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Abstract: Oxidative addition of aliphatic alcohols to (CgH14)IrCI(PMes)s in benzene yields the cis-hydrido-
alkoxo products mer-cis-HIr(OR)CI(PMejs)s (R = Me, Et, 1-pentyl, 2-propyl). The analogous hydroxo complex
is prepared by oxidative addition of water in THF. The addition rate depends on the nature of the alcohol
(methanol > 1-pentanol > 2-propanol and methanol > water). The reaction is retarded in polar media but
accelerated by protic cosolvents. Anionic ligand redistribution involving chloride and alkoxide (or hydroxide)
competes with the oxidative addition reaction. A detailed kinetic study suggests that the 16-electron IrCl-
(PMe3); is the species undergoing the oxidative addition, and mer-cis-HIr(OR)CI(PMes)s is the kinetic product.
The reaction proceeds by a single-step nucleophilic attack of the metal on the O—H proton. w-Donation by
chloride stabilizes the transition state and governs the stereochemical course of the reaction. Protic solvent
aggregation in the transition state in an apolar medium is suggested. mer-cis-HIr(OH)CI(PEts)s, obtained
by water addition to IrCI(PEts)s, was crystallographically characterized, showing an unusual hydrophobic

cage around the hydride ligand.

Introduction

Water is used in various transformations homogeneously
catalyzed by late transition metals, such as oxidations of olefins

to aldehydes (Wacker proced$)the water-gas shift reactiof,
hydrocarbonylations of olefid$ and alky! halideg,and nitrile
hydration? Examples for desired but still unobtainable catalytic

transformations utilizing water as a substrate include the direct

anti-Markovnikov hydration of olefirfsand the suggested solar
energy conversion and storage by water photodissociétion.
Aliphatic alcohols are used for the carbalkoxylation of olefins
and alkyl halideg;” hydrogen transfer from alcohols to ketories,
trans-esterifications,and alcohol dehydrogenatioh3he direct
addition of alcohols to unactivated olefins is an attractive ¢foal.
Catalytic pathways involving oxidative additions of-®l bonds

are often suggested to be involved in these transformations.

Hydrido-alkoxo complexes may be key intermediates, but
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examples of such compouréd? or of the hydrido-hydroxo
analoguedlc1?b.c131enerated by ©H oxidative addition, are
rare. Unfavorable formation constants, decomposition of the
products byg-hydride elimination from the alkoxide and the
presumed labilit}? of the M—OR (R = H, alkyl) bond of the
late transition metal complexes in polar media are held
responsible for their scarcity.

Probably for this reason, very little is known about the
mechanism by which the oxidative addition of-® bonds takes
place. A protonation mechanism was indicated for the reversible
addition of water to Pt(PBl!® and HRh(P-Pr)3,2” and for
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the irreversible addition to PtMgbpy) (bpy= 2,2-bipyridyl).18

Hz for 2, 4, 5, and 7, respectively), thus establishing the

Calculations suggest a similar protonation mechanism for the geometry of these complexes. Somewhat unusuallyiGe

water oxidative addition to PtMg(N(=CH,)—NH)3BH}]~.1°
The cis oxidative addition of water to the postulated 14-electron
intermediates {rCgH3-2,6-(CHP+-Buy),} and IrCI(DMSO)
may proceed by a different mechanigfg4¢We now report a
detailed mechanistic study of the oxidative addition of alcohols
to (CgH14)IrCI(PMes)s?° (1) in benzene, leading teis-hydrido-
alkoxo products. The oxidative addition is by the 16-electron
species IrCI(PMg3 (1a). It proceeds by a single-step nucleo-
philic attack of the metal on the €H proton.z-Donation by

{IH} NMR of 2 and4 revealed thatJc—p trans < *Jc—p transfOr
the alkoxo ligand (for2 and 4, 3Jc—p trans < 1 Hz, and for4,
4J9_p yrans= 6.7 Hz)2> There was no indication in tH¢d NMR
or IR spectra for the presence of hydrogen-bonded (or free)
alcohol molecules.

