOI
o]

IR Measurements.The IR spectra were recorded on a Perkin-Elmer
Lo | " \ o FTIR 2000 spectrometer using a high-pressure®&e to an intense
g med] aCO - A ; ;
Irth\co I,I‘\Jh:“co —I_—oc){lh‘\l absorption of free CO under pressure, no signals could be detected
i - i between 2100 and 2200 cf
Data Treatment. The analysis of data using the appropriate

equations was accomplished with the nonlinear least-squares-fitting

CoECT

CH=cH, program Scientist? The reported errors correspond to one standard
deviation.
_1- . .
. szEéo L1 o Results and Discussions
—RhZ o R o _ .
M N Reactivities ofcis[M(CO) 2l J]P(CeHs)s (M = Rh, Ir) with

CO, Olefins, and HI. In solution, under a nitrogen atmosphere,
the iridium(l) complex2 is quite stable and decomposes only
at temperatures higher than 340 K in CRGI 380 K in CD-
Cl; or CDsNO,. Under the same conditions, the rhodium(l)
complexl is unstable, showing partial decomposition at room
temperature after several hours. Olefins, CO, and HI are
reactants in olefin carbonylation processes catalyzedivy
Experimental Section [Rh(CO)lz]~. Therefore, the interactions of these reactants with
2 were studied.

equilibria to favor the observation of possible intermediates.

The study is extended to high pressure of dihydrogen not
because blenters into the reaction equations but rather because
it is a byproduct of the carbonylation process, produced through
the water-gas shift reaction from,@8 and CO.

Chemicals and Solutions.Methanol (Fluka,>99.8%), n-hexane Previ lv. we investi he exchan ween fr n
(Merck, >95%), [Rh(CO)CI], (Strem Chemical>95%), [I(COXCI] eviously, we investigated the exchange between free and

(Strem Chemical>95%), P(GHs)al (Fluka, >95%), chloroform coordinated CO in complexes and 2 by high pressuré“C
(CDCl,, Armar, 99.8 atom % D), methylerds- chloride (CBCl, NMR spectroscopy in dichloromethane. The study pointed to a

Armar, 99.6 atom % D), nitromethars{CDsNO,, Armar, 9.5 atom limiting associative, A, mechanism with second-order CO
% D), CO (Carbagaz, 99.997%), and carbon-13-enriched carbon €xchange rate constants of 85010° and 99x 10° L mol~*
monoxide (Cambridge Isotope Laboratories, 99 atoAi@) were used s ! at 298 K, respectively? In this previous study, a color
without further purification. HI was purified before use by distillation  change from yellow to red was observed when aClkisolution
according to a literature procedure, but without adding hypophosphorous of 2 was pressurized with CO up to 1.5 MPa. We could estimate
acid as a stabilizet. the formation constant of the red species, [Ir(@D)Yormed
The complexesis[RN(CORI2P(CoHs)a, "2 Cis{Ir(CO)2lJP(CeHs)s, ™ by iodide substitution, using UVvisible spectroscopy. In the
3nd0i.36['réco)ﬁ“]ﬁ).(cﬁHS)“ls'l;"r‘]’ere synthes]izid aﬁcording tolmethOdS present study, we investigated the effect of higher CO pressures
escribed in the literature. The purities of the three complexes were :
checked by IR and NMR comparison to literature defal’ The 13C- (up to 28 MPa) by IR SpeCtro.SCOpy n CH‘C’The low-pressure
enriched square-planar complexes of rhodium(l) and iridium(l) were Spectrg corllf!rmed the formation of [Ir(CQ]) which had already
each obtained by pressurizing a solution of the complex in a sapphire been identified by its tyvo characteristic CO St_retc_hes at _2046
tubé® twice with 1.0 MPa of*CO, shaking the tube for 1 min to  and 2073 cm™.?® This allowed the determination of its
solubilize the gas more rapidly in solution, then removing the CO formation constantK; ~ 1.8 x 1072 (K, = [Ir(CO)sl][I "1/
pressure, and, finally, removing free CO by pressurizing twice with [Cis-Ir(CO),l,"][CO]), in CHCIs. A further increase of the
1.0 MPa of N. The*C enrichment of the two square-planar complexes pressure caused the appearance of two new CO stretches at 2010
could be performed according to this procedure because, as we haveand 2090 cm?® due to an unknown species. Simultaneously,
shown in a preceding study, the exchange of CO between free CO andthere was a strong decrease of the two bandsatf1970 and
1 (or2) is fast:® 2048 cntl: 35% of complex2 was converted at 15 MPa. Under
NMR Measurements.TheH and'3C NMR spectra were recorded the same pressure, less than 4%4 60 stretches at 1988 and
on a Bruker ARX 400 spectrometer with a narrow-bore cryomagnet 2059 cnrl) was Cor,werted into [Rh(C@l] (one CO stretch at
(9.4 T; 400.18 and 100.63 MHz, respectively). Theand*C NMR ! nbei
chemical shifts,0(*H) and 6(*3C), were referenced to TMS and 2087 cm*, the second one at 2,061 cinbeing Oblscured by
measured with respect to the solvelt @nd3C shifts: CDC}, 7.24 the CO stretch of).?* We then_ est_lmated the _format|on constant,
and 77.0 ppm; CECl,, 5.32 and 53.8 ppm; CINO,, 4.33 and 62.8 Krn~ 4 x 1075, of this species in CHGI This result shows a
ppm) at all temperatures. The temperature was controlled to within difference in CO affinity for complexe$ and?2 by a factor of

