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Abstract: Kinetic studies of the reactions of [M(CO)(L—L)I] [M = Rh, Ir; L—L = Ph,PCH,P(S)Ph, (dppms),
Ph,PCH,CH,PPh; (dppe), and Ph,PCH,P(O)Ph, (dppmo)] with methyl iodide have been undertaken. All
the chelate ligands promote oxidative addition of methyl iodide to the square planar M(l) centers, by factors
of between 30 and 50 compared to the respective [M(CO),l,]~ complexes, due to their good donor properties.
Migratory CO insertion in [Rh(CO)(L—L)I,Me] leads to acetyl complexes [Rh(L—L)I,(COMe)] for which X-ray
crystal structures were obtained for L—L = dppms (3a) and dppe (3b). Against the expectations of simple
bonding arguments, methyl migration is faster by a factor of ca. 1500 for [Rh(CO)(dppms)l.Me] (2a) than
for [Rh(CO)(dppe)IMe] (2b). For M = Ir, alkyl iodide oxidative addition gives stable alkyl complexes [Ir-
(CO)(L—L)I;R]. Migratory insertion (induced at high temperature by CO pressure) was faster for [Ir(CO)-
(dppms)l:Me] (5a) than for its dppe analogue (5b). Reaction of methyl triflate with [Ir(CO)(dppms)I] (4a)
yielded the dimer [{Ir(CO)(dppms)(u-1)Me}2]?* (7), which was characterized crystallographically along with
5a and [Ir(CO)(dppms)I,Et] (6). Analysis of the X-ray crystal structures showed that the dppms ligand adopts
a conformation which creates a sterically crowded pocket around the alkyl ligands of 5a, 6, and 7. It is
proposed that this steric strain can be relieved by migratory insertion, to give a five-coordinate acetyl product
in which the sterically crowded quadrants flank a vacant coordination site, exemplified by the crystal structure
of 3a. Conformational analysis indicates similarity between M(dppms) and M,(u-dppm) chelate structures,
which have less flexibility than M(dppe) systems and therefore generate greater steric strain with the “axial”
ligands in octahedral complexes. Ab initio calculations suggest an additional electronic contribution to the
migratory insertion barrier, whereby a sulfur atom trans to CO stabilizes the transition state compared to
systems with phosphorus trans to CO. The results represent a rare example of the quantification of ligand
effects on individual steps from catalytic cycles, and are discussed in the context of catalytic methanol
carbonylation. Implications for other catalytic reactions utilizing chelating diphosphines (e.g., CO/alkene
copolymerization and alkene hydroformylation) are considered.

Introduction important, although the precise way in which the effect of the
bite angle is transmitted to the active site of the metal complex
is still a matter of some debate, with electronic and steric effects
both contributind Attempts to quantify the steric requirements
of diphosphine ligands have recently been made by Koide et
al., who introduced thpocket angleoncept, and Angermund

et al., who used aaccessible molecular surfaceodel® Despite

the large body of work in this area, the quantification of ligand
effects on individual steps from catalytic cycles is quite rare.
In this paper we report kinetic, crystallographic, and theoretical
* Address correspondence to this author. E-mail: a.haynes@sheffield.ac.uk.data which illuminate the steric and electronic factors influencing

tCurrent address: Institute for the Chemistry of Organometallic Key steps in ligand-promoted catalytic methanol carbonylation.
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Ligand steric and electronic effects play key roles in
determining organometallic reactivity trends and catalytic
properties. For monodentate ligands, a number of quantitative
parameters (e.g., Tolman’'s cone anyl&iering's QALE
method? and Drago’s ECW mod&l are well-established.
Several important homogeneous catalysts now utilize bidentate
ligands for which the stereoelectronic properties are less well
understood. The liganthite anglé-®> has been shown to be
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Scheme 1. Cycle for Methanol Carbonylation Catalyzed by 1a promoted system, where despite the much lower CO pressure,
(P‘Bh(CO the sole observed spe_cies was [Rh(g_(dppeo)l] containing a
S ia! monodentate P-coordinated dppeo ligadhd.
Our investigation has been directed at quantifying the kinetics
MeCOl Mel of oxidative addition and migratory insertion in the (dppms)Rh
O Me H,0 system, and comparing the rates with corresponding reactions
P, CI;/CO o, "l"i co of Rh complexes contammg dppmo anctP(CHz)gPl_Dh (dppe),
(S.R '~ (S_RT\I each of which also forms five-membered chelate rings. Bidentate
I HI [ phosphines P#®(CH,),PPh (n = 1—4) are known to promote
MeCOH MeOH the reductive carbonylation (using a CQ#dixture) of methanol
co to acetaldehyde and derivativEsA range of symmetrical and
O\\Cf'v'e unsymmetrical derivatives of dppe, containing fluorinated
Prh! substituents on the phenyl rings, have recently been tested for
% 4a ! acetic acid production, but all were found to be less active than

the conventional [Rh(CQl),] -catalyzed systert?.

<P ) PPhy In addition to our kinetic studies on the rhodium systems,
S PhoPxg we have made comparative measurements on some analogous
dppms iridium complexes, where oxidative addition generally gives

stable alkyl complexes. A crystallographic study of [Ir(CO)-
o ] ~ (dppms)tMe] (5a), an iridium model for the reactive intermedi-
The findings are related to the behavior of other catalytic 4te 24 provides an insight into the steric effects on reactivity
systems which use bidentate phosphine ligands. in these systems. Other X-ray crystal structures are presented
Our studies were inspired by the findings of Baker eﬁ'éq-_’ which support the importance of steric effects in accelerating
who reported an 8-fold enhancement in the rate of rhodium/ migratory insertion, while ab initio quantum mechanical calcula-
iodide-catalyzed methanol carbonylation (at 285and 70 bar  tions suggest that electronic effects also contribute, particularly
of CO) on addition of the mixed P,S donor ligand,PEH,P- for complexes with Sransto CO. A preliminary account of
(S)Ph (dppms). Mixed P,8 and P,G? ligands have been  gome of the experimental results has been publidhed.
employed previously for th(_e Rh/iodide-catalyzed carbonylation Although our study is primarily directed at complexes and
of methanol to acetic acid. Whereas ;PEHCH,P(O)Ph reactions involved in catalytic methanol carbonylation, our
(dppeo) was reportégito be an effective promoter for methanol  gpservations are more generally applicable to ligand effects on
carbonylation under relatively mild conditions (8, ~3 bar organometallic and catalytic reactivity. This is exemplified by

of CO), it gave only a marginal rate improvement under the cqnsjderation of ligand effects in catalytic CO/alkene copolym-
more commercially relevant conditions employed by Baker et arization and hydroformylation reactions.

al. Likewise, PBPCH,P(O)Ph (dppmo) and PsPN(Ph)P(S)-
Phy did not prove to be good promoters at 185. Results and Discussion

Preliminary mechanistic studiésdentified the active species Synthesis of Rh(l) and Ir(l) Complexes [M(CO)(L—L)I].
in the dppms-promoted system as the Rh(l) chelate complexThe square planar rhodium(l) complexes [Rh(CO)(dppms)]
[Rh(CO)(dppms)l] L&), which was the only species observed (1) [Rh(CO)(dppe)l] Lb), and [Rh(CO)(dppmo)I]1c) were
by in situ high-pressure IR spectroscopy under catalytic condi- synthesized by reaction of the dimeric precursor [Rh(@)
tions. The promotion is not therefore due to iodide salts formed \yith the appropriate bidentate ligand (eq 1). Spectroscopic
by quaternization of the dppms ligand. The proposed catalytic
cycle (Scheme 1) closely resembles the well-known Monsanto 1 1 _
system? based on the anionic complex [Rh(GBR)~. A first- FARN(COM, + L=L = [Rh(CO)(L-LI] +CO (1)
order dependence of catalytic rate on [Mel] was consistent with . .
rate-determining oxidative addition of Mel tba to give the parameters for the dppe complék were in accordance with

methyl intermediate [Rh(CO)(dppmgie] (2a). The stoichio- fjhe Iiteratlérz data reportled by l\éloloy a_nd Vr\]/egrﬁ‘aﬁg_:_ thef
metric reaction ofla with Mel, in the absence of CO, yielded ppms and dppmo complexes, there exists the possibility of two

. trical isomers with CO coordinated eitbiror transto
the stable acetyl complex [Rh(dppm$OMe)] (3a), resulting geometric . !
from facile migratory insertion i2a. Coordination of CO and the coordinated S or O heteroatom of the bidentate ligand. The

31 i i i i i
reductive elimination of acetyl iodide completes the organo- P NMRddata [[rrl]dlcste.thefpre.sglnce of atsmgle !so(rjn?r ”; eat(r:]h
metallic cycle. All the observed catalytic intermediates retain case, and on ne basis of similar spectroscopic data for the

the Rh(dppms) chelate structure, in contrast with the dppeo- known chloride analo_gues [Rh(CO)(dppms}€dnd [Rh(CO)-
(dppmo)CI]}2 for which X-ray crystal structures have been

(9) Baker, M. J.; Dilworth, J. R.; Sunley, J. G.; Wheatley, N. European Patent determined, we assign the stereochemistry witht@@sto S

Application 632,006, 1995. i i i i i
(10) Baker M. 3. Giles. M. F: Orpen, A. G.; Taylor, M. J.; Watt, RJJ. or O .ThIS geometry is reflegted in the infrared spectra, which
Chem. Soc., Chem. Commui995 197. exhibit v(CO) bands at relatively low frequency faa (1987

(11) Cavell, R. G. PCT Patent Application WO 92/04118, 1992. Dilworth, J. —1 1 1
R.; Miller, J. R.; Wheatley, N.; Baker, M. J.; Sunley, J. & Chem. Soc., cm ) andlc (1983 i ) Compared tdlb (2011 il ) The

Chem. Commurl995 1579.
(12) Wegman, R. W.; Abatjoglou, A. G.; Harrison, A. M.Chem. Soc., Chem. (14) Moloy, K. G.; Wegman, R. WOrganometallics1989 8, 2883.

Commun.l1987 1891. (15) Carraz, C. A,; Ditzel, E.; Orpen, A. G.; Ellis, D. D.; Pringle, P. G.; Sunley,
(13) Dekleva, T. W.; Forster, DAdv. Catal. 1986 34, 81. Forster, DAdwv. G. J.Chem. Commur200Q 1277.

Organomet. Chenl979 17, 255. Maitlis, P. M.; Haynes, A.; Sunley, G. (16) Gonsalvi, L.; Adams, H.; Sunley, G. J.; Ditzel, E.; Haynes].AAm. Chem.

J.; Howard, M. JJ. Chem. Soc., Dalton Tran$996 2187. Soc.1999 121, 11233.
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Figure 1. X-ray structure of [Rh(dppms)ICOMe)] (3a). Hydrogen atoms
on the dppms ligand are omitted for clarity. Selected geometric data are
given in Table 1.

shift in »(CO) (and the preference for the observed geometry)
is attributed to the ability of the coordinated S or O atoms to
act asr (as well aso) donors inla and1c as opposed to the
moderater-acceptor PPhmoiety transto CO in 1b.

The iridium(l) complexes [Ir(CO)(dppms)I#8) and [Ir(CO)-
(dppe)l] @b) were synthesized in the manner of Fisher and
Eisenberd’ by reaction of the anionic iridium precursor Bi
[Ir(CO).l,] with the appropriate bidentate ligand (eq 2).

Bu,N[Ir(CO),l,] + L—L —
[I(CO)(L—L)I] + CO+ Bu,NI (2)

Spectroscopic data fotb were in accordance with literature
values!’” and data for the new dppms compleda were
consistent with the geometry displayed by the Rh analdgue
described above. Th€CQO) bands (1972 cm for 4aand 1994
cmt for 4b) showed shifts of ca. 15 cm to low frequency

Table 1. Selected Bond Lengths (A) and Angles (deg) for
Rhodium Acetyl Complexes 3a and 3b

3a 3b

Rh—C(26) 1.951(6) RRC(27) 2.013(7)
Rh-S 2.357(2) RE-P(1) 2.267(2)
Rh—P(2) 2.256(2) RRP(2) 2.284(2)
Rh—1(1) 2.6497(19)  RRI() 2.7035(12)
Rh—1(2) 2.7024(19)  RRI(2) 2.7029(13)
0-C(26) 1.178(7) o-C(27) 1.178(9)
C(26)-C(27) 1.491(9) C(2AC(28) 1.490(11)
P(1)-S 2.027(3)

C(26)-Rh—S 93.62(19) C(2ARh-P(1)  91.2(2)
C(26)-Rh—P(2)  92.80(19) C(ARh-P(2)  92.5(2)
C(26)-Rh—I(1) 92.23(18)  C(27Rh-I(1) 103.4(2)
C(26)-Rh—1(2) 104.84(19)  C(2ARh—I(2) 99.1(2)
P(2~Rh—S 90.47(9) P(1}Rh—P(2) 84.74(7)
P(2)-Rh—I(1) 91.74(9) P(2)-Rh—I(1) 90.73(6)
S—Rh—I(1) 173.64(4)  P(1¥Rh-I(1) 164.90(5)
P(2-Rh—1(2) 161.77(4)  P(2YRh-1(2) 167.28(5)
S—Rh—I(2) 83.96(8) P(1)}Rh—1(2) 89.80(6)
I(1)—Rh—1(2) 92.12(8) I(2)-Rh—1(1) 91.62(4)
O-C(26)-C(27)  120.1(6) GCQ7)-C(28)  123.4(7)
O—C(26)-Rh 123.8(5) G-C(27)-Rh 124.5(6)
C(27)-C(26)-Rh  116.1(5) C(28yC(27)-Rh  112.1(5)

Scheme 2. Reaction of 1b with Methyl lodide and Isomers of 2b14
COMe
_CO Ky

P
<P:Rh Mel

1b

|

P
(>Rn
P~

trans-2b

The reaction of the Rh(dppe) compl&k with methyl iodide
has been reported previously, leading to [Rh(dp€DMe)]

compared to those of the Rh complexes, reflecting the enhanced3b) via the relatively long-lived intermediate [Rh(CO)(dppe)-

back-donating ability of the third-row metal. Attempts to
synthesize the complex [Ir(CO)(dppmo)l] by a method similar
to that used foda and4b were unsuccessful.