The triethylphosphine analogueer-cisHIr(OCHs)CI(PES)s
(9) was formed by the addition of excess methanol to IrCl-
(PE®)3%6 (8) (eq 2)2* Small amounts ofmer-cisHIrCl,(PE)s2”
(10) were also formed, as in the preparation2ofUnlike its

the chloro ligand stabilizes the transition state and governs the PMe; analogue2, compound underwenj3-hydride elimination

stereochemical course of the reaction.
Results

1. Preparation of Hydrido-Alkoxo Complexes Addition
of excess methanol to a toluene solution ofH&,) IrClI(PMes)s-
20 (1) at —30 °C led within minutes to decoloration and to
formation of thecis-hydrido-methoxo complexner-cisHIr-
(OCHy)CI(PMey)3 (2) (eq 1)2* Small amounts ofmer-cisHIrCl,-
(PMes)3?2 (3) (typically below 5%) were also formed. The off-
white products were sensitive to hydrolysis even in the solid

state. They were relatively stable in benzene, but dispropor-
tionation products (having 2 or 4 phosphine ligands) appeared
after a few days. In more polar media (at least 4%, methanol in

benzenep-hydride elimination yieldedner-cisH,IrCl(PMes)s
(6 23

H
-CgH MesP, I OR
(CgH14)IrCI(PMeg)3 + ROH % :("\\ )
1 excess toluene MesP PMe3
|
CgH,, = cyclooctene 2 R=Me
814 = CYC! 2 R-V
5 R=1-Pentyl

Oxidative addition of ethanol and 1-pentanol 1oalso
proceeded smoothly to yietder-cisHIr(OCH,CH3)CI(PMe;)3
(4) and mer-cisHIr(O(CH,)sCHs)CI(PMe;); (5), respectively.
2-Propanol did not react at30 °C, but at room temperature
mer-cisHIr(OCH(CH;),)CI(PMes); (7) was slowly formed.

Compounds2, 4, 5, and 7 were characterized biH, 13C,
and3P NMR and IR spectroscopy. TheXA pattern in the’'P
NMR spectrum and the virtual HP coupling observed in the
proton spectrum are consistent with a meridional configuration
of the phosphines. A doublet of triplets resonance with small
H—P coupling constant@]%_p cis ~ 19—21 Hz; 2 {y_pcs~
13—15 Hz) was observed ai —21.5 ppm for each of the
hydride&* of 2, 4, 5, and7, indicating that neither a phosphine

even at—30 °C (in the presence of methanol) as well as when
only traces of methanol were present (at room temperature) to
form mer-cisHoIrCI(PEt)3 (11).2328 Therefore, small quantities

of 11 were present in any preparation @f Compoundd was
unambiguously characterized and was assigned the same con-
figuration as that of2. The analogous hydroxo compleb3,
having similar frequencies in IRH, and®P NMR spectroscopy
was crystallographically characterized (see below).

H
IrCI(PEts). CH,OH B, || WOHe @
rCI(PEt); + CHg -l 2
- 30°C 4 \
8 lage toluene EtsP | PEts
excess cl
9

2. Preparation of the Hydrido-Hydroxo Complexes The
oxidative addition of water tala and 8 in THF at room
temperature proceeded in complete analogy to reactions 1 and
2, yieldingmer-cisHIr(OH)CI(PMes)s (12)2* andmer-cisHIr-
(OH)CI(PEB)3 (13). In analogy to the methoxo compound?,
underwent anionic ligand exchange in THF in the absence water,
whereasl3 reverted tola by reductive eliminatio!

The!H NMR signal ofl12at—2.15 ppm, and ot3at —2.07
ppm is typical of a metal-coordinated hydroxi#elhe hydrox-
ide presence is evident also from the sharp infrared band at 3463
cm~1 of 13. Otherwise, théH and3'P{'H} NMR spectra ofl.2
and 13 are completely analogous to those of the methoxo
complexes2 and 9, establishing an identical geometrical
arrangement. The structural assignment is based on tKe A
patterns in thé’P{1H} NMR spectra, the virtual HP couplings
in the proton spectra, and hydride signals with small preton
phosphorus coupling constants&21.7 ppm, and the coupling
of the hydroxo protons only to a single unique phosphorus atom
(3J dH_p ~ 5.5 HZ).