+0.2 K using a Bruker B-VT 2000 unit and was measured (K) Kii/Krn =~ 50.
The reactivity of 2 toward olefins (either substitution or

(13) Vallarino, L. M.Inorg. Chem 1965 4, 161. oxidative addition) was also checked. In the absence or presence
(14) gp |r1a£o7, P.; Faraone, F.; Pietropaolojfirg. Nucl. Chem. Let1 973 of a CO pressure, no reactions with ethylene, hexene, butadiene,
(15) Forster, DSynth. Inorg. Met.-Org. Chem971, 1, 221.
(16) Forster, DInorg. Chem 1972 11, 473. (20) Ammann, C.; Meier, P.; Merbach, A. E.Magn. Res1982 46, 319.
(17) Forster, DInorg. Chem 1969 8, 2556. (21) Laurenczy, G.; Lukacs, F.; Roulet, Rnal. Chim. Actal998 359,
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Olefin Carbonylation in Presence ois-[Ir(CO)al;]~ Inorganic Chemistry, Vol. 39, No. 18, 2008139

Table 1. Chemical Shiftsg, Coupling Constantsg,), and IR Data for All Complexes of This Study

complex On (ppm) dco (ppm) 2Ji-1y (HZ) 2Jic_15¢ (HZ) 2Ji-13¢ (Hz) v(CO) (cnT?) v(Ir—H) (cm™)
1a 183.8 1988, as
2059, s
2 171.4 1970, as
2048, s
39bc —10.4 177.9 3.8 2080 n'd.
4d —-11.7 156.0 2.3 21067 216C
205%
5f 169.7 2084
6 150.6 2065
2110
80 ~10.1 (a) 161.1 (b) 46 1.8 57.94a) 2015 2164
—14.3 (b) 164.7 (a) 6.2 (ab) n.dk 2135
3.1 (b-a)
4.0 (b-b)
8he -16.4 171.2 0.9 55 2033 2119
2139
8c¢ —11.3 164.7 5or7 5o0r7 41.9,5,0r7
99 —15.6 161.8 1.3 23.5, n.d.
162.3
10 157.2
119 —16.8 163.7 51

a 213 103z, = 72.3 Hz.P In CD,Cly. ¢ 2Jyy_1033, = 3.8 Hz; 2J13c 1033, = 50.5 Hz.9 In CDCl. € In CHCls. f 2J13¢_1035, = 53.4 Hz.9 In CD3NO..
" 2J,4_p = 0.9 Hz.' Terminal.l Bridged.* n.d. = not determined.

and CRL=CH, were observed fo2 in CD,Cl, and CDC4. Scheme 2. Reactions among Different Iridium Complexes
Similarly, no reaction with hexene was observedifan CDCls. in the Presence of HI andH
The olefin fixation on the rhodium compleix(Scheme 1) is I
known to proceed through the hydride spe@dermed by the 1, | ,co
oxidative addition of HI. When 1 equiv of HI is added to a I'}"\“Co
solution of'*C-enriched iridium analogu&in CDCl; at ambient

temperature, we observe the formation of the monohydride H !
fac,Cis[HIr(CO)2l3]~ (4). ThelH NMR spectrum shows a triplet |/,,, IreC

at —11.7 ppm #y_13c = 2.3 Hz) which is characteristic of a P \CO
hydride ligand coupled to two equivalent CO ligands (Table