Reactions of [M(CO)(L—L)I] with Methyl lodide. The
reaction ofla with excess methyl iodide leads smoothly to the
acetyl product3a, which was fully characterized. When the
reaction was performed at high [Mel], a weaf{CO) band at
2062 cnt! was observed in the IR spectrum in addition to the
bands ofla and 3a, consistent with the presence of a small
amount of the intermediate methyl compl2a The behavior
of this intermediate is dealt with in more detail when the kinetics
of this reactions are considered (vide infra). An X-ray crystal
structure of3a (Figure 1) revealed a distorted square pyramidal
geometry with an apical acetyl group. The methyl group of the

[,Me)] (2b), for which isomers with CQis or transto methyl
were identified in solution byH and3!P NMR spectroscopy
(Scheme 2¥# Since the original report did not state the ratio of
isomers observed, we have reproduce*ReNMR experiment

(in CD,Cl; containing 3.2 M CHI at ambient temperature) and
found that the ratieis-2b:trans-2b remains at ca. 2:3 for most
of the duration of the experimetftin the first spectrum recorded
after addition of the methyl iodide, however, a slightly higher
proportion ofcis-2b was apparent (ratiois-2b:trans-2b = ca.
4:5), suggesting thatis-2b is the kinetic product and that
equilibrium between the two isomers is attained quite rapidly.
A recent theoretical investigation predicted that the two isomers
are virtually isoenergetitl in agreement with our experimental
observations. The mechanism for isomerization likely involves

acetyl ligand approaches an eclipsed conformation with respecta five-coordinate intermediate formed by loss of a CO or iodide

to one of the basal iodides (dihedral angle C{2Z)26)—
Rh(1)-1(2) = 19°), which leads to 1(2) being displaced from
the ideal basal plane of the square pyramid (angle C{R&)-
I(2) = 105 compared with C(26yRh—I(1) = 92°). A very
similar conformation of acetyl and iodide ligands is found in
the structure of [Rh(dpppCOMe)] (dppp= PhP(CH,)s-
pp}})_ls,lg

(17) Fisher, E.; Eisenberg, Riorg. Chem.1984 23, 3216.
(18) Moloy, K. G.; Petersen, J. IOrganometallics1995 14, 2931.

ligand or by dechelation of one arm of the dppe ligand. Our
data do not distinguish these possibilities.

An X-ray crystal structure of the stable acetyl prod@tt
(Figure 2) revealed a distorted square pyramidal geometry with
the acetyl ligand in the apical position, similar to structures

(19) Satofte, I.; Hjortkjaer, JActa Chem. Scand.994 48, 872.

(20) 3P NMR resonances were observed ¢ts-2b at 6 36.2 (dd,Jrne = 103
Hz) and 61.1 (ddJrnp = 115 Hz,Jpp = 14 Hz) andtrans-2b atd 56.2 (d,
Jrnp = 120 Hz), in agreeement with the data reported in ref 14.

(21) Cavallo, L.; Sola, MJ. Am. Chem. So@001, 123 12294.
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Figure 2. X-ray structure of [Rh(dppe)(COMe)] (3b). Hydrogen atoms
on the dppe ligand are omitted for clarity. Selected geometric data are given
in Table 1.

reported previously for other [Rh(tL)I,(COMe)] complexes
(L—L = Ph,PCH,PPh, dppm?2and dppp819. In 3b, the plane
of the acetyl ligand approximately bisects theRh—1 angle
and the two Geery—Rh—1 bond angles (103and 99) show
less asymmetry than the corresponding angle3ain

The reaction of the Rh(dppmo) compléx with methyl
iodide (1.2-3.2 M, large excess) in Gi&l, gave an equilibrium
mixture of methyl and acetyl products indicated in the IR
spectrum by a terminal(CO) band at 2057 cm for 2cand a
series of bands in the acetyl region at 1704, 1673, and 1651
cmt, presumably due to isomers or conformer8afNo pure
product was isolated from this mixture. TP NMR spectrum
of a solution oflc dissolved in CRCI, containing Mel (20-
fold excess) showed the presence.otogether with signals at
067.3 (dd,zJth: 4 HZ) and 47.8 (dCF;Jth: 107 HZ,ZJPPZ
20 Hz), which we assign to the acetyl complex [Rh(dppmo)l
(COMe)] (3¢). An IR spectrum of the residue from this NMR
experiment confirmed the presencelafand 3c as the major
species along with a small amount of the methyl com@ex
which was not detected by NMR. After exposure of the solution
to CO (1 atm) fo 1 h the3P NMR spectrum showed the
presence of another species, with signak 45.1 (d) and 21.3
(dd, Yrpp= 127 Hz,2Jpp= 11 Hz,2Jrpp not resolved) attributed
to [Rh(CO)(dppmo}(COMe)], by analogy with the pattern
reported in the literature for the dppms analogflie.

When the reaction ofc with methyl iodide was carried out
in acetonitrile, a much smaller amount of the methyl complex

Figure 3. X-ray structure of [Ir(CO)(dppms)Me] (58). Selected hydrogen
atoms on the dppms ligand are omitted for clarity. Selected geometric data
are given in Table 2.

Table 2. Selected Bond Lengths (A) and Angles (deg) for Iridium
Alkyl Complexes 5a, 6, and 7

5a 6 7

Ir-C(2) 2.143(5) 2.175(8) 2.130(5)
Ir—C(1) 1.867(4) 1.826(9) 1.878(5)
Ir-s 2.4194(9) 2.416(2) 2.4182(13)
Ir—P(2) 2.2923(10) 2.284(2) 2.2949(12)
Ir—1(1) 2.7340(4) 2.7173(6) 2.7222(4)
Ir=1(2) 2.7935(4) 2.8086(6) 2.7890(4)
P(1)-S 2.0126(13) 2.009(3) 2.0138(18)
0-C(1) 1.126(5) 1.167(11) 1.135(6)
C@)-Ir—P(2) 96.43(11) 94.0(2) 97.23(15)
C@2)-Ir-s 86.31(11) 84.0(2) 86.69(15)
C@2)-Ir—1(1) 86.56(10) 85.3(2) 86.50(14)
C)-Ir—C(2) 90.74(16) 93.2(3) 94.5(2)
P(2)-Ir—S 91.32(3) 89.99(7) 93.16(4)
C)-Ir—P(2) 94.24(12) 95.5(2) 93.41(16)
C(1)-Ir—I(1) 89.78(12) 87.7(2) 89.94(15)
S—Ir—1(1) 84.79(2) 86.82(5) 83.37(3)
O—-C(L)-Ir 176.6(4) 178.1(8) 175.7(5)

spontaneous migratory insertion. Spectroscopic data5&or
indicate the presence of two isomers in solution, in the
approximate ratio 3:1. An X-ray crystal structure (Figure 3)
showed a single isomer in the solid state, with meitiglto
both P and S donor atoms from the chelate andt€@s to
sulfur. A solution of crystals from the batch used for the X-ray
study gave &P NMR spectrum identical to that of the major

2cwas observed in the IR spectrum, together with an increasedisomer of the bulk product, allowing us to assign the geometry

proportion of acetyl product which displayed tw(CO) bands

at 1663 and 1685 cni rather than the three bands observed in
CHCl,. A 3P NMR experiment in CBCN showed a product
with signals atd 42.9 (d) and 29.0 (ddJrnp = 148 Hz,2Jpp=

of this species as that found in the crystal structure. The methyl
ligands of both isomers each displd{ resonances with a
relatively weak coupling to phosphorui®&i{r = 4 Hz) showing
that methyl iscis to coordinated P in each case. This leaves

pair of »(CO) bands in the acetyl region. This suggests that
migratory insertion in2c is promoted by coordination of
acetonitrile to the five-coordinate acetyl prodi8tt to give
isomers of the solvento species [Rh(dppmo)(NCHMEDMe)]
(3c—MeCN). A crystal structure of this complex (Supporting
Information) shows a structure wittansiodides and the acetyl
ligandtransto the oxygen atom of the dppmo chelate, with a
molecule of acetonitrile coordinatechns to phosphorus.

The iridium(l) dppms complexda reacts with methyl iodide
to give a stable methyl comple®sa, which does not undergo

data do not distinguish. Completa was also found to react
with ethyl iodide to give a stable ethyl complex, [Ir(C®)I
(dppms)Et] 6). Again the solution NMR data showed the
presence of two isomers in the approximate ratio 3:1. An X-ray
crystal structure (Figure 4) indicated a single isomer in the solid
state with a coordination geometry about the iridium center
corresponding to that in the methyl analodige The reaction

of the Ir(dppe) complexb with methyl iodide to give [Ir(CO)-
(dppe)bMe)] (5b) (including an X-ray crystal structure &)

has been reported by Cleary and Eiseni3érg. Their data are

(22) Adams, H.; Bailey, N. A.; Mann, B. E.; Manuel, C. Rorg. Chim. Acta
1992 198-200 111.
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Figure 6. Series of IR spectra for the reaction 1§ with Mel (1.6 M in
CHCly, 25°C).

Figure 4. X-ray structure of [Ir(CO)(dppms)Et] (6). Hydrogen atoms are 0.8
omitted for clarity. Selected geometric data are given in Table 2. °
o
Scheme 3. General Scheme for Reactions of [M(CO)(L—L)I] with §
Methyl lodide? S04
M O _.Me a7
e N <
L., .CO kMel 1 _i%cO0 k | ¢,
( M —_— ( M —_— N s
g i | | T N
I - /
0 AT O ST
1a-c M =Rh 2a-c M=Rh 3a-c M = Rh 2000 1800 1600
4a,bM=1Ir 5a,b M =1r Wavenumbers
Figure 7. Series of IR spectra for the reaction bf with Mel (1.6 M in
(t B rPPh2 [PPh2 rPPh2 CHCly, 25°C). The absorptions in the region 1650700 cnt* are due to
PhoPsg PPh, PhoPsO isomers or conformers dc, in equilibium with 2c.
dppms  dppe dppmo Table 3. Rate Constants (25 °C) and Activation Parameters for
@ (®) © Methyl lodide Oxidative Addition Reactions in CH,Cl,
a Alternative isomers of methyl complexésand 5 are omitted for Y(XO) 10%, AHE AS*
simplicity. reactant cm! M-tst kJ mol—* Jmol~tK™t
la 1987 1.19 4A1 —144+ 2
0.8l 1b 2011 1.41 401 —16742
1a 1c 1983 1.14 344 —188+ 13
3 [Rh(CO)(PE#).I]26 1961 1.37 56-13 —112+44
c [Rh(CORl;~ 2 2059,1988 0.0293 581 —165+4
g 7 4a 1972 50.0 341  —156+2
2 04 E \ 4b 1994 518  3G:1 —169+3
< i [IN(CO)2lg]~ 3° 2045,1969 3.12 541 —113+4
x7.5 A
0 s second-order rate constanks)(calculated from these are given
2200 2000 1800 in Table 3. Variable-temperature kinetic data over the range
Wavenumbers 10-35 °C were also measured, and satisfactory linear Eyring
Figure 5. Series of IR spectra for the reaction b with Mel (8 M in plots of these data gave the activation parameters listed in Table
CH,Cl>,10 °C). Note the weak band due to intermediate 3. In all cases the large negative activation entropies are

. ith d'sh it is f q inal consistent with the associativeBmechanism commonly found
In agreement with ours and show tRt s formed as asingle ¢, oyiqative addition of methyl iodide to metal centépg’

isomer with inequivalent phosphorus atoms and metiays o .
d phosp tizyi The second-order rate constant for oxidative addition of Mel

to iodid I to the Rh i i5-2b (Sch 234

© I(? ! ,e’ analogous O, © . 'S(,’ms’ ( cheme 2} to la(Table 3) represents a rate enhancement by a factor of ca.
Kinetics .Of Methyl lodide Oxidative Add't'or_] to [M(CO)- 41 at 25°C compared to the Monsanto catalyst [Rh(@g)) .?°

(L=L)I]. _Kmetlc m(_aas_ure_ments for the reac_uonslaf—c,_ 4a, The activation parameters display a slightly lowet* and a

and4b with methyl |od_|de in CHC, were carried out using IR more favorableAS' than for oxidative addition of Mel to

spectroscopy to mopltor changes in ti?(@O) bands due to [Rh(COYI5]", resulting in a lowering oAG* by ca. 10 kJ mol.

reactanlts, |ntermed|ates (Wherg pQSSIbIe), and pro.ducts. ,AVery similar oxidative addition rates were found for the other

generalized reaction SCh?me IS givenin Spheme 3. Typical Ser'eﬁ?h(l) complexes studied, with rate enhancements relative to

of Spﬁc"a for the reactions of dthef. rhOd'é‘m CO”&P'_“GSC [Rh(COl;]~ of 48 for 1b and 35 forlc. The oxidative addition

are shown in Figures-57. Pseudo-first-order conditions Were 1o measyred here are also comparable with the data reported

employed (at least 10-fold excess Mel), and in all cases, theb Rankin et al. for the monodentate phosphine-containin
disappearance of [M(CO)(L)I] was found to be first-order y ' phosp g

in both [complex] and [Mel]. Observed pseudo-first-order rate
constants Kopg are given in the Supporting Information, and

(26) Fulford, A.; Hickey, C. E.; Maitlis, P. MJ. Organomet. Chen199Q 398
311

(27) Griffin, T. R.; Cook, D. B.; Haynes, A.; Pearson, J. M.; Monti, D.; Morris,
G. E.J. Am. Chem. S0d.996 118 3029. Rendina, L. M.; Puddephatt, R.