The identity of these compounds was confirmed by a low-
temperature crystallographic studyld (Figure 1). The hydroxo

nor another strong trans labilizing ligand was located trans to proton is intramolecularly hydrogen-bonded to the chloro ligand,

it. The protons on the carbamto the alkoxo oxygen resonate

and is unavailable for hydrogen-bonding to the hydride as in

between 4.1 and 3.8 ppm. These protons were coupled to the[cis-HIr(OH)(PMes)4] ™.2° However, an unusual hydrophobic

trans dispositioned phosphordSy(_p trans= 5.6, 1.4, 1.4, 2.6

cage is revealed around the hydride (Figure 2), in which three
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Figure 1. Low-temperature X-ray structure &B. Selected bond distances
(A): Ir—Cl1 2.490(2), Ir-P(3) 2.341(2), Ir-P(4) 2.259(7), +P(5) 2.338-
(2), Ir—02.143(9), Ir-H(71) 1.730(1), G-H(70) 0.805(75), C(12)H(37)
0.939(80), C(12)H(38) 1.038(81), C(12yH(39) 1.154(84), C(14yH(42)
0.971(82), C(14yH(43) 0.978(79), C(14yH(44) 0.873(81), C(24yH(67)
0.9117(90), C(24yH(68) 0.997(87), C(24yH(69) 0.968(91), GF-H(70)
2.417(77), H(39)y-H(71) 2.065(91), H(42)-H(71) 2.155(93), H(67)-H(71)
2.384(100). Selected bond angles (degrees): ICtP(3) 95.7(1), CHir—
P(4) 93.9(3), CHIr—P(5) 95.9(2), C+Ir—0 83.4(3), CHIr—H(71) 177.6-
(18), P(3y-Ir—P(4) 103.4(1), P(3)Ir-P(5) 154.5(1), P(3)yIr—0O 77.4(2)
P(3)-Ir—H(71) 84.0(19), P(4yIr—P(5) 98.3(1), P(4yIr—0O 177.3(2),
P(4)y-Ir—H(71) 85.5(21), P(5)Ir—0O 81.6(21), P(5)Ir—H(71) 85.5(21),
O—Ir—H(71) 98.7(20), Ir-O—H(70) 97.8(58), G-H(70)---Cl, 122.4(687).

Cl- -H
Figure 2. Schematic drawing df3 emphasizing nonbonding interactions.

methyl protons, one from each Rigroup, get as close as 2:15
2.2 A to the hydride. The €H bonds of these protons are
significantly longer (by 0.£0.2 A) than all the other €H
bonds of the complex, as is observed for any-EX bond
involved in hydrogen bonding. A recent survey of the
Cambridge Structural Database detectedHiA4--H—C hydrogen-
bonding in 18 compounds, half of which involve’<p—H bonds
in trialkylphosphines, with H-H distances similar to those we
found32

3. Mechanistic Studies of the G-H Oxidative Addition.
Addition to IrCI(PMe 3)3 (1a). The well-resolved doublet and
triplet that comprise the phosphorus NMR spectrurt iof THF
or toluene at temperatures higher thaf0 °C and thel3C-
{H} andH NMR signals of free cyclooctene indicate that

but disappeared wheha was totally consumed. They were
identified asmer-cisHIr(OCHs)(PMes)s (14) and Ir(OCHy)-
(PMe3)3 (15) On the basis of'P and'H NMR. In the presence
of 3-fold excess NaOCH14 and 15 turned to be the major
products (eq 4).

Meap”:,ll ‘\\OCHg MeaP,,l'l “\OCHa
r

- CgHia

1 + CH3OH ——— + r (4)
“NaCl o p? | WeMes  MesP” Y PMes
THF OCH3
14 15

Compound14 exhibits 3P andH NMR spectra similar to
that of the alkoxo complexe® 4, 5, and7. Its 31P NMR AxX
pattern and the virtual HP coupling observed in the proton
spectrum are consistent with a meridional configuration. One
methoxo group appears at 4.10 ppm in #h&NMR and is
coupled to the phosphorus trans tol{p trans= 5.5 Hz). A
slightly broadened singlet at 3.89 ppm with equal intensity is
assigned to the methoxo trans to the hydride (these two signals
have the same area and grow and disappear together). The
hydride appears at23.09 ppm, in agreement with its being
trans to a wealo-donor. It is coupled to three cis disposed
phosphines?) % _p ;s = 18.7 Hz and®J {_p ¢is = 15.9 Hz).