1). In the3C NMR spectrum, a doublet due to the presence of

one hydride is present at 156 ppm. The IR spectrum in GHCI

shows three vibrational bands at 2158 (b(lr—H)), 2113
(@i, »(CO)), and 2058 (iy(CO)) cnT! in agreement with the

' tiny,, l' \\\\

literature!- 1011 Roe et al. showed that HI reacted with the ., |r wC P \co
rhodium analoguel, to form the hydridemertrans[HRh- I \co
(COXl3]~ (3) at 253 K? The geometries of the two hydrid8s 10 ' | col
and 4 are different: the two CO ligands are in trans and cis >\;I’ II co Hi [/I/:,:..lr-.\\\\\ ]
o . ) LW | " “wCO
positions, respectively. Roe et al. found that when a solution of 1" | ™™co
3 was cooled to 193 K, a new hydride, [HRh(GD) (3a), J-|z ”
formed upon the elimination of an iodidelUnder these 122 -H, ||+ H,
conditions, we found no iridium hydride analogue. However,
the possible iridium analogue [HIr(C@)] (11) could be 1 - H
assigned as one of the minor products in the reaction of a Hin, . wCO = | lu, f.nCO
mixture of cis[Ir(CO).l,]~ and cis[Ir(CO)2l4]~ with H, (see H" | ~~Cco H/l ~Nco
Scheme 2). Moreover, Forster et al. found that this hydride, | 8b 8a
[HIr(CO)al], is formed from [HIr(CO}l,] upon removal of a
CO in CHCI; by flushing No.1* The fully NMR-characterized
iridium hydride 4 is stable for hours at room temperature but
rapidly reacts according to eq 1 when the temperature is raised.
T 1° 1" i 1" | CO H ’
l1,, | \WCO » 11, ,W\CO 7R\ . ll' o
|(I|\co — "N |’|\co e @ i \H 8¢
|
4 ) 6 evaporation from CBCl,, can reversibly givel after addition

of solvent and pressurization with,HA more detailed study
The mixture of the resulting product® and 6, obtained by of this back-reaction will be discussed below. Roe et al. found
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that the rhodium hydrid8 reacts already at 273 K (eq 2Jhe

R - .
| wco . | wco
|II:.Rh.\\\ —_— ”I;Rh"‘\co [ZR\\ +H, 1))
oc” | 1" Nco oc” |V
|
3 1 5

structures of the [M(CQ)4]~ complexes,5 and 6, are also
different for rhodium and iridium. For the iridium compléx
the cis geometry is the thermodynamically stable form; the trans

isomer can be synthesized, but under a CO atmosphere, an

isomerization to the cis configuration was obser¥€u26The
rhodium compound was found to have a trans geometf2®

but a cis geometry could also be found in solids, depending on
the counterion.

We have shown that the square-planar compleixesid 2
react differently toward some of the entering components (CO
and HI) of the catalytic cycle proposed by Roe et al. for
rhodium? Indeed, under 15 MPa of CO, while 35% of complex
2 is transformed into the [Ir(CQI) species, less than 4% af
forms the analogous [Rh(C@) species. The reactivities with
HI are also different, oxidative additions of HI tb and 2
producing two structurally different hydridesfac,cis-[HIr-
(CO)l3]~ and mertrans[HRh(CO)l3]~. A further difference
is found in the reactivities of these two hydrides with olefins.
While the rhodium hydride comple3 reacts with ethylene to
form an acyl compleR,the iridium hydride4 is unreactive.

Reactivities of cis-[M(CO) 2l ,]P(CgHs)s (M = Rh, Ir) and
Cis[Ir(CO) 2l 4P(CeHs)4 with H 2. H, does not explicitly appear
in the rhodium catalytic cycle (Scheme 1); in other words, it is
not an entering or leaving constituent. Neverthelesgan play
an important role, as it is produced either by hydride decom-
position (eq 1) or by a water-gas shift reaction in the presence
of complex6.! We first investigated the reactions of Mith 2
and 6 independently. The addition reaction of Mith 2 was
performed in CENO; using a high pressure of,HThe!H and
13C NMR spectra (Figure 1) recorded after applying 5.5 MPa
of Hz ([Hz] = 0.12 M) to a solution oR at room temperature
indicate that around 50% of the starting complex is converted
into different hydride complexes (eq 3). If,Hs added from

H(a) co " |
Vi GO i, | aH(b) i, | wH , OCum. |r_“\\H
""" co 2 —= [~ cow) 1”1 H oc” | H
CO(a) co I
2 8a 8b 8c

(3)

one side of the square plane &fthe first dihydride complex
that is formed must b&a (two enantiomers) and all other
isomers are formed through either inter- or intramolecular
rearrangements. Compout@ was only formed as a minor
product of the observed new dihydride complexes (Figure 1).
The addition reaction of pHwith 2 was also followed by high-
pressure (14.5 MPa of HIR spectroscopy at ambient temper-
ature (Figure 2). As soon as;ht present in the solution, the
two CO stretching bands & (1970 (a9 and 2048 ¢s) cm™1)

Churlaud et al.