(25) Albietz, P. J., Jr.; Cleary, B. P.; Paw, W.; EisenbergnBrg. Chem2002 J.Chem. Re. 1997, 97, 1735. Labinger, J. A.; Osborn, J. korg. Chem.
41, 2095. 198Q 19, 3230.
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complex trans-[Rh(CO)(PE%).l].28 It is noteworthy that the 1c. Somewhat surprisingly though, no spectroscopic evidence
complexesla—c andtrans[Rh(CO)(PE$).l] all have similar for an anionic species was found in this case.

nucleophilicity toward methyl iodide, varying by a factor of As expected, faster oxidative addition rates were found for
less than 1.5 in rate (or 1 kJ mdlin AG*ygg despite the the iridium complexeda and4b. The ratiosk,/krp were found
relatively wide range (50 crd) of »(CO) frequencies for the  to be 42 for the pair of dppms complexes and 37 for the pair of
four complexes. The(CO) values of metal carbonyl complexes ~dppe complexes, corresponding tAAG*2950f ca. 9 kJ mot?

are often taken as a good measure of electron density at thebetween Rh and Ir. A bigger difference in reactivity toward
metal center, and so might be expected to be related tomethyliodide was found previously for the anionic iodocarbo-
nucleophilicity. However, it is important to consider the local NYls [M(CO)l2]~, for which ki/krn = 120 corresponding to

environment of the coordinated CO and, in particulartthas ~ AAG'208~ 12 kJ mof™.3° The smaller difference in reactivity
ligand. For example, complexb might be expected to have found between 4d and 5d metal complexes in this study can be
electron density on the Rh center rather similar to thatafs ascribed to the presence of bulkier bidentate ligands which

[Rh(CO)(PPh),I], but the ¥(CO) values are actually quite moderate the intrinsic nucleophilicity of the metal center. For
different (2011 and 1981 crd, respectively) since a C®ans all the oxidative addition reactions studied, addition of polar
to iodide experiences considerably more back-donation than oneSC!vents (THF, MeCN, and MeOH) was found to give moderate

transto PPh. The use ofy(CO) to judge electron density on rate enhancements_ (by factors of between 1 and 3; see the
the metal should therefore be made with consideration of the Supporting Information) as expected faizreactions proceed-

stereochemistry of the complexes being compated ing via polar transition states. Coordination of solvent to the

i . metal center during they@ process may also play a role in
Halide salts have previously been found to accelerate Mel accelerating oxidative addition.

addition to square planar RI{#)*2and Ir(1)*3 complexes. Rate Kinetics of Migratory CO Insertion in [M(CO)(L —L)-
enhancements were also found for the complexes studied herg ,Me]. In the series of spectra for the reactionlafwith Mel
(kobs Values are given in the Supporting Information). Addition (Figure 5), a weak absorption is apparent at 2062 %cin
of 1 equiv of BuNI (per Rh) increased the oxidative addition  54gition to the bands at 1987 and 1701 émue to reactanta
rate by factors of ca. 1.3), 1.1 (b), and 2.4 {c), while 10 and product3a, respectively. This weak band occurs in the
equiv of BuNI gave rate enhancements of ca. 2&)(1.6 (Lb), region expected for the methyl intermedi@i on the basis of
and 8.1 (o). It has been proposed previously that coordination the frequency shift (75 cm) relative to the Rh(l) precursor
of an additional halide ligand increases the nucleophilicity of 1535 A similar shift in ¥(CO) (69 cnt?) is found between the
the metal center. We have therefore probed the behavior ofstaple iridium analogueda and 5a The kinetic behavior of
complexesla—1c in the presence of excess ionic iodide. the 2062 cm! band is also consistent with assignment to
Addition of a 100-fold excess of BNI to solutions ofla or intermediate2a, since it decays in direct proportion to the band
1cin CH:CI; did not give rise to any new rhodium carbonyl of 1a as predicted by the steady-state approximation
species detectable by IR spectroscopy. By contrast, under the
same conditions the dppe complél gives rise (over 3 h) to @ ~— _ _

A _ ) 1 ~ 0= kj[1d[Mel] — k_,[28] — k,[24d] (3)
significant amounts of a new species wifCO) at 1960 cm?. dt
The shift of v(CO) to low frequency is consistent with coor-

dination of iodide to form an anionic complex, [Rh(C&jbpe)T . @ = M 4)
This complex could be five-coordinate (with the dppe ligand [1a] k,tk

remaining bidentate) or square planar with one arm of the dppe __ . .

ligand dissociating. We note that a phosphine ligand in [Rh- SiNc€Kebsis given by the expression

(CO)I(PPh);] can be displaced by iodide to give an anionic k,k;[Mel]

complex, [Rh(COY(PPh)]~ (»(CO) 1963 cm?), which is more bs= 1 Tk (5)
reactive toward Mel than the neutral precur&ilhe iodide .

effects observed in our Kinetic studies are best explained by eqs 4 and 5 can be combined to give

iodide coordination to give reactive anionic intermediates,

possibly accompanied by chelate ring operithgihe most facile Kobs

dechelation would be expected for the dppmo chelate ligand, k, = m (6)

and the largest rate enhancement is indeed found for complex
The migratory insertion rate constarky, can therefore be
(28) Rankin, J.; Poole, A. D.; Benyei, A. C.; Cole-Hamilton, D.Chem. obtained from the measured valuelgfs and the steady-state

Commun.1997 1835. Rankin, J.; Benyei, A. C.; Poole, A. D.; Cole- i i ; P
Hamilton. D. J.3. Chem. Soc.’ Dalton Trang0g 3771, ratio [2a)/[ 1a], which can pe estlmated.on the. bagls of obs_erved
(29) Haynes, A.; Mann, B. E.; Morris, G. E.; Maitlis, P. M. Am. Chem. Soc. IR absorbances and estimated relative extinction coefficients
1993 115 4093. 36 i ° i
(30) Ellis, P. R.; Pearson, J. M.; Haynes, A.; Adams, H.; Bailey, N. A.; Maitlis, for 1aand2a Values ofk; in the range 1625°C obtained
P. M. Organometallics1994 13, 3215.
(31) An empirical method of predicting(CO) values for metal complexes (34) Our (unpublished) mechanistic studies of the reactions of [Rh(CQ)I(Ph

(Timney, J. A.Inorg. Chem.1979 18, 2502) takes this into account by PCHCH,PA®,)] (Ar = 3,5-(CFs).CgHj3 or 3,4,5-RECsH,) with Mel indicate
utilizing different ligand effect constants depending upon whether the ligand that chelate ring opening and coordination of iodide is more facile in these
is cisor transto CO. The Timney method predict§CO) values of 2006.6 complexes.
and 1970.5 cmt, respectively, for theis andtransisomers of [Rh(CO)- (35) Attempts to observ2a by low-temperaturé’® NMR were hampered by
(PPh).l], in agreement with the experimental trend. the low solubility of 1a under these conditions.
(32) Forster, DJ. Am. Chem. S0d.975 97, 951. (36) The band due t@aat 2062 cm! occurs under the high-frequency tail of
(33) Basson, S. S.; Leipoldt, J. G.; Purcell, W.; Schoeman, lhdg. Chim. the strong absorption dfa at 1987 cm®. The value of the ratio Ab&g)/
Acta 199Q 173 155. de Waal, D. J. A.; Gerber, T. I. A,; Louw, W. J. Abs(1a) at 8 M Mel was therefore obtained by plottidg2062)A(1987)
Inorg. Chem.1982 21, 1259. vs [Mel] and subtracting thgintercept of the linear plot from the measured
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Table 4. Rate Constants (25 °C, CH,Cl,) and Activation
Parameters for Migratory Insertion Reactions of Rhodium Methyl
Complexes

10%k,, AHF, AS¥,
reactant st kJ mol~* Jmol~t K™t
2a 620 54+ 7 —67+ 15
2b 0.4 83+ 2 —-30£5
[Rh(CO)lsMe]~ 29 54 63+ 2 —-59+9

by this method are listed in the Supporting Information. Table
4 gives the value ok, at 25 °C together with activation
parameters derived from an Eyring plot.

The series of spectra in Figure 6 show that a much higher
concentration of methyl intermediagb is formed during the
reaction oflb with methyl iodide, as a consequence of a much
slower migratory insertion step in the dppe system. Infrared
spectroscopy does not distinguish between diseand trans
isomers of2b (Scheme 2), but’P NMR spectroscopy (vide
supra) showed that a relatively fast equilibration leads to an
isomeric ratiocis-2b:trans-2b of ca. 2:3 which remains steady
during most of the experiment. Apparent rate constants for
migratory insertion were obtained by monitoring the slow
exponential decay of the combine(CO) band otis- andtrans
2b at 2075 cm! once the relatively rapid oxidative addition

step was complete. The resulting rate constants (Supporting

Information) were found to be essentially independent of [Mel].
An estimate of the true rate constaky, for migratory insertion
must take into account the proportion 2if existing in thecis

form, since only that isomer possesses the appropriate geometr

for cis migration3” On the basis of the mechanism shown in
Scheme 2, and assuming tlas—trans isomerization is fast
relative to migratory insertion, the observed rate constant is
given byky/(1 + Kg). Since®’P NMR gave an estimate &f, =
1.5,k; can be obtained by multiplying the observed rate constant
by 2.5, leading to the value given in Table 4. The activation
parameters for the reactiais-2b — 3b given in Table 4 were
estimated with the approximation th#t for the cis—trans
isomerization is invariant with temperature.

Despite the indirect methods employed for obtaining these
kinetic parameters, there is clearly a dramatic difference in
reactivity between2a and 2b, with the dppms complex
undergoing migratory insertion ca. 1500 times faster than the
dppe complex, corresponding to a lowering&G*,9g by ca.

18 kJ mof L. Thus, while migratory insertion igais accelerated

by an order of magnitude compared with that in [Rh(&4M)e],

the reaction oRb is >10 times slower than for the conventional
Monsanto catalyst®38 By comparison, in the PEtsystem
studied by Rankin et al., it was found that migratory insertion
only proceeded slowly when [Rh(CO)(REt.Me] was sub-
jected to a high pressure of carbon monoxide, which trapped
the presumed five-coordinate intermediate to give [Rh(CO)-
(PEE;)2|2(COM6)].28

More complex behavior was exhibited by the dppmo system,
where reaction of.c with Mel gave an equilibrium mixture of
methyl and acetyl produc#c and3c (Figure 7 and vide supra),

value of A(2062)A(1987) @ 8 M Mel. This was then converted into a
ratio of concentrations2pgl/[12], by dividing by 0.6 the ratio of extinction
coefficients measured for th€CO) bands of the Ir analogués and4a.

(37) In our preliminary communication of these results (ref 16) the influence
of isomeric forms of2b on the migratory insertion rate constant was
neglected.