Compoundl5 exhibits a doublet at 3.98 ppm, assigned to a
methoxide trans to phosphinél{—p yans= 4.1 Hz). An AX
pattern in the3lP NMR and the virtual H-P coupling in the
proton spectrum indicate three phosphines. Two are trans to
each other and the#P NMR resonance at15.1 ppm is at
least 10 ppm downfield compared to neutralfPMes)sXYZ
(X, Y, and Z are anionic ligandgf.2433For comparison, IrCl-
(PMe3); (1a) has its equivalent phosphines atl9.1 ppm,
supporting the identity o15 as a d complex3*

A typical progress of reaction 3 is shown in Figure 3. The
combined concentrations 44 and 15 do not differ by much
from that of 3. It is likely that 3, 14, and 15 are products of
anionic ligand redistribution. Alkoxides often undergo facile
exchange with other anionic ligan833.25b.35

The kinetics suggested that reaction 3 was first-ordefan
(Figure 4 and Table 1). A best fit for a fourth-order in methanol
was obtained (Figure 5), although a third- or fifth-order may
not be ruled out. This strong dependence is similar to our
findings for other processes involving methanol and a methoxo
ligand in apolar medi&t"23 A strong dependence on methyl
iodide concentration was reported for its addition to Vaska'’s

(31) (a) Desiraju, G. RAcc. Chem. Resl99], 24, 290. (b) Jeffery, G. A;
Saenger, W.Hydrogen Bonding in Biological Structure2nd ed.;
Springer: Berlin, 1994.

planar IrCI(PMeg)s (1a) will be considered in the discussion
below.

H
MegP,, | OCH,
IrCI(PMeg); + CH,OH I

—_

r
CDs  Me,P” | YPMe,
cl

1a

2

A follow-up of the methanol addition tta (eq 3) at various
temperatures (10, 22, 30, and 4D) showed that, along with
and small amounts & two additional compounds were formed
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Table 1. Observed Rate Constants for the Addition of Methanol to

 { lain CgDs (eq 3); [1a] = 9.6 mM; [Methanol] = 90 mM
T pseudo-first-order kyps? Kobs®
°C+05 st sTIM™
= 10 6.22x 1074 9.87
€ 22 1.20x 1073 19.1
% 30 1.60x 1073 255
'g_ 40 3.18x 1073 50.5
4]
< a Largest variation irkobsWas 11%. For each single measurenféht
0.986 (usuallyR? > 0.997).
0 0.2 04 06 0.8 1
Time (hours) i
2 -}
v
Extended scale. 3
Only compounds x
of small quantity )
154 shown. 'g
= - -
[ g —3/ o
— A + k]
I; 14 S+ s 3
o RNy a
g .
4]
2 0 . . . , .
054 /¢ 0 0.2 04 06 08 1 12
[methanol]* - 10° (M*)
/ Figure 5. Dependence of reaction 3 on methanol concentratiorsids @t
056 o2 od 06 Yy ] 22°C. Measurements were at 0, 8.91, 44.6, 89.1, and 178 mM of methanol.
) ’ ’ : [1a] = 9.6 mM. The three lower concentration points overlap.
Time (hours)
Figure 3. Progress of methanol addition @ in CsDg at 22°C (eq 3). 25
[1a)o = 9.6 + 0.3 mM. [CH;OH] = 90 & 2.5 mM. Data forl and2 were .
fit to general exponential decay and formation. DataXot4, 15, and the | AG",,(298) = 19.9 = 3.2 keal/mol
concentration sum of4 + 15 were fit by interpolation. AH*, = 8.7 0.7 kcal/mol
26 AS", =-23:6e.u.
=)
En
x!
E 27
— | R = 0.983
=
z 28 T T . r
= 3.1 32 33 34 35 36
1T (10°K?)
Figure 6. Eyring plot for the oxidative addition of methanol t@in CsDg
(eq 3).

Time (hours)

of 1a. The combined primary and secondary isotope effects
value found iskchonkenop = 3.2 + 0.3. We estimate the
secondary effect to be 1.17 peudeuteron for the disappearance
of la

Methanol oxidative addition tda is faster in GDg than in
the aprotic but more polar THF (Table 2). In the even more
polar N-methyl pyrrolidone (NMP), no product of methanol
addition tola was observed’

Figure 4. Pseudo-first-order plots for reaction 3.

complex in benzen& The activation parameters obtained for
the disappearance dfa (Figure 6) wereAH*o,s = 8.7 + 0.7
kcal moll, andASops = —23 + 6 eu.