H(a)

y,, |r ‘“\Co(b)
\H(b)

o=

A)\co(b)

s

(ppm)

N JTL

IM H(a) IM

e et BB RPAAE ARt
-89 -10.0 -10.1 -10.2

E T 43
{ppm)

Figure 1. 13C (top) and'H (bottom) NMR spectra of a solution of
cis[Ir(*3COl]~ solution (3.2x 1072 M) in CD3NO, under 5.5 MPa
of H, at 298 K: major complex8b and minor complexe8a and 9.

I/n, \\\\

|/|\H

Kﬂ

174 m

1614~ 1610

\/

12 -5

18 0.1 MPaN,
16
14.5MPaH,

14
12
10 14.5 MPa H, + 5 minutes
o8
os V(ir-H)

_____14.5 MPa H, + 10 minutes
o4

2138
02 2164 145 MPa H, + 20 minutes
w N - o
2300 2200 2100 2000 1900 1800

Wave Number (cnr1)

Figure 2. IR spectra of a 1.1x 1072 M solution of 2 in CH:NO;
under an N atmosphere and 14.5 MPa of, khfter 0, 5, 10, and 20
min) at 298 K.

and 2164 cm?, respectively, are attributed & in agreement
with the order of appearance of the signals of the species in the
NMR study. The second(CO) stretching band o8a should
be superposed on the{CO) band of2. The NMR chemical
shifts, coupling constants, and IR data 8arare given in Table

decrease with time and some other signals appear, in both thel.
carbonyl and the hydride regions. The first three appearing new The chemical shifts, coupling constants (Figure 1), and IR

vibration bands/(CO), v(Ir—H), andv(Ir—H), at 2015, 2135,

(25) Kumbhar, A. S.; Padhye, S. B.; Kelkar, A. A.; Patil, R. P.; Chaudhari,
R. V.; Puranik, V. G.; Dhaneshwar, N. N.; Tavale, SP8lyhedron
1996 15, 1931.

(26) Haynes, A.; McNish, J.; Pearson, J. 81.0Organomet. Chen1998
551, 339.

data (Figure 2, IR time-dependent spectra) for the major product
8b, appearing after 5 min, are also reported in Table 1. The
determination of the structure 8b, using the NMR data, was
not straightforward. Even if the value of tRéy_13c coupling
constant indicated that the hydride and the carbonyl ligands are
cis to each other, three structures are still possiBle:(H cis
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a)'H b) BC{H}
\ .
Ho” | “wco
1
1.2 1.3 1.4 1.5 165.0 164.8 164.6 164.4
(ppm) (ppm)
S'H  ayucan),,, =41.9Hz d) °C

1)(BC-1H),u,, = 41.9 Hz

165.0 16d.6

(ppm)

14 15 164.8 1644

(ppm)

1.2 113
Figure 3. H and3C NMR spectra of8c obtained from a~ 3.5 x
1072 M solution of 2 in CDsNO, under 5.0 MPa of K at 253 K:
spectrum a, natural-abundan@€; spectra b-d, 99%-enriched3C.

and CO trans) and two complexes with the hydrogens trans and

with the carbonyls cis or trans to each other. Two NMR

techniques were used to distinguish if the hydrogens were cis

or trans: 2Jy—p coupling constadt—2° and longitudinal relax-
ation timeT; measurement®. For acis-dihydride, the values
of 2Jy—p are between 2 and 3 Hz, and fortrans-dihydride,

this value is near 0 Hz. The measured value of 0.9 HZfor
does not permit a clear assignment. Thg temperature
dependence of the hydride signal&if fitted to the relaxation
equations yielded ey—p value of 2.18+ 0.01 A. This value is

close to the calculated value of 2.26 A (based on an average

dir—n value of 1.60 A from crystal data) for two cis hydrides.
TheseT; NMR data together with the two observed #gr—
H) stretches confirm the structure & given in eq 3. We should
note that, during théJy_p measurement, HD slowly converted
to H, and D.. Therefore, it was not necessary in this case to
use HD pressure to obtain tRé,_p value but was sufficient
just to pressurize with a mixture ofHand Dp. To explain this
reaction, we propose that the rearrangement f@ato 8b
proceeds via an intermolecular exchange of the hydrides.
At low temperature (253 K), we observed a newddldition
complex,8c (Figure 3), which disappeared with time at 269 K.
The structure o8c could be determined in nitromethane using
1H and 13C NMR spectroscopy. The NMR data are given in