(38) Haynes, A.; Mann, B. E.; Gulliver, D. J.; Morris, G. E.; Maitlis, P. J.
Am. Chem. Sod99], 113 8567.

which precluded the determination of accurate rate data for the
migratory insertion step. However, since the IR bands due to
the acetyl producBc grow-in simultaneously with those of the
methyl intermediat@c, the equilibrium betweeic and3c must
be attained quite rapidly, indicating a relatively fast methyl
migration. The replacement of sulfur by oxygen as the donor
atom in the bidentate ligand therefore appears to affect the
thermodynamics of migratory insertion more than the kinetics.
No spontaneous methyl migration was observedsmand
5b, in accordance with the behavior of other iridium(l1l) methyl
complexes? We therefore investigated the propensity for these
complexes to undergo CO insertion by studying their reactions
with carbon monoxide at high temperature and pressure. On
the basis of previous observations for the anionic complex
[Ir(CO).lsMe]~, we chose a solvent system comprising 1% (v/
v) methanol in chlorobenzerté When the reaction dba with
CO (10 bar) at 93C was followed by in situ high-pressure IR
spectroscopy, the(CO) band of the reactant at 2039 chwas
replaced by a new termina{CO) band at 2051 cnt in a first-
order processkfps= 7.3 x 1074 s™1). Under the same conditions
the rate constant for carbonylation of [Ir(CQMe]  is
estimated as ca. 8 1074 s 1.4 The recovered product showed
IR bands at 2057 and 1642 cin(CH,Cl,), consistent with a
product containing terminal and acetyl CO ligands, and'the
and 3P NMR spectra of this product gave evidence for two
isomers in an approximate 1:1 ratio(fH) 2.59, 2.77;0(3'P)
63.1, 4.5 (each diJpp= 36 Hz) and 56.3:-7.8 (each d2Jpp=
25 Hz)]. An X-ray crystal structure determination was hampered

)by disorder but was consistent with the presence of [Ir(CO)-

(dppms)b(COMe)] having distorted octahedral geometry with
COtransto iodide and acetyiransto S of the dppms chelate.
By contrast, in situ high-pressure IR spectroscopy revealed no
decay or shift of the/(CO) absorption obb over 3 h under the
same conditions. The iridium methyl complexga and 5b
therefore display the same trend in reactivity as their rhodium
analogue®2aand?2b. Evidence was obtained that carbonylation
of 5b could be induced at higher temperature, a product with
v(CO) absorptions at 2057 and 1649 ©m(CH,Cl,) being
obtained after treatment of a solution5df with 9 bar of CO in
a Fisher Porter vessel at 12Q for 3 h.

X-ray Crystallographic Studies. The X-ray crystal structure
of the iridium methyl comple%a (Figure 3) displays a pseudo-
octahedral geometry with the methyl group occupying a position
cis to both P and S donor atoms of the dppms ligand. The
carbonyl ligand istransto S, as for the Ir(l) precursor. The
five-membered chelate ring adopts an envelope conformation
with the methylene carbon at its apex. This conformation places
two of the dppms phenyl groups in pseudoaxial positions and
creates a crowded “pocket” surrounding the methyl ligand. The
other two phenyl groups are placed in pseudoequatorial posi-
tions, such that the iodidgans to methyl is in a much less
crowded environment. The adoption of this conformation can
be explained by the smaller cone angle of methyl°Y90
compared with iodide (107.1 The closest nonbonded contact

(39) Atwood, J. D. InComprehensie Organometallic Chemistry ;llAbel, E.
W., Stone, F. G. A, Wilkinson, G., Eds.; Pergamon: Oxford, 1995; Vol.
8, p 303.

(40) Pearson, J. M.; Haynes, A.; Morris, G. E.; Sunley, G. J.; Maitlis, PJ.M.
Chem. Soc., Chem. Commur®95 1045.

(41) Calculated rate at & using the activation parameteksi* = 33 kJ mof*
andAS = —197 J mot! K~ for carbonylation of [Ir(CO)lsMe]~ in 25%
(v/v) MeOH—PNCI (ref 40) and dividing by 25 to compensate for the
different MeOH concentrations.

J. AM. CHEM. SOC. = VOL. 124, NO. 45, 2002 13603



ARTICLES Gonsalvi et al.

Table 5. Distances and Angles between Pseudoaxial Phenyl
Groups in Complexes of dppms, dppmo, and dppe

ipsos Teents 0,

complex geometry A A deg  ref

[Rh(CO)(dppms)CI] sq pl 349 389 15 10

[Pd(dppms)] sq pl 3.43 3.78 9 42 \
[Pd(dppms)]?* sq pl 355 411 17 42 ' |
[Rh(CO)(dppmo)Cl] sq pl 410 509 35 12 e

[Hg(dppms)}] tet 3.67 4.03 19 43 1a 5a 6
Egmggggi()ggagﬁ)éga) zg Ezlr, igé ggg ég Figure 8. Space-filling models of the X-ray structures of comple8es
[Ir(CO)(dppms)sMe] (5a) oct 3 '73 4 '23 39 5a, and6. Note the increasing separation and widening of the angle between
[Ir(CO)(dppms)tEt] (6) oct 4:13 4:91 45 the axial phenyl groups (shaded blue) caused by the introduction of methyl
[{Ir(CO)(dppms)iMe} 212+ (7) oct 377 444 44 and ethyl ligands (shaded red) %@ and 6, respectively.

between hydrogens of the phenyl and methyl groups (H5A and @ --

H2A) is ca. 1.9 A, which is less than double the van der Waals p

radius of hydrogen. This steric interaction causes the methyl P<_ /\S\Q I:”:'

ligand to lean away from the phenyl group, giving alP—Me ©/ PLS

bond angle of 98 which is the biggest deviation from regular |

octahedral geometry in the complex. By contrast therP Figure 9. Ligand conformation and quadrant diagram for dppms complexes.

Me angles irbb are both close to 94 The crystal structures
therefore suggest that steric interactions might play a role in
accelerating migratory insertion iBa and 5a compared to
analogous dppe complexes.

It is informative to compare the structure &a with

complexes of dppms which h?"e feWer than two “axial"_ligands A feature of all the structures containing the dppms ligand is
(where the equatorial plane is defined as thqt contam!ng thethe steric crowding of one axial coordination site due to the
metal atom and the two donor atoms of the .bldentate ligand). disposition of two of the phenyl groups. This steric environment
The stru.ct'ure Of [Rh(CO)(dppms.)CI] determined k?y Baker et can be expressed in terms of a quadrant diagram (Figute 9).
al.1? exhibits a ligand conformation where two axu_al phenyls When the two phenyls flank a vacant site (e.g., in square planar
block one face of th_e square planar complex. Again the _flve-_ or square pyramidal complexes), they can stack approximately
membered chelate ring adopts an epvelope structure, but n _th'sparallel, whereas in an octahedral complex, an axial ligand is
case the. sulfur-bound phpsphorus IS at the apex. Very SImIIarplaced in the sterically crowded region, which disrupts the
dppms dl;gand cor}formatlolrsd.are dlsplade n thde drecently stacking. The conformation adopted by phenyl groups in dppe
reported™ square p ?Jrnar patia lum(ll) complexes [Pd( pp3ms)- complexes is noticeably different from that described above for
I2] and [Pd(dppms]** and n the tetrahedral [Hg(dppl_"ng)f‘ the dppms ligand. For example, the angle between the planes
A measure of the spatial arrangement of the axial phenyl ot 1he phenyl groups flanking the vacant coordination site in
groups is prqwded by _the distances petweenuﬂse carbons 3bis 55, compared with 10in the dppms analogu@a. This
(Tipsa) OF the ring CentI’QIder?nb along with the angles between suggests that there is much less preference for phenyl groups
the phenyl pIanesHQ given in Table'5. For t_he squari planar to stack parallel in the dppe system. A detailed analysis of
dppTS comple'});\eé is less than 20with ripso = ca. 3.5 Aand  gp;ctures of this type by Morton and Orpérevealed that the
foent = Ca, +3'8 (except in the more crowded bischelate [Pd- e membered M(dppe) chelate ring typically adopts a twist
(dppms)]7). In [Hg(dppms)y] the phenyl rings move apart () rather than an envelope conformation, with a weak
slightly to accommodate an iodide in the tetrahedral structure. preference for the conformation of phenyl groups shown in
An approximate parallel stacking arrangement (véitk 107) Figure 10a, in which diagonal quadrants are more hindered. The
is maintained in the square pyramidal rhodium acetyl complex X-ray structures of octahedral compleXig? and [Ir(dppe)] 7
3a (Figure 1), with the axial phenyls flanking the vacant sixth - yigpiay just such a conformation with little crowding of the axial
coordination site, allowing the acetyl ligand to occupy the methyl or iodide ligands.
sterically less demanding axial site. The space-filling diagrams 15401 and Orpen also considered the(Mdppm) fragment
in Figure 8 show how§ widens to 39 to accommodate the 4 revealed a preferred conformation (Figure 10b) very similar
methyl ligand in5a This is achieved by a twist of the phenyl 5 14t ohserved for M(dppmé§ .t was concluded that the M
attached to the iridium-bound phosphoffisAn even more (,_4nom) ring is more rigid than the M(dppe) system and places
pronounced distortion is apparent for the ethyl analogue greater constraints on the conformation of the phenyl groups.

which G_is 450 The accommodat_ion of the ethy_l Iigand_@n The M(dppms) chelate ring can be regarded as analogous to a
forces significant rearrangement in the chelate ring, which has ;. \cjear My(u-dppm) system, with a sulfur replacing one of
the Ir-bound phosphorus at the apex of the envelope, Ieadlngthe metal atoms, so similar conformational preferences are to

be expected. The driving force for adoption of the stacked

to reorientation of the equatorial phenyl groups. The structural
rearrangements caused by axial methyl or ethyl ligandsain
and6 are also evident from the larger valuesrgg, andrcent

for these complexes in Table 5.

(42) Wong, T. Y. H.; Rettig, S. J.; James, B.IRorg. Chem.1999 38, 2143.
(43) Lobana, T. S.; Sandhu, M. K.; Liddell, M. J.; Tiekink, E. R.JI.Chem.

Soc., Dalton Trans199Q 691. (45) Knowles, W. SAcc. Chem. Red.983 16, 106.

(44) As judged by the MP—Ciyso-Corno dihedral angles of 10%6in 3a and (46) Morton, D. A. V.; Orpen, A. GJ. Chem. Soc., Dalton Tran$992 641.
42.8 in 5a The corresponding dihedral angle for the other axial phenyl, (47) Chan, Y. N. C.; Meyer, D.; Osborn, J. A.Chem. Soc., Chem. Commun.
S—P—Cipso-Cortn, is small (<1°) in both structures. 1990 869.

13604 J. AM. CHEM. SOC. = VOL. 124, NO. 45, 2002



Effects of Chelate Ligands in Catalysis ARTICLES

(a) Scheme 4. Mechanism for Reaction of 1a with Mel
O , Me_ O
e <
OC\E: | M
g — e S
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(b) Q
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Ma(-dppm) - /‘@ =

Figure 10. Conformations and quadrant diagrams for (a) M(dppe) and (b)

M (- lexes. . I
2u-dppm) complexes an explanation for the equilibrium between methyl and acetyl

product2c and3cformed in the reaction of [Rh(CO)(dppmo)I]
with Mel.

Reaction Mechanism for Oxidative Addition to 1a.In light
of the above structural analysis we propose that the ligand

arrangement of axial phenyl groups in dppms complexes is
primarily the envelope conformation of the chelate ring. An
intriguing possibility is that attractive—s stacking interactions
between the phenyls further stabilize this arrangement. Recen - > ~ - HE
crystallographic and theoretical studies by Pregosin and co-conformation plays a key role in determining reactivity in the
workerg® have concluded that attractive intramolecutars dppms system. The suggested sequence of reactions is shown
stacking interactions between aromatic rings in coordinated " Scheme 4. Oxidative addition of methyl iodide to a square
ligands can result in significant structural distortion of square Planar complexis generally believed to proceed in two steps:
planar Pd(ll) complexes. The distances between the phenyl ringstl) hucleophilic attack by the metal center at carbon to displace
for dppms complexes (Table 5) are close to the range{(3.3 I~ and (ii) coordination of T to the five-coordinate intermedi-

A) for z-—x stacking in biological systené,suggesting that ate?6:27|n the reaction oflait is likely that the Mel molecule
such interactions might play a role in tuning organometallic Will @pproach the less-hindered face of the metal complex. The
reactivity. S\2 step will generate an initial cationic intermediate, [Rh(CO)-

. . (dppms)IMe], in which the vacant coordination site is flanked
On the basis of the structural analysis, we propose thatb the axial phenyl groups. To complete the oxidative addition
migratory insertion in [M(CO)(dppms¥e] (2a, M = Rh; 5a, y pheny! groups. P '

M = Ir) is accelerated (compared to that in the dppe analogues)'Od'de must coordinate to the vacant site, but since iodide has

by relief of the steric tension created by phenyl groups on the ﬁ I:r:?jecrozc;gfmzrt]i%f ggigmmrﬁégﬁée‘gfhgrﬁ]%%ﬁrt]h?(t)gp;é‘]?:ge n
bidentate ligand. It is clear that the acetyl ligandafoccupies 9 9

a much less sterically demanding site than the methyl ligand in generates an octghedral product n which the axial phenyl groups
. S - . . flank the methyl ligand, as found in the crystal structur&af
5a. If the steric crowding ir2a (or 5a) is partially removed in . " ) . .
o - . Migratory CO insertion then proceeds with another change in
the transition state for methyl migration, then an acceleration . . . .
. . . - . ligand conformation to place the acetyl ligand in the less
will result (compared with complexes without similar steric

. o . hindered axial coordination site, as in the crystal structure of
strain). Although alternative ligand conformations are undoubt- . o : ? . -
. . . . ... 3a. Steric congestion is therefore relieved by migratory insertion.
edly accessible in solution, the solid-state structures exhibit

trends which are consistent with steric effects exerting an We attempted to model the product of the firsgZpstep in

important influence on reactivity. A recent theoretical study on SCNeMe 4 by treatingawith methyl triflate. The reaction gave
this system supports this argument (vide inff). a product with av(CO) band at 2058 cnt and analytical data

. - consistent with a cationic Ir(Ill) complex with a triflate counter-
Conformational analyst8 sugggsted that the rigidity of the _ion, [I(CO)(dppms)IMe][OTH]. A solution of this product in
envelope structure (and constraints on the phenyl groups) in

the Myx(u-dppm) fragment increases for longer—-W! bonds. CDZC'.Z shows four. Sets .Of .5'9'?""'5 in tHéP NMR (See the
R Experimental Section), indicating the presence of isomers.
Conversely, a decrease in rigidity would be expected on

. . . Crystals grown from a CpCl, solution were suitable for an
§horten|ng the M-M bond_, an effect whlch_can be m|m|cked X-ray diffraction study which revealed a centrosymmetric
in our system by replacing the dppms ligand with dppmo.