Only 1a and 2 were observed upon follow-up at30 °C.
Heating to 60°C causeg-hydride elimination, generating23
At higher temperatures, phosphine redistribution products were Methanol addition tdla was examined in the presence of a
also observed. catalytic amount (2% relative tta) of either HBR-Et,O or

The effect of deuterium substitution was determined by p-toluenesulfonic acid. In both cases, the reaction rate was the
comparing the additions of G®@H, CH;OD, and CROD to same as that in the absence of acid.
la at 22 °C. A primary kinetic deuterium isotope effect of

— ; ; (37) 2 dissolves in NMP but does not revert1ain the absence of methanol.
kersor/kerzop = 2.0+ 0.2 was obtained for the disappearance This stability of 2 can be explained by a high barrier for reductive

elimination in the absence of bridging, hydrogen-bonded methanol mol-
ecules.

(36) Pearson, R. G.; Figdore, P. E.Am. Chem. S0d.98Q 102, 1541.
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Table 2. Pseudo-First-Order Rate Constants for the Oxidative
Addition of Alcohols to la

alcohol solvent T [1a] [alcohol] ka
°C M M st
methanol GDs 22 9.6x10°% 9.0x 1072 1.20x 1073
1-pentanol @Ds 22 9.6x10°% 9.0x1072 1.08x 104
2-propanol  @GDs 22 9.6x 103 9.0x 102 no reaction
2-propanol  @Ds 22 9.6x 1073 1.19 4.39x 1075
methanol THF 17 1.% 102 0.18 3.60x 104
water THF 17 1.9% 102 0.18 8.69x 10°°

alargest variation irk was 15%. For each single measurem&#t>
0.978.

LiCl (14.8 mol equiv) did not affect the rate of oxidative
addition to1a.38 The pseudo-first-order rate constant for the
disappearance dfaat 22°C was (1.10+ 0.14) x 103s71, as
compared with (1.2@- 0.10) x 10-3 st in the absence of LiCl.
The 3P NMR chemical shifts of the disappearing species in
the presence of LiCl appeared-a26.5 (d,2Jp—p cis= 19.9 Hz,
2P) and—38.8 (t, 1P), whereas those bé in benzene were at
—19.1 (d,%Jp—p cis = 23.9 Hz, 2P) and-41.0 (t, 1P). The %
iridium products3 and 2 were not shifted. It is possible that
the compound observed in the presence of excess LiCl is Li-
[IrCl»(PMe3)3] (16). Upon addition of LiCl to a solution of in
benzene or in THF16 was not observed, because LiCl was
insoluble in the absence of methanol. Compoddmay be
viewed as a zwitterion stabilized by lithium chelati®n.

An attempt to study the influence of added PMeas
hindered by the facile formation of sparingly soluble [Ir(P)ME
Cl,20which reacts with methanol and THF to genereite and
trans[HIrCI(PMe3)4] ™ %0 as well ascis-[Halr(PMes)q] *.41

The oxidative addition of alcohols ta follows the reactivity
order methanol 1-pentanol> 2-propanol and methanot
water (Table 2). Redistribution of the chloro and alkoxo ligands
was observed during the oxidative additions of 1-pentanol and
water tola During the very slow reaction of 2-propanol with
1la (under higher alcohol concentration), only small amounts
of 3 were observed.

Addition to IrCI(PEt 3)3 (8). The oxidative addition of
methanol tdB in CgDg was complicated by its reversibility and
by the concomitanf-hydride elimination, liberating formalde-
hyde andll Observation of HIrCAPE%)s (10) indicates that
anionic ligand redistribution takes place as well. No reaction
betweerB and methanol was observed in THF under otherwise
the same conditions. The reaction8ivith water and methanol
is discussed in a separate repdrtnlike complex8, (C;Ha),-
IrCI(PEt)2* (17) did not react with methanol in ¢Ds under
the same conditions.