Inorganic Chemistry, Vol. 39, No. 18, 200@141

These NMR data are compatible with the structure suggested,
having one hydride and two CO bridging ligands.

Very recently, parahydrogen enhanced NMR spectroscopy
at low pressureR = 0.3 MPa, in benzends) has enabled
Hasnip et al. to detect isome8a and 8b of the cis-dihydride
[IrH2(CO)l2]~; however, the third isomedc and the dinuclear
specie® were not observett. Furthermore, in the parahydrogen
study, the monohydride complex [IrH(C£Dj —, which may have
formed according to eq 1 in the presence of a small amount of
6, was observed and a trans CO structure was assigned, different
from the cis CO structure of found in nitromethane.

To obtain quantitative kinetic and thermodynamic information
about the formation and rearrangement 8 and 8b, we
performed a high-pressure (5.5 MPa of)HiH NMR study at
262 K. The model used to adjust the experimental data is
presented in eq 4. The reversibility of these reactions is easily

- H o] co |
|1, wCO k1 lsa,, I WwH ka lean,, | ““\H
/"‘|r"\ tHy —— > /"Ir"\ /"|r‘\

[ co K4 | ~co K. = | °H
co CO
2 8a 8b

4

observed by the disappearance of compleS@snd 8b after
flushing of the solution with ) Equations 57 were fitted to

d[2)/dt = d[H,)/dt = —k,[2][H,] + k_,[8a]  (5)
d[8a)/dt = —k_;[8a] — k;[8a] + k,[2][H ] + k_,[8b] (6)
d[8b]/dt = —k_,[8b] + k,[84] @)

the time-dependent concentrations of comple3a@and8b, and
the obtained rate constants 4@’ = (4.42 + 0.18) x 104
M-1s1 andk’®?= (1.49+ 0.07) x 104s L, kX% = (2.81+
0.04) x 105 s7L, andk’® = (5.47 + 0.16) x 1076 s~L. This
allows one to determine the two equilibrium constaif& =
[8al/([2][H2]) = 2.97+ 0.03 M1 andK3%*=[8b]/[8a] = 5.13
+ 0.10, which show that comple8b is effectively the more
stable of thecis-dihydrides [IrH(CO)l5] .

The rhodium(l) square-planar analoglishows no reaction
with H, at ambient temperature, but modest reactivity could be
observed at 350 K using the parahydrogen techntiéne
higher extent of formation of dihydrides from iridium(l) than

Table 1. Thei i<, value of 41.9 Hz indicates the presence from rhodium(l) should favor olefin hydrogenation reactions.

of a CO trans to H. Three other coupling constants of 5, 5, and We therefore reacted dihydrogen (5.5 MPa) at 327 K with
7 (or 5, 7, and 7) Hz were observed, but as the two homonuclearhexene in the presence of small amountscist{I(CO)als]~

coupling constants were identical, no assignments could be(lO:l ratio). The reaction was followed BYC{*H} NMR

made. The three dihydride complex@&si{-c) observed in this
study and formed by addition of Ho the square-planar complex
2 and further isomerizations all have a cis geometry for their

hydride ligands. No dihydrides with a trans geometry could be

detected.
A small amount of a new dinuclear compoung(@C)Ir(u2-
CO)(u2-H)Ir(CO)I5]*~ (9), was also detected. The values of

the chemical shifts and the coupling constants are given in Table

1. The?Jy 13, value of 23.5 Hz is between the values of the
coupling constants found for CO trans to H {428 Hz for8a
and8c) and for CO cis to H (46 Hz for 4, 8a, 8b, and8¢).

(27) Heinekey, D. M.; Oldham, W. J., XBhem. Re. 1993 93, 913.

(28) Kubas, G. J.; Ryan, R. R.; Swanson, B. I|.; Vergamini, P. J;
Wasserman, H. . Am. Chem. Sod.984 106, 451.

(29) Kubas, G. JAcc. Chem. Red.988 21, 120.