. . N ) iodide-bridged dimer {Ir(CO)(dppms)¢-I)Me} 2]2" (7) (Scheme
glonastent_w;tf;(t)kgsg){gﬁreg;e's frgrrr: Cl:%n [(;?h(CO)é?ppms)- 5 and Figure 11), together with two noncoordinated triflate
=]2(T8E)SA_)12 With correos on(Ijri]n[ irfcregl(seip'n-w) ag}éRrh_o anions and a molecule of solvent. Thus, the hoped-for five-
T t;l 5) This reducti P ; g i Mipso q "e”} th coordinate intermediate actually dimerizes, at least in the solid
( able ). This reduction in steric crowding around one of the .
axial coordination sites when dppms is replaced by dppmo offers

(50) The'H NMR spectra ofla and4a exhibit pseudotriplets indicating time-
(48) Drago, D.; Pregosin, P. S.; Tschoerner, M.; Albinati,JAChem. Soc., averaged equivalence of the two methylene protons of dppms due to rapid

Dalton Trans.1999 2279. Magistrato, A.; Merlin, M.; Pregosin, P. S,; inversion of the chelate envelopes on the NMR time scale. The proposed

Rothlisberger, UOrganometallic200Q 19, 3591. Magistrato, A.; Pregosin, changes in ligand conformation are therefore feasible H¥¢MR spectra

P. S.; Albinati, A.; Rothlisberger, UOrganometallics2001, 20, 4178. of 3a, 5a and 6 display pairs of signals with ddd patterns, due to
(49) Ranganathan, D.; Haridas, V.; Gilardi, R.; Karle, .JLAm. Chem. Soc. inequivalent methylene protons wildyy and two2Jyp couplings. This

1998 120 10793. Hobza, P.; Kabaa M.; Sponer, M.; MejZk, P.; inequivalence is conferred by unsymmetrical coordination in the two axial

Vondrasek, J.J. Comput. Cheml997, 18, 1136. sites, and will be maintained even if the ligand conformation is fluxional.
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Figure 11. X-ray structure of [Ir(CO)(dppms)tl)Me].OTf, (7). Selected
H atoms, triflate counterions, and a gEl, solvent molecule are omitted
for clarity. Selected geometric data are given in Table 2.

Scheme 5. Addition of Methyl Triflate to 4a

8 ~ 2+
5 (P~ ~CO 2MeOTt Me\l/l\?/P oTf,
<s’"\| | N e
4a S g
7

The coordination geometry around each Ir centéf imvery
similar to that in5a. The methyl ligand is again flanked by
axial phenyl groups from the dppms ligand, which adopts an
envelope conformation with the methylene carbon at its apex.
The angle between the phenyl plan@ésis 5° wider than in5a,
and the methyl again leans away from the coordinated phos-
phorus, with the bond angle PIr(1)—C(1) = 97°. Reaction
of 7 with a stoichiometric amount of BNI in CH,Cl, resulted
in bridge cleavage to givéa, with IR and3P NMR spectra
identical to those of a sample synthesized by the addition of
Mel to 4a. These results support the two-step mechanism for
oxidative addition of Mel, but dimerization of the five-
coordinate cation precluded an investigation of its ligand
conformation.

A recent investigatiott into the structure and reactivity of
[Rh(CO) «*(P,S)-Fef>-CsMesP(S)Ph)(17>-CsMesPPh)} Cl] (8)

makes an interesting comparison to the dppms system. The

F

8
PhoP. _ .CO

— . Rh
PhoP=g-N.

v(CO) frequency 08 (1987 cnt?) is similar to that of the dppms
analogue (1992 cmi), suggesting that the two P,S bidentate
ligands have similar donor abili2. An X-ray crystal structure

of 8 shows that the carbonyl ligand is coordinateghsto S as

in 1a and that one face of the square planar Rh(l) complex is
effectively blocked by the ferrocene fragment. The reaction of
8 with Mel gave no rhodium(lll) methyl or acetyl products,

but instead resulted in halide metathesis to give the analogous

iodide complex and MeCl. Further reaction with Mel resulted
in dissociation of the bidentate ligand and quaternization of its

PPh group. These results were interpreted on the basis that the

(51) Broussier, R.; Laly, M.; Perron, P.; Gautheron, B.; Nifant’ev, I. E.; Howard,
J. A. K.; Kuz'mina, L. G.; Kalck, PJ. Organomet. Cheni999 587, 104.
(52) Similarly the iodide M hag(CO) 1981 cm* compared with 1987 cnt
for 1a
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bulky ferrocene fragment prevents complete oxidative addition

of Mel to give an octahedral methyl complex, and it would seem

that steric effects in this system are more extreme than for the
dppms ligand.

Relevance to Catalytic Methanol Carbonylation.To pro-
mote rhodium/iodide-catalyzed methanol carbonylation, ligands
are sought which act as good electron donors, thus binding
effectively to rhodium and increasing the nucleophilicity of the
metal center toward Mel. Using the experimental activation
parameters for oxidative addition of Mel tba (Table 3),
extrapolation to 185C gives a predicted rate constant of 1.25
(+0.8, —0.5) dn® mol~! s~1 compared with a value of 2.16
dm® mol~1 s71, calculated from the carbonylation rate reported
by Baker et al. for a dppms-promoted Rh cataljsthus, the
model kinetic data fully support rate-determining oxidative
addition of Mel tolain the catalytic system.

Most phosphine ligands found to accelerate the oxidative
addition step (e.g., PEtdppe) tend to slow the subsequent
migratory CO insertion step, for electronic reasons considered
below. The dppms ligand is unusual in that it promotes both
Mel oxidative addition and migratory insertion relative to the
corresponding reactions in the catalytic cycle for [Rh(&£D).
Extrapolation using the experimental activation parameters in
Table 4 predicts a rate constant of cax 2% s~1 for migratory
insertion in2a at 185°C, consistent with this step being fast
relative to oxidative addition. Thus, while dppms fulfills the
role of a good donor ligand, it also has the appropriate properties
to encourage methyl migration.

A common problem associated with ligand-promoted metha-
nol carbonylation processes is the long-term stability of the
metal-ligand bonds. For example, the Bfpromoted system
reported by Rankin et al. gave high catalytic activity for only
15 min (at 150°C) .28 After this time, “normal” catalytic rates
associated with the presence of the conventional [Rh{GIO)
catalyst were observed, the phosphine ligand being lost from
the metal coordination sphere as fNE:", PEgH™, and G=
PEg. In the dppms-promoted system, the reported high catalytic
rates (compared to those of [Rh(GQ)~) can be sustained for
up to 1 h (at 185°C). After more prolonged reaction times,
activity drops and a Rh(dppm) complex can be isolated from
the reaction mixtur&? indicating catalyst deactivation resulting
from extrusion of sulfur from the dppms ligand. GC analysis
of the reactor headspace indicated the presence$fHrhe
exact mechanism by which dppms ligand degradation occurs
during catalysis is unclear, although dechelation of the sulfur
arm of the chelate followed by reaction with water, acid, er H
(formed by the water gas shift reaction) are all feastbl€he
in situ IR spectroscopic data (at 185 and 70 bar of CO) gave
no evidence for detectable quantities of species with a mono-
dentate dppms ligand, the only complex observed during the
period of high catalytic activity being the chelate complex

(53) 3P{1H} NMR spectroscopic analysis of the residue recovered from catalytic
reactions shows a doublet at—43.0 Jrnp = 84 Hz) characteristic of a
Rh(dppm) complex with equivalent P nuclei. In situ IR spectroscopy also
indicates formation of some [Rh(C@)]~ after prolonged reaction.

54) In a reaction which resembles the reverse of the dppms ligand degradation
found here, Pg{u-dppm) complexes are reported to desulfuriz& Hyiving
dppms as a byproduct. Wong, T. Y. H.; Barnabas, A. F.; Sallin, D.; James,
B. R. Inorg. Chem.1995 34, 2278. See also ref 42.

(55) Reversible migration of alkyl groups from acetyl to sulfur (via intermediate
rhodium alkyl species) has been reported in complexes of the type
[Rh(PPR)(L)(mnt)(COR)] (mnt= maleonitriledithiolate) (Cheng, C.-H.;
Spivack, B. D.; Eisenberg, R. Am. Chem. Sod.977 99, 3003. Cheng,
C.-H.; Eisenberg, Rinorg. Chem.1979 18, 2438).
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This contrasts with the observations of Wegman et al., who Chart 1. Diphosphine Ligands for Catalytic CO/Alkene
found that a dicarbonyl, [Rh(C@)dppeo)], with monodentate ~ Copolymerization and Hydroformylation

P-coor_dinated dppgo was .the only species present during PPh2 PPh, PPh, PPh,
catalytic carbonylation reactions at 86 and~3 bar of CO'2

Thus, dppms shows much less propensity for hemilabile Pth PPh; F’th PPh;
behavior than dppeo. This can be rationalized by the greater

stability of five-membered compared with six-membered chelate dppp  meso-bdpp 9a ’“‘bdpp 9
rings, coupled with the stronger bonding of sulfur to a soft Rh(l)

center. The dppeo ligand was found not to be an effective ©::pph2 PPh,

promoter at the higher temperature and pressure employed for PPh, PPh,

the dppms system. It appears, therefore, that retention of the Q PPha
Rh(dppms) chelate structure is key to achieving high catalytic 10a 10b 0
activity. This structure confers the appropriate electronic and

steric environment to the Rh center for promotion of both Mel Q PPh,
oxidative addition and CO insertion steps, as shown by our ;Z:i :g:z xantphos 11

model studies under mild conditions.
Diphosphine ligands, while promoting oxidative addition to

a degree I[s)imilar tg that of dppmps, are no% found to be as effective 10¢

for catalytic methanol carbonylation. For example, dppe gave

a Catalytic rate an order of magnitude lower than that of did not detect [Rh(CO)(dprICOMe)] and found that acetic

[Rh(COXlz] ", although some improvement over dppe was acid could only be generated froBb at 140°C under a pressure

attained using unsymmetrical derivatives with fluorinated aryl of CO. Thus, the dppms ligand also favors the reductive

groups, PEPCH,CH,PAr.5 In situ IR data reported for a  elimination step compared with diphosphine complexes.

catalytic reaction using the ligand with Ar= CeHF3-3,4,5 Relationship to Other Catalytic Reactions.It has long been
showed the absence of any termingCO) absorptions, sug-  appreciated that an orientation of phenyl groups which shields
gesting that the catalyst resting state is not [Rh(COJ()]. It two diagonal quadrants is required for effective asymmetric