© ot
HC +Cl 5
H-—Cl \<|)- H Hz.-OcH
1 eee— 1 'Y l’
P3(OCHa) Palr—Cl ‘npa
. ATH
H--OCH He OCHa PATH CH e
Yeser | < rP30| (12 + CHOH] -rm-r* [er3
ATH PATH PATH
® PATH
H
OCH :‘
lmacJoch o HOCH, ‘
Hew| IPsCl| T4y
8-

\@{Z/’T

P = PMe,

| %CHa} H- -OCH
o)
1P,

Figure 7. Mechanistic scenarios for reaction 3, which are considered in
the text and then discarded. For our suggested mechanism see Figure 9.

Discussion

Reaction 3 proceeds at30 °C with no observable anionic
ligand redistribution. This redistribution is, therefore, not on
the direct reaction path betweé&nand2. We thus separate the
discussion of the anionic ligands redistribution from that of the
O—H oxidative addition step.

1. Mechanism of the O-H Oxidative Addition to 1la.
Classification of the Operating Mechanism As discussed
below, we conclude that the reaction proceeds by a single-step
nucleophilic attack of the metal on the—®1 proton. First we
consider pathways that can be excluded. The observed pseudo-
first-order in1a combined with the pronounced solvent depen-
dence of reaction 3 is incompatible with a mechanism involving
a radical chain or the formation of a caged radical pair.

A concerted process via ajf-bound intermediate (pathway
A, Figure 7) is often postulated for the oxidative addition of
nonpolarized bonds such as—, C—H, Si—H, and C-C*
but is rendered unlikely by the observed stereochemistry of
reaction 3. The kinetic product of methanol additionli@in
benzene i (see below). Its stereochemistry differs from that
of the products we obtained for the hydrogen and triethylsilane
addition tol (egs 3, 5). Similarly, Eisenberg observed a different
stereochemical course for the addition of hydrogen or HSIEt
to cis-(CO)IrCI(DPPE) (DPPE= 1,2-bisdiphenylphosphinoet-
hane) as compared to HCI additithSince HCI and MeOH
are larger than hydrogen but smaller than the silane, this
behavior cannot be due to steric factors only. Considering the
trans influence of the various ligands suggests that only in
reaction 3 the kinetic produc®) is the electronically most

The effect of added phosphine could be examined in this case,stable. It has both poar-donors (chloride~ methoxide) trans

since Irly* is not formed with L= PE%. Reaction of8 with
methanol in the presence of 10 equiv of PEtached equilib-

disposed to the best-donors (hydride> PMes). A trans
influence analysis for reaction 5 suggests that ligand arrange-

rium at the same rate as in the absence of phosphine, and thenents of6 (analogous to that o upon replacing methoxide

same ratio between complexg@sand9 resulted.

(38) Other examples of oxidative addition reactions not affected by added halide
anions (a) Romeo, R.; Minniti, D.; Lanza, S.; Uguagliati, P.; Belluco, U.
Inorg. Chem 1978 17, 2813. (b) Basson, S. S.; Leipoldt, J. G.; Nel, J. T.
Inorg. Chim Acta 1984 84, 167. (c) Reference 18.

(39) Del Paggio, A. A.; Andersen, R. A.; Muetterties, E.Qrganometallics
1987, 6, 1260.

(40) Blum, O.; Carmielli, R.; Martin, J. M. L.; Milstein DOrganometallics
200Q 19, 4608.

(41) Behr, A.; Herdtweck, E.; Herrmann, W. A.; Keim, W.; Kipshagen, W.
Organometallics1987, 6, 2307.

(42) Casalnuovo, A. L.; Calabrese, J. C.; Milstein,|Borg. Chem.1987, 26,
971.
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by R) and20 are more stable than that of kinetic produt&

and 19. Hence, the dissimilarity between reactions 3 and 5 is
in the electronic demands of the intermediates, which are,
therefore, different. Substantial mechanistic differences between
the oxidative addition in benzene of hydrodetf and of
polarized bond4>4748were demonstrated long ago. The same

(43) Crabtree, R. HAngew. Chem., Int. Ed. Engl993 32, 789.
(44) Johnson, C. E.; Eisenberg, R.Am. Chem. S0d.985 107, 6531.
(45) Chock, P. B.; Halpern J. Am. Chem. Sod.966 88, 3511.
(46) Hyde, E. M,; Shaw B. LJ. Chem. Soc., Dalton Tran&975 765.
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holds for the reverse process of reductive elimination of polar
C—0 and apolar €C bonds from 8 platinum in benzene and
THF.4°