(30) Hamilton, D. G.; Crabtree, R. H. Am. Chem. S0d988 110, 4126.

spectroscopy, which revealed that, after 3 days, hexene was
guantitatively converted to hexane. During this reaction, no
species with bound olefin were detected in either aliphatic or
carbonyl*3C-enriched regions. This reaction can compete with
olefin carbonylation wher is used as the catalyst.

To complete the study of the back-reaction of eq 1, we
pressurized the octahedral iridium(lll) compléxvith H, and
could detect no reaction.

Reactivity of a Mixture of cis-[Ir(CO) 2l ;]P(Ce¢Hs)4 and cis-
[Ir(CO) 2l 4]P(CeH5)4 with H,. We have shown that Ir(ll1)
monohydride4 reacts according to eq 1 to forhand 6 and
that this reaction can be made fully reversible by pressurizing
with Ha. We now present the results of a study of the back-

(31) Hasnip, S.; Duckett, S. B.; Taylor, D. R.; Barlow, G. K.; Taylor, M.
J. Chem. CommuriL999 889.
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Figure 4. H (top), *C (middle), and3C{*H} (bottom) NMR spectra
of a solution of2 (2.5 x 102 M) and 6 (7.9 x 1073 M) in CD3NO;
under 5.5 MPa of KHat 298 K after 29 h.

reaction of eq 1, but with an excess dunder the following
conditions: a solution containing 2.50 1072 mol L1 of 2
and 7.90x 103 mol L™ of 6 with 5.5 MPa of H in CDsNOs.
After more than 1 day, th¥H, 13C, and'3C{'H} spectra (Figure

4) show as products the expected hydridle the starting
complexes Z and 6), the previously observed complexea,

8b, and9) due to the excess & and the two new complexes
10 and11. Complex10 shows one*C NMR signal at 157.2
ppm and has no hydride ligand, since Aby-tc coupling
constant and no correspondifig NMR signal are observed.
This complex should contain only two magnetically equivalent
CO moieties, and therefore we suggest the formula [Ir¢GD)
The!H NMR spectrum of the minor produdtl shows a triplet

at —16.8 ppm {Jy_13c = 5.1 Hz) and thé3C NMR spectrum

a doublet at 163.7 ppm, indicating two equivalent CO ligands
and a unique hydride ligand, compatible with the formula [HIr-
(CO)l], already suggested for a compound formed under
different conditions!

Churlaud et al.

The reactions of the iridium complexes with Hnd HI are
summarized in Scheme 2.

The proposed intermediate?2 was not observed but should
be involved in the formation d&ac,cis-[HIr(CO),l3]~ from cis-
[II(CO)al2]~, cis[Ir(CO)2l4]~, and H.

Conclusions

With the use of ambient- and high-pressure NMR and IR
spectroscopy, the main differences in the catalytic cycles of the
carbonylation of olefins in the presence of the iridium complex
2 and in the presence of the rhodium analodukave been
presented. Under elevated pressures of €@nd2 form the
corresponding tricarbonyl halides M(C{)y substitution of
an iodide by CO, with the equilibrium constarg ~ 1.8 x
1072 andKgnh ~ 4 x 1075, The ratioK/Kgn close to 50 shows
that, under catalytic conditions (a few megapascals), only
complex1 remains in the anionic form, while a major amount
of the iridium analogue is converted to a neutral species.

The oxidative addition reactions of HI withand?2 give two
monohydrides of different geometrigsertrans[HRh(CO)l 3]~
(3) andfac,cis-[HIr(CO).l3]~ (4), respectively. Both hydrides
are unstable at ambient temperature and form, within minutes
for Rh and within hours for Ir, the correspondings-
[M(CO)2l;]~ (2 or2) and [M(CO}l4]~ (5 or 6) species and §

Applying a high pressure of HH> is produced in situ during
the carbonylation reaction) at ambient temperature to a ni-
tromethane solution containing compl2Xirst formed thecis-
dihydride 8a, followed by intermolecular isomeration to form
8b and the newly observed compl&k. However, no similar
H, addition products of the rhodium analogue were observed.
Very small quantities of Hladdition products were previously
observed by Hasnip et al. in benzene at 350 K. These major
differences between rhodium and iridium help to explain their
different activities in the olefin carbonylation catalytic cycle.
Applying a pressure of FHto a solution containing and an
excess oR forms, in addition to the already described complexes
4, 8a, 8b, and9, the two new complexe$0 and11. All these
observations are summarized in Scheme 2.
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