is thought that acetyl complexes [RR{L)Io(COMe)] are the  hydrogenation catalyst&:57 However, there are other catalytic
resting states for these systems, the ace{§lO) band being  reactions where there may be a requirement for steric hindrance
masked by the solvent. concentrated in two adjacent quadrants, as found in the dppms
Despite the low activity for acetic acid formation, diphos- system. Recent studies of ligand effects on Pd-catalyzed CO/
phines (e.g., dppp) have been shown to be effective for the ethene copolymerization by Bianchini etS8have shown that
rhodium/iodide-catalyzedeductive carbonylation of metha-  modification of the backbone of the conventional dppp ligand
nol 1418 gives some noteworthy effects on catalytic behavior. For
examplemesobdpp ©@a) (Chart 1) gave catalysts with higher
MeOH+ CO+ H,—~ MeCHO+ H,0 (7 activity than both dppp itself andac-bdpp ©b). A similar
activity trend was shown by Sesto and Consiflitlor CO/
Kinetic studies showed the reaction to be first-order in [Rh- propene copolymerization. Even more dramatic effects on
(dppp)L(COMe)] but zero-order in Mel, and it was proposed activity and regioregularity were achieved with the ligands
that reaction of [Rh(dppplCOMe)] with H, determined both  10a—c for which themesdigand 10b again gave the most active
the rate and acetaldehyde selectivity. Consistent with this, and regioselective catalyst. These effects are clearly steric in
extrapolation of our kinetic data for the dppe system to @0  origin, and Bianchini’s interpretation stressed the importance
predicts that neither oxidative addition nor migratory insertion of the spatial distribution of the phenyl groups, with theso
should be rate-limiting for reductive carbonylatith. ligands creating a coordination sphere with steric crowding
Five-coordinate acetyl intermediates [RR{(L)I2(COMe)] are concentrated on one face of the Pd complex.
clearly important in these catalytic carbonylation reactions, and  Earlier studies of CO/alkene copolymerization determined
we find a significant difference in reactivity toward CO for-L that, of the RP(CH,),PR. series, the ligand of choice for high
= dppms and dppe. Baker et al. reported that reactioBaof  catalytic activity and a high molecular weight polymer was dppp
with 30 atm of CO gave two isomers of [Rh(CO)(dppras)l  (i.e., R= Ph andn = 3), the order of activity for the R= Ph
(COMe)]. We find that the same conversion is achieved by ligands following the orden = 3 (dppp) > 2 (dppe)> 4
simply bubbling CO (1 atm) through a solution & in CH,- (dppb)8° This trend was reproduced more recently by Koide et
Cl; for 1 h, as judged by product terminal and acet{CO) al., who introduced the concept ofpmcket anglgor interior
bands at 2085 and 1685 cfn On standing under CO (1 atm) ligand cone angle to quantify diphosphine ligand steric
for 24 h, the formation of an IR band at 1987 chindicated requirements, and suggested that dppp gave the optimum size
the regeneration dfa by reductive elimination of acetyl iodide.
By contrast, similar treatment 8b did not give [Rh(CO)(dppe)- 7 égghg:; E_a%_;P-égi;;gky'?-;\Az_hj‘_’;‘gé;(éméﬁhgﬁ’-LS_;O%?ﬁ’ét(l)%?éllj\?\f’_- c.
12(COMe)] or any sign of reductive elimination to regenerate Barnstorff, H. D.; Friedman, R. B.; Knowles, W. S.; Stults, B. R.; Vineyard,
1b. This concurs with the results of Moloy and Wegntamho (58) %-ia%émf"gf“fe’ e'?',_ﬂ'A,\;l"’;"é\‘érgérﬁ??fi f,.Ce".fs,ﬁ’_fﬁ.%ﬁeeﬁ, S. Vizza, F.
New J. Chem1999 23, 929. Bianchini, C.; Lee, H. M.; Meli, A.; Moneti,
(56) The activation parameters in Tables 3 and 4 predict catalytic reductive S.; Vizza, F.; Fontani, M.; Zanello, Rdacromolecules1999 30, 44183.
carbonylation rates of ca. 15 or 200 mol dhin—1 if, respectively, oxidative (59) Sesto, B.; Consiglio, GI. Am. Chem. So@001, 123 4097.

addition or migratory insertion is rate-limiting under the condmons inref (60) Drent, E.; Budzelaar, P. H. MChem. Re. 1996 96, 663. Drent, E.; van
14. The reported maximum catalytic rate is 6 moldrh™% Broekhoven, J. A. M.; Doyle, M. JI. Organomet. Cheni.991, 417, 235.
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and shape of the active siteX-ray crystal structures of [Pd-
(dppe)CI(CCBuU)] and [Pd(dppp)CI(CBu)] showed that the

leads to stronger M(d)~> CO(z*) back-bonding, which is
expected to inhibit CO insertion by decreasing the electrophi-

dppp complex has adjacent hindered quadrants blocking onelicity of the carbonyl carbof® Indeed, migratory insertion is
face of the coordination plane whereas steric hindrance in theoften found to be enhanced by coordination safacceptor

dppe complex is more dispersg&d.

ligands®® On the basis of these arguments, the rapid migratory

Bidentate phosphine ligands are also commonly used in insertions observed foRa and 2c are surprising, since the

rhodium-catalyzed hydroformylation reactions. A wide range

observed/(CO) frequencies suggest greater back-donation from

of ligands have been tested, with particular recent emphasis onRh to CO in2a (2062 cnt?) and 2c (2057 cnTt) compared

the control of catalytic activity and product linear:branched (I:
b) ratios by tuning the ligand bite angl€:52 There remains,

with 2b (2076 cnT?l). Thus, the S and O donor atoms appear to
exert ar-pushing effect which raises the Rh d orbital energies

however, considerable debate about the precise mechanism byand enhances back-donation to CO. This is expected to inhibit

which a change in ligand bite angle affects the catalytic
properties. In the words of Casey et @&iThe regioselectivity

of hydroformylation is governed by a complex web of electronic
and steric effects that have so far defied unraveling.” A recent
theoretical study of Rh hydroformylation catalysts containing
xantphos {1) and related ligands concluded that “the leading
role in determining the regioselectivity is played by the
diphenylphosphino substituents” and that electronic (or “orbital”)
effects have little influenc The calculated structures of [Rh-
(CO)(alkene)(diphosphine)H] in that study show that the non-
bonding interactions of phenyl groups with coordinated ligands
are crucial in controlling the product I:b ratio. Interestingly, the
axial phenyl rings in [Rh(CO)(ethene)(benzoxantphos)H] were
found to be virtually parallel when they flanked an axial hydride
ligand, but when the larger CO was placed in this site, the
phenyls moved apart (Figure 2 in ref 62), closely resembling
the ligand distortions we observe (Figure 8), in which alkyl

rather than promote migratory CO insertion.

Most of the experimental evidence suggests the chelate rings
in these systems are relatively robust, at least under the mild
conditions of the model studies. However, the behavior of
complexedla—c in the presence of excess iodide anion indicated
that hemilabile behavior might be possible. If one arm of the
chelate ligand were to dissociate (most probably the S or O
arm of dppms or dppmo, respectively the consequent
reduction in electron density on the Rh center and decrease in
Rh—CO back-donation would be expected to favor methyl
migration (although an unstable 14-electron acetyl species would
be the initial product before chelate ring closure). We are
doubtful that chelate ring opening occurs under mild conditions
(where rapid migratory insertion still occurs faand2c), but
under the more forcing conditions of the catalytic reactions, this
mechanism cannot be excluded.

Ab Initio Calculations. Since publication of our preliminary

ligands force the dppms phenyls to move apart. While a number communicatiort® Cavallo and Sola have applied density
of effects (e.g., bite angle, donor strength, hemilability) are at functional theory (DFT) to some of the same systémm
work in determining the behavior of different hydroformylation  addition to simple models, in which hydrogens replaced phenyls,
catalysts, the steric influence of phosphine ligand substituentstheir study reported calculations with the full-size ligands, using
is clearly an important contributor. The “embracing” effect of both hybrid QM/MM and pure QM methods. They concluded
phenyl rings has also been invoked to explain the effect of that steric crowding introduced by ligand phenyl substituents
diphosphine bite angle on the ratio ®fnandanti isomers in results in less exothermic oxidative addition, but a lower
[Pd(1-methallyl)(diphosphine)]complexes and thus the influ-  activation barrier for migratory CO insertion, in agreement with
ence on the regiochemistry of allylic alkylation reacti6éh$he the conclusions of our experimental stfylhe experimental
steric effects we have identified are therefore closely related to migration insertion barrier fa2awas reproduced extremely well
those believed to influence a range of catalytic processes. by the calculations, whereas that @b was underestimated.
Electronic Considerations.The structural studies described The theoretical results support the experimental observation that
above provide one explanation for the observed ligand effects, migratory insertion is much faster f&a, and do not require
involving steric (nonbonding) interactions. The contribution of dissociation of the S donor arm of dppms to achieve the lower
electronic (through-bond) interactions must also be considered,activation barrier. Another feature of the DFT study is that the
since the IR data show clearly that dppms and dppe differ in CO insertion barrier was predicted to be lower for the P,S chelate
their donor properties. Good donor ligands, while promoting complex even in the simple models where hydrogens replaced
oxidative addition, normally retard CO insertion, as for the dppe phenyls. This suggested to us that there might be an electronic
PE&?8 systems. One explanation for this is the formation of contribution to the difference in reactivity, in addition to the
stronger metatalkyl bonds by the more nucleophilic precursors. steric effects described above. Independently of the study by
Another consideration is that higher electron density on the metal Cavallo and Sola, we have carried out ab initio MP2 calculations

(61) Dppms has recently been found to give Pd catalysts with moderate activity (65) Margl, P.; Ziegler, T.; Blohl, P. E.J. Am. Chem. S0d.996 118 5412.
for CO/ethene copolymerization, whereas catalysts usin§®HCH,P- (66) Cardaci, G.; Reichenbach, G.; Bellachioma, B.; Wassink, B.; Baird, M. C.
(S)Ph (which forms a six- rather than five-membered chelate ring) give Organometallicsl988 7, 2475. Wright, S. C.; Baird, M. C1. Am. Chem.
ca. 50% lower activity (Suranna, G. P.; Mastrorilli, P.; Nobile, C. F.; Keim, Soc. 1985 107, 6899. Bellachioma, B.; Cardaci, G.; Macchioni, A.;
W. Inorg. Chim. Acta200Q 305, 151). Reichenbach, G.; Foresti, E.; SabatinoJFOrganomet. Chen1997, 531,

(62) Kamer, P. C. J.; Reek, J. N. H.; van Leeuwen, P. W. NCMEMTECH 227. Kubota, M.; McClesky, T. M.; Hayashi, R. K.; Webb, C. &.Am.
1998 27. van der Veen, L. A.; Boele, M. D. K.; Bregman, F. R.; Kamer, Chem. Soc1987, 109, 7569. Ghaffar, T.; Adams, H.; Maitlis, P. M.; Sunley,

P. C. J.; van Leeuwen, P. W. N. M.; Goubitz, K.; Fraanje, J.; Schenk, H.;
Bo, C.J. Am. Chem. S0d998 120, 11616. Casey, C. P.; Paulsen, E. L.;
Beuttenmueller, E. W.; Proft, B. R.; Matter, B. A.; Powell, D. R.Am.
Chem. Soc1999 121, 63.

(63) Carbo, J. J.; Maseras, F.; Bo, C.; van Leeuwen, P. W. Nl. Mm. Chem.
Soc.2001, 123 7630.

(64) van Harren, R. J.; Oevering, H.; Coussens, B. B.; van Strijdonck, G. P. F.;
Reek, J. N. H.; Kamer, P. C. J.; van Leeuwen, P. W. NBuJt. J. Inorg.
Chem.1999 1237.
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G. J.; Baker, M. J.; Haynes, AChem. Commuri998 1023.

(67) Ab initio calculations indicate that displacement of the S or O donor by
CO in [Rh(CO)(HPCHP(X)H,)I] is more favorable by 11 kJ mot (X =
S) or 12 kJ mot! (X = O) than displacement of a BHlonor in
[Rh(CO)(HtPCH,CH,PH,)I].

(68) The dppms ligand conformations in the DFT-calculated structurdsa of
and2ain ref 21 differ somewhat from the conformations found in related
X-ray structures. In particular, the parallel stacked arrangement of axial
phenyls, found consistently by experiment, is not well reproduced.
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[Rh(CO)(dhpms)I,Me]

Figure 13. Important orbital interactions for migratory CO insertion.

For [Rh(CO)(PH).l,Me], with CO trans to I, the migration
barrier is similar those for the dhpms and dhpmo complexes.
These theoretical results suggest that the nature of the donor

atomtransto CO has an influence on the migratory insertion
barrier, but in the sense opposite to that predicted on the basis
of simple arguments involving the strength of back-bonding.
Cavallo and Sola did not offer any rationalization for this effect,
which is also apparent in the results of their calculations. The
orbital interactions important for the migratory insertion process
have been identified previous#,as illustrated in Figure 13.
[Rh(dhpms)Io(COMe)] In the octahedral methyl complex the R8H; bond is formed

by overlap of the Rh dorbital with ac-donor orbital from the

methyl group. This orbital also mixes \ita p orbital on the
Figure 12. Stationary points on the reaction coordinate for migratory 10dine transto methyl to give some Rhl bonding character

Migratory Insertion
transition state

insertion in [Rh(CO)(dhpmsjMe]. (A). In the transition state for methyl migration, this orbital is
destabilized due to elongation of the breakingfhbond and
Table 6. Calculated Activation Energies AE* and Reaction redirection of the locaC; axis of the methyl group toward the
Energies AE for Migratory Insertion in [Rh(CO)(L—L)I:Me] or carbonyl carbon (B). This destabilization is the greatest of any
[RR(CO)(PHz)212Me] orbital involved in the migratory insertion and is therefore
_ AEY, AE, ABan? expected to be a major contributor to the activation barrier. The
gand geometry method  kImot  Wmol™  kimor destabilization can be partially relieved by interaction with a
gﬂpm: 83:::2;8 g mgg ﬁg % 1%% CO z* orbital, to initiate G-C bond formation. The calculated
dhgms CQranstoS  DET! 74 _36 differences in orbital energiesAE*,, = Eg — Ea) for the
dppms  CQranstoS  DFT! 56 —56 different ligand systems (Table 6) show the smallest destabiliza-
dhpmo  COtranstoO  MP2 104 42 98 tion for dhpms (with CQtransto S), and substantially larger
gﬂgg gggﬂigﬁ gppfﬂ 18126 B 43(’)4 17 destabilizations for dhpe and the dhpms isomer witht€@s
dppe COtransto P DFT: 61 57 to P. AE¥on, takes intermediate values for the (§iicomplex
(PHs);  COtransto | MP2 102 38 85 (where CO istransto I) and the dhpmo complex.
EEE%ZZ ggggzig: BEE gg :ig Inspection of the orbitals concerned in the dhpms system

(Figure 14) reveals substantial mixing of transition-state orbital
8 AEf o is the difference in orbital energies of orbitals A and B as defined B with a sulfur p orbital, corresponding to significant R&

in the text and Figure 13. o-bonding character, as well as RMe and C(Me}-C(carbo-

nyl) bonding. Mixing of this sort is not found for the corre-
on the simple model systems [i.e ;RCHP(S)H (dhpms), H- sponding orbital in the dhpe or dhpmo systems or when CO is
PCH.CH,PH, (dhpe), HPCHP(O)H; (dhpmo), and PH]. transto P in the dhpms system. It appears that a suthmsto

CO can stabilize the migratory insertion transition state via this
type of orbital interaction. The magnitude of this effect in the
Heal system can only be speculated from the computational
studies, and it is likely that the large difference in reactivity of
the dppms and dppe systems results from a combination of steric
and electronic factors. The noteworthy and surprising feature
of the theoretical results is that an electronic effect reinforces
the steric effect of the dppms ligand to promote migratory
insertion, whereas simple bonding arguments predicted that
electronic effects should operate in the opposite sense.