H
mespy,, | WOCH,
/ Ir\ )
o MegP I PMe3
o™ c
Mo.p o5
€3, ‘\\Cl 2
‘Ir \
MesP/ PMe3 H
&,
or 4
1a % MeaP,". | .\‘\CI
300 ( r\ ()
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PMe3
18R=H
19 R = SiEt3
RT
isomerization
H H
Cly, I R MesP/, | wPMe;
‘i e
MeaP’I \SﬂEﬁa MeaP/ I \H
PMe3 Cl
20 6

CD;OD addition tola did not generate signals of-tH or
Ir—O(CHsD3—p) (n = 1—3) in the’H NMR spectrum, confirm-
ing that methanol is the only source of the hydride2imand
that competing €H activation processes involving the PMe
ligands do not occur. Initial EH cleavage of the alcohtlis
also excluded, because addition of CHD yields only deuteride-
containing products.

The addition of catalytic amounts of acid should accelerate
the oxidative addition tda, if it occurs by protonation (pathway
B, Figure 7). Addition of an anion source should accelerate
reaction 3 if it takes place by initial coordination of alkoxide
(pathway C, Figure 7! Since neither strong acids nor LiCl
affected the oxidative addition rate, we conclude that theHO

cleavage is mediated by the metal and does not occur prior to

the interaction betweeba and the alcohol. This holds true only

when the solvent allows for acid and salt ionization and disfavors

contact ion-pair formation.

A mechanism involving contact ion pairs formed by depro-
tonation of methanol (pathway D, Figure 7) seems highly
unlikely. We suggested that methanol addition to Phir(BMe

under the conditions of reaction 3 takes place via contact ion-

pair formationtlf52 and the same was demonstrated forsMe
Sn-halide addition tais-Me,Pt(BuwBPY).52 Both reactions yield
trans addition kinetic products, and have unusually o7 s

(47) Miller, E. M.; Shaw, B. L.J. Chem. Soc., Dalton Tran$974 480.

(48) Empsall, H. D.; Hyde, E. M.; Jones, C. E.; Shaw, B.JLChem. Soc.,
Dalton Trans 1974 1980.

(49) Williams, B. S.; Goldberg, K. IJ. Am. Chem. So2001, 123 2576.

(50) Stoutland, P. O.; Bergman, R. G.Am. Chem. S0d.988 110 5732.

(51) Crabtree, R. H.; Quirk, J. M.; Fillebeen-Khan, T.; Morris, G. E.
Organomet. Chenl979 181, 203.

(52) Blum, O.; Milstein, D. Unpublished results.

(53) Levy, C. J.; Puddephatt, R.J. Am. Chem. S0d.997, 119, 10127.

(<1 kcal mol?) that originates from the negativeH° of the
ion-pair formation. For the methanol addition to Phir(R)e
we also foundky/kp of 6.652 For reaction 3 we obtained a cis
addition kinetic product (see below)\H*y,sof 8.7 + 0.7 kcall
mol~! and a primary kinetic isotope effect of 249 0.2.

The rate dependence on the alcohol type for a contact ion-
pair mechanism should correlate witKg The published Ka
scale most relevant to our conditions (0.36% alcohol §p4&
or in THF) is in DMSO%* Bordwell's**2.bvalues are methanol
29.0, ethanol 29.8, 2-propanol 30.25, and water 31, whereas
according to Arnett and Sméatfthey are water 27.5, methanol
27.9, l-pentanol 28.0, ethanol 28.2, and 2-propanol 29.3.
Bordwell's scale justifies the slower reaction Id with water
as compared to that with methanol. Both scales justify the trends
in the alcohols addition rates, but not the ratios found (370:33:
<1 for methanol, 1-pentanol and 2-propanol respectively). We
expected 2-propanol to react much faster. Steric factors explain
our observations better. They account for similar alkyl halide
reactivity trends with 8icomplexes taking place by nucleophilic
attack of the metal on carb&h.A combination of the above
evidence with the unlikelihood of a trans intermediate between
la and 2 (see below) leads us to consider this mechanism
unlikely.

2. Details of the Nucleophilic Attack Mechanism. An
oxidative addition by nucleophilic attack of