The optimized structures of stationary points for migratory
insertion in [Rh(CO)(dhpmsyMe] are illustrated in Figure 12.
In each case, the reaction proceeds via a transition state in whic
the methyl ligand has moved toward the carbonyl carbon,
accompanied by some reduction of the-Rb—0O bond angle.
The five-coordinate acetyl products all optimized with ap-
proximate square pyramidal geometry. While the absolute values
of activation and reaction energies given by our calculations
differ somewhat from the DFT results (Table 6), the trends
are similar. We find the migratory CO insertion barrier to be
17 kJ mot® lower for [Rh(CO)(dhpms)Me] than for [Rh(CO)-

\ ) Conclusions
(dhpe)tMe] (the DFT value is 8 kJ mol). The barrier for
[Rh(CO)(dhpmo)Me] is marginally higher than for [Rh(CO)- Our detailed mechanistic and kinetic study of the reactions
(dhpms)tMe]. For an isomer of [Rh(CO)(dhpmsMe] with of [M(CO)(L—L)I] with Mel has yielded considerable informa-
COtransto P, the migration barrier is raised by 11 kJ mol tion regarding steric and electronic effects on oxidative addition
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Experimental Section

Materials. All solvents used for synthesis or kinetic experiments
were distilled and degassed prior to use following literature proceffures.
Synthetic procedures were carried out utilizing standard Schlenk
techniques. Nitrogen and carbon monoxide were dried through a short
(20 x 3 cm diameter) column of molecular sieves (4 A) which was
regularly regenerated. Carbon monoxide was also passed through a short
column of activated charcoal to remove any iron pentacarbonyl
impurity.”® The ligand dppe was purchased from Aldrich and used
without any further purification. The ligands dppfhand dppmé& and
the complexes [Rh(CGZI],,”® [Rh(COYI] 2,26 and BuN[Ir(CO),l,] ™
were synthesized according to literature procedures. Methyl iodide
(Aldrich) was distilled over calcium hydride and stored in foil-wrapped
Schlenk tubes under nitrogen and over mercury to prevent formation
of I5.

Instrumentation. FTIR spectra were measured using a Mattson
Genesis Series spectrometer, controlled by WINFIRST software running
on a Viglen 486 PC. High-pressure/high-temperature IR spectra were
recorded on a Perkin-Elmer 1710 Fourier transform spectrometer using
a SpectraTech cylindrical internal reflectance (CIR) cell (vide infra).
31P{1H} and*H NMR spectra were obtained using a Bruker AC250
Figure 14. Important molecular orbitals A (reactant) and B (transition state) spectrometer fitted with a Bruker B-ACS60 automatic sample changer
for migratory insertion in [Rh(CO)(dhpmg)e]. The molecules are viewed  operating in pulse Fourier transform mode, using the solvent as
along the equatorial+Rh—P axis. Note the RhS bonding component  reference. Elemental analyses were performed using a Perkin-Elmer
which stabilizes the transition-state orbital B. 2400 elemental analyzer.

Synthesis of Rhodium Complexes. (a) [Rh(CO)(dppms)l] (1a).

. . . . [Rh(COXI], (100 mg, 0.17 mmol) was placed in a 50 Tnound-
and migratory insertion. All the chelate ligands employed bottomed flask, and dissolved in GEl, (5 crrf) to which a CHCly

accelerate oxidative addition due to their good electron donor g tion of dppms (0.23 g in 5 chwas added. After 20 min, the
properties, but the promotion of migratory insertion by dppms  yolume of the solvent was reduced and diethyl ether was slowly added.
was less expected. The promotion lmfth fundamental steps  The yellow precipitate obtained was filtered on a sinter, washed with
by the dppms ligand is unusual, and our investigations suggestether, and air-dried. The solution was recovered, concentrated, and then
that steric and electronic effects each contribute. X-ray crystal 'eft ?gtl_o/l)o °AC fcl)r 024| f:jt]f’ gi(\gHa ISSFC)OQSSC)VOE Ojsp;OdﬁC; ;ileki:Q 2119
structures for several Rh and Ir complexes show that the M9 (F170). Anal. £alcd 10T (5eM2alOFRNS): L, 49.9, 1, 3.5, 1, 19.1.
conformation adopted by the dppms IOligand creates steric Found: C, 463, H, 3.3, I, 18.8. IR (GB,): v(CO)/e™ 1987.

; _ I = 'Y NMR (CD,Cly): ¢ 8.10-6.85 (m, 20H, arom), 3.80 (pst, 2H, PigP,
congestion around one of the axial coordination sites, favoring 23y = 10 Hz).3P{*H} NMR (CD,Cl,): o 61.9 (dd,P=S, 2Jgmp= 1
the decrease in coordination number which accompanies methylyz), 51.3 (dd, RR, YJgnp = 163 Hz,2Jpp = 60 Hz).
migration. This proposal is supported by recent DFT calcula-  (b) [Rh(CO)(dppe)l] (1b). To a solution of [Rh(CQJ]2 (50 mg,
tions. Our own ab initio calculations on model systems suggest 0.10 mmol) in toluene (10 chwas added a solution of dppe (100
that the placement of a sulfur donor ligatrdnsto CO also Mg, 0.25 mmol) in toluene (10 cj dropwise. After 1 h, the product
promotes migratory insertion, via an orbital interaction not Was obtained as a bright yellow precipitate, filtered, washed with ethanol

. . . . S and ether, and then air-dried. The solution was recovered, concentrated,
obvious from simple bonding arguments. While hemilability of and then left at-10°C for 24 h. Yield: 70 mg (70%). Anal. Calcd for

the chelate ligands is possible (and probably plays a role in (CoH2dOPRN): C, 49.4; H, 3.7; I, 19.3. Found: C, 49.0; H, 3.6: I,
catalyst deactivation), the model experimental and theoretical 19 6. IR (CHCI,): (CO)/cnT® 2011.1H NMR (CD,Cly): 6 8.10-
studies are consistent with intact chelate complexes giving rise 7.15 (m, 20H, arom), 3.763.55 (m, 4H, PE&,CH,P). 3%P{H} NMR
to the high catalytic activity of the (dppms)Rh system. (CD.Cly): 6 70.7 (dd, RIP transto I, 3Jrnp = 161 Hz), 53.1 (dd, RR

. . . oo transto CO, Yrnp = 123 Hz,%Jpp = 32 Hz).
Our results explain the high activity of dppms/Rh/iodide (©) [Rh(CO)(dppmo)l] (16). [Rh(COMI. (57 mg, 0.1 mmol) was

catalyzed methanol carb_onylation_ and also a_ldd quantitatiye dissolved in a mixture of C4Cl, (2 cn®) and toluene (5 cf). A solution
understanding of the reaction steps in the reductive carbonylationyt goomo (40 mg, 0.2 mmol) in toluene (5 @mwas then added
reactions studied by Wegman and Moloy. They also have dropwise. After 30 min, the product was recovered by filtration as a
implications for the behavior of other catalytic systems, notably yellow precipitate, washed with ether, and dried under vacuum. Yield:
COlalkene copolymerization and alkene hydrofomylation, where 55 mg (84%). Anal. Calcd for (&H22120-P:Rh): C, 47.5; H, 3.3; |,
the influence of chelating diphosphine ligands is crucial. The 19:3. Found: C,47.7;H,3.4;1,18.9. IR (GBI,): »(CO)/cn* 1983.
“embracing” effect of the ligand phenyl groups of dppms models 'H NMR (CD:Cl): 6 7.75-7.20 (m, 20H, arom), 3.35 (pst, 2H, PP,

Fhe steric eﬁectg of certain diphosphines (e'g_" xantpho_s) use(:1(69) Perrin, D. D.; Armerego, W. L. F.; Perrin, D. Rurification of Laboratory

in hydroformylation, and suggests a mechanism by which the Chemicals 3rd ed.; Pergamon Press: Oxford, 1988.

ligand bite angle can influence the behavior of the active site. (% Haynes. A Ellis, P. R Byers, P. K. Maitls, P. @hem. Br.1992 28,
Although similar interpretations have been given to explain (71) Grilm, S. O.; Mitchell, J. DSynth. React. Inorg. Met.-Org. Chef174 4,
catalytic behavior in various systems, quantitative reactivity data (72) Grim, S. 0.; Satek, L. C.; Tolman, C. A.: Jesson, JnBrg. Chem1975
for individual reactions from a catalytic cycle, as we report here, ) 14, 656.
)

(73) McCleverty, J.; Wilkinson, Glnorg. Synth.1966 8, 214.
are much more scarce. (74) Forster, DInorg. Nucl. Chem. Lett1969 5, 433.
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2Jwp = 13 Hz).3'P{*H} NMR (CD,Cly): 6 63.1 (dd,P=0, 2Jrpp = 4
Hz), 41.9 (dd, RR, Jrnp = 166 Hz,2Jpp = 33 Hz).

(d) [Rh(dppms)I(COMe)] (3a). 1a(50 mg) was dissolved in 10
cm?® of CH,Cl, under nitrogen. Methyl iodide (0.5 dnexcess) was
added, and the solution was stirred at room temperature for 90 min

and then concentrated in vacuo until cloudiness was observed. The

product was precipitated as an orange powder by addition of diethyl
ether after cooling te-10 °C, and recrystallized from Ci€l,. Yield:
45 mg (75%). Anal. Calcd for (§H2s1,0P:RhS): C, 39.7; H, 3.1; I,
31.1. Found: C,39.2; H,2.9;1,31.4. IR (GEl,): »(CO)/lcnit1701.
IH NMR (CD.Cl,): ¢ 7.80-6.90 (m, 20H, arom), 4.88 (ddd, 1H,
PCHH'P, 2Jup = 8 Hz,2Jyp = 4 Hz), 3.58 (ddd, 1H, PCH'P, 2Jyp
=5 Hz,2Jyp = 2 Hz, 23y = 13 Hz), 3.16 (s, 3H, CORy). *P{H}
NMR (CD,Clp): 6 58.2 (dd,P=S,2Jgnp = 3 Hz), 55.1 (dd, RR, *Jrnp
= 137 Hz,%Jpp = 46 Hz). A crystal suitable for an X-ray diffraction
study was obtained by recrystallization from Hp.

(e) [Rh(dppe)l(COMe)] (3b). 1b (50 mg) was dissolved in 10 ém
of CH,Cl, under nitrogen, then methyl iodide (0.5 &nexcess) was

(both Jyp = 4 HZz).3'P{*H} NMR (CD.Cl,): 6 65.0 (d, P=S), 18.7 (d,
IrP, 2Jpp = 36 Hz (major isomer)), 56.4 (d,=S), 3.7 (d, 1P, 2Jpp =

23 Hz (minor isomer)). The two isomers identified by NMR spectros-
copy were present in a ratio of ca. 3:1. An X-ray crystal structure of
the major isomer was obtained (vide infra).

(d) [Ir(CO)(dppe)l :Me] (5b). 4b (230 mg, 0.31 mmol) was
dissolved in CHCI, (20 cn?) and stirred under N Methyl iodide (0.5
cm?, excess) was added, and the solution was stirred for 60 min. After
the solvent had been reduced by half, hexane (1%) eras added and
the flask was cooled at10 °C for 24 h. The product was recovered
as a cream-white precipitate. Yield: 220 mg (81%). Anal. Calcd for
(CagH272IrOPy): C, 37.9; H, 3.0; I, 28.6. Found: C, 37.7; H, 3.1; I,
28.5. IR (CHCI,): »(CO)/cnTt 2056.*"H NMR (CD.Cl,): ¢ 8.01—
7.58 (m, 20H arom), 3.07 (m, 4H, P{3CH.P), 0.47 (dd, 3H, Ir€ls,
3Jwp = 8, 5 Hz).3'P NMR (CD.Cl,): 6 24.5 (d),—3.0 (d,2Jpp =5
Hz). Spectroscopic data are in agreement with published?®lata.

(e) [Ir(CO)(dppms)I 2Et] (6). To 4b (50 mg, 0.07 mmol) was added
Etl (0.5 cn?, excess) in ChCl, (10 cn?), and the solution was stirred

added, and the mixture was stirred at room temperature for 3 h. The for 24 h at room temperature. After reducing the solvent by half in

solution was concentrated in vacuo until cloudiness was observed. The

product was obtained as a yellow precipitate after addition of diethyl
ether and cooling at-10 °C for 24 h. Yield: 42 mg (70%). Anal.
Calcd for (GgH271,0PRh): C, 42.1; H, 3.4; |, 31.8. Found: C, 41.9;
H, 3.3;1,32.0. IR (CHCIy): »(CO)cnrt1711.2H NMR (CD,Cly): 6
7.82-7.73 and 7.527.23 (m, 20H, arom), 3.172.96 2.28-2.07 (m,

4H, PCH,CH,P), 2.65 (s, 3H, COHs). 3P{*H} NMR (CD.Cl,): &
70.5 (d,"Jrnp = 139 Hz). Single crystals suitable for X-ray diffraction
(vide infra) were obtained by recrystallization from &/diethyl
ether.

Synthesis of Iridium Complexes. (a) [Ir(CO)(dppms)I] (4a). A
solution of BuN[Ir(CO).l;] (472 mg, 0.63 mmol) in toluene (10 én
was added slowly to a solution of dppms (264 mg, 0.63 mmol) in a
mixture of toluene (10 c& and CHCI, (5 cn?) under N, and the
resulting solution was stirred at room temperature for 1 h. The product
was recovered as a yellow precipitate, filtered, washed with a mixture
of EtOH/PrOH (1:2) followed by diethyl ether and hexane, and dried
in vacuo. Yield: 390 mg (81%). Anal. Calcd for £E1.,1IrOP,S): C,
40.9; H, 2.9; I, 16.6. Found: C, 40.6; H, 2.9; I, 16.9. IR (CH}):
v(CO)/enT? 1972.2H NMR (CD,Cl,) 6 7.70-7.10 (m, 20H, arom))

3.75 (pst, 2H, PELP, 2Jp = 10 Hz).3%P{H} NMR (CD,Cl,): ¢ 66.3
(d, P=S) 25.8 (d, IP, 2Jpp = 54 Hz).

(b) [Ir(CO)(dppe)l] (4b). This synthesis followed the method of
Fisher and Eisenbefd.BusN[Ir(CO).l;] (400 mg, 0.5 mmol) was
dissolved in THF (10 cf) and the resulting solution slowly added to
a solution of dppe (200 mg, 0.5 mmol) in THF (159rander N. The
solution was stirred at moderate reflux fb h and then allowed to
cool to room temperature. Ethanol (18 9rwas added, and a vigorous
stream of N was bubbled through the solution until an orange
precipitate was obtained. The product was filtered and dried under
vacuum. Yield: 280 mg (75%). Anal. Calcd for {£1,4IrOP;): C,
43.5; H, 3.2; |, 17.0. Found: C, 43.3; H, 3.4; |, 17.0. IR ({CH}):
»(CO)/enT! 1994.1H NMR (CD,Cl,): ¢ 8.00-7.10 (m, 20H, arom),
2.45-2.04 (m, 4H, P®,CH,P). 3P NMR (CD,Cly): 6 49.6 (d), 46.0
(d, 2Jpp =14 HZ)

(c) [Ir(CO)(dppms)lMe] (5a). 4a (390 mg, 0.51 mmol) was
dissolved in CHCI, (20 cn¥) and the solution stirred underNViethyl
iodide (0.5 cm, excess) was added, and the solution was stirred for 30

vacuo, diethyl ether was added to give an orange precipitate which
was recovered after cooling for 24 h-aL0°C and recrystallized from
CH.Cl,. Yield: 34 mg (57%). Anal. Calcd for (£H2712IrOP,S): C,
36.6; H, 3.0; I, 27.6. Found: C, 36.2; H, 2.8; |, 28.1. IR (Ci}):
v»(CO)/cnT?! 2036.H NMR (CD,Cly): 6 8.05-6.93 (m, arom), 4.35
(ddd, PGHH'P, major isomer2Jyy = 15 Hz,2Jup = 11 Hz,2J4p = 4

Hz), 4.08 (ddd, PCH'P, major isomer2Jyy = 15 Hz,2Jyp = 11 Hz,
2Jyp = 5 Hz), 3.42 (q, IrG,CHs, major isomer), 1.13 (t, IrCKCHs,
major isomer 3y = 7 Hz). 3P{*H} NMR (CD,Cl,): ¢ 65.2 (d, P=

9), 19.2 (d, IP, 2Jpp = 36 Hz (major isomer)), 55.1 (d,=S), 3.3 (d,

IrP, 2Jpp= 25 Hz (minor isomer)). The two isomers identified by NMR
spectroscopy were present in a ratio of ca. 3:1. An X-ray crystal
structure of the major isomer was obtained (vide infra).

(® [K{Ir(CO)(dppms)(x-Me}2][SO:CF4]. (7). 4a (50 mg, 0.07
mmol) was dissolved in CiCl, (3 cn¥) and the solution stirred under
N.. Methyl triflate (8uL, 0.07 mmol) was added by syringe, and the
solution was stirred for 30 min at room temperature. The product was
recovered as a cream-white precipitate, and recrystallized as yellow
blocks from CHCl,. Yield: 44 mg (72%). Anal. Calcd for (§gH2sF3l -
Ir04P,S;): C, 36.3; H, 2.7; I, 13.7. Found: C, 36.1; H, 2.9; 1, 13.7. IR
(CH,CL,): »(CO)/cnrt 2058."H NMR (CD,Cl,): 6 8.35-7.95 (m,
20H, 7.75-7.05 arom), 5.01, 4.78, 4.65, 4.42 (each ddd, total 2H,
PCH,P for two isomers), 1.16, 1.11 (each d, total 3H,Hfor two
isomers3Jyp = 3 Hz).3P{H} NMR (CD.Cly): ¢ 65.1 (d,P=S), 17.5
(d, IrP, 2Jpp= 28 Hz), 64.3 (dP=S), 17.0 (d, IP, 2Jpp= 29 Hz), 63.4
(d, P=S) 16.0 (d, IP, 2Jpp= 25 Hz), 62.2 (dP=S), 15.9 (d, IP, 2Jpp
= 26 Hz). The four isomers identified by NMR spectroscopy were
present in a ratio of ca. 3:3:1:1. An X-ray crystal structure for an iodide-
bridged dimer was obtained (vide infra).

X-ray Structure Determinations. Data were collected on either a
Bruker Smart CCD area detector with an Oxford Cryostream 600 low-
temperature system (complexé&s, 6, and 7) or a Siemens P4
diffractometer (complexe3a, 3b, and3c—NCMe), in each case using
Mo Ka radiation ¢ = 0.71073 A). The structures were solved by direct
methods and refined by full-matrix least-squares methodsFbn
Hydrogen atoms were placed geometrically and refined using a riding
model (including torsional freedom for methyl groups). Complex

min. Diethyl ether was added until cloudiness appeared, and the flask scattering factors were taken from the SHELXL program packéyés.

was left at—10 °C for 24 h. The product was recovered as a cream-
white precipitate, and recrystallized as yellow blocks from,Ck
Yield: 336 mg (80%). Anal. Calcd for (GH2slIrOP,S): C, 35.8; H,
2.8; 1, 28.0. Found: C, 35.4; H, 2.7; |, 28.3. IR (&E,): v(CO)/
cm 2041.*H NMR (CD.Cl): ¢ 7.95-6.71 (m, arom), 4.90 (ddd,
PCHH'P, major isomer2Jdyw = 15 Hz,2Jyp = 5 Hz, 2Jpp = 2 Hz),
4.27 (ddd, PCHI'P, major isomer2Juy = 15 Hz,3Jup = 5 Hz, 3Jup

=3 Hz), 1.64 (d, Ir®Hs, minor isomer), 1.25 (d, IrBs, major isomer)

Crystallographic data are summarized in Table 7 for compl8kes,

(75) SHELXL97, An integrated system for solving and refining crystal structures
from diffraction data: Sheldrick, G. M., University of Gottingen, Gottingen,
Germany, 1997. SHELXTL, An integrated system for solving and refining
crystal structures from diffraction data (Revision 5.1): Sheldrick, G. M.,
Bruker AXS Ltd., Madison, WI.

(76) SHELXL93, An integrated system for solving and refining crystal structures
from diffraction data: Sheldrick, G. M., University of Gottingen, Gottingen,
Germany, 1993.
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Table 7. Summary of Crystallographic Data for Complexes 3b, 6,
and 8

external optical bench coupled to the spectrometer. In a typical
experiment, 14 mg of the iridium methyl complex [Ir(COXL)I,Me]

3b 6 7-CH,Cl, (L—L = dppms or dppe) was dissolved in 8 taf the required solvent
empirical CogHorl2OPRN  GogHorlArOP,S  GogHarClFslIrO4P,S, a_nd the resulting solution filtered into _the CIR cell. The cell heaq was
formula fitted to the body of the cell, ensuring that the stirrer was firmly
fw 798.15 919.50 1012.57 tightened into the cell head. The vent lines, stirrer, and gas inlet from
cryst syst triclinic monoclinic monoclinic the cylinder were then fitted, tightened, and flushed out four times with
space group  P1 P2/n P2y/n N,. The cell was flushed with Nat least four times, the last two with
;O(lj%r gelllsog&) {%I.lg\év76(10) yig?%se(g) the stirrer on, and then heated to the required temperature. The cell
b (A) 10.436(4) 16.9486(17) 15.6551(13) was then pressurized with CQ, and spectra were recorded over the range
c(A) 14.964(7) 17.2942(16) 20.1261(16) 2200-1600 cn1t at regular intervals under computer control.
o (deg) 92.53(4) 90 90 Computational Details. Ab intio quantum mechanical calculations
B (deg) 93.83(2) 102.196(2) 94.248(2) using second-order MglleiPlesset (MP2) theory were performed using
7 (deg) 100.34(3) 90 90 the Gaussian94 suite of prografisseometries of stationary points
tzemp (K) 2293(2) 4150(2) 4150(2) were optimized using the Berny algorit@imas implemented in
final Rindices R1= 0.0456 R1= 0.0405 R1= 0.0413 Gaus§ian94. Transition states were Iopgted by employing a reaction
[I > 20()] wR2=0.1117 wR2=0.1001 WwR2=0.0974 coordinate method followed by a transition-state search based on the
Rindices R1= 0.0653 R1=0.0477, R1=0.0554 Berny algorithm, and characterized by frequency calculations to give
(alldata) ~ wR2=0.1659 wR2=0.1074 wR2=0.1098 Hessians with a single negative eigenvalue. We employed the LANL2DZ
GOF 1.101 1.079 1.066

and7, and full listings of data are given in the Supporting Information.
The structures oBa and 5a were presented in a preliminary com-
municationt

Kinetic Experiments. Samples for kinetic runs were prepared by
placing the required amount of freshly distilled methyl iodide in a 5
cm® graduated flask which was then made up to the mark with the
solvent of choice (usually C¥l,). A portion of this solution was used
to record a background spectrum. Another portion (typically 0P
was added to the solid metal complex (typically&umol) in a sample
vial to give a reaction solution with a complex concentration of ca. 15
mM. A portion of the reaction solution was quickly transferred to the

Gaussian basis set developed by Hay and \Afaghich uses a semicore
double¢ contraction scheme for the heavy elements Rh, I, S, and P,
with the light atoms C, O, and H being described by the split-valence
Dunning 9-5V all-electron basis. Molecular orbitals were visualized
(e.g., Figure 14) using Molekel softwafe.
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Supporting Information Available: Tables of kinetic data,

IR cell, and the kinetic experiment was started. To obtain pseudo-first- details of crystal structure determinations (including ORTEP
order conditions, at least a 10-fold excess of Mel was used, relative to plots), and tables of Cartesian coordinates for optimized

the metal complex. The IR cell (0.5 mm path length, £afhdows) structures from ab initio calculations (PDF) and tables of crystal
was maintained at constant temperature throughout the kinetic run by y5¢4 (CIF). This material is available free of charge via the

a thermostated jacket. Spectra were scanned in the metal carGo)l
region (2206-1600 cnTY) and saved at regular time intervals under
computer control. After the kinetic run, absorbance vs time data for
the appropriate/(CO) frequencies were extracted and analyzed off-
line using Kaleidagraph curve-fitting software. The decays of the bands
due tola (1987 cn1?), 1b (2011 cn1?), 1c (1983 cn1?), 4a (1972
cm 1), and4b (1994 cnl) were all well fitted by exponential curves
with correlation coefficients=0.999, to give pseudo-first-order rate
constants. Each kinetic run was repeated at least twice to check
reproducibility, thekgs values given being averaged values with
component measurements deviating from each othet 5.

For kinetic experiments carried out under a pressure of CO, a high-
pressure CIR cell was used to record in situ IR spectra. The CIR cell
comprised a batch autoclave (Parr) modified (by SpectraTech) to
accommodate a crystalline silicon CIR rod as described by Moser et
al.’”” Spectra were recorded using a Perkin-Elmer 1710 FTIR spec-
trometer fitted with an MCT detector. The cell was mounted in an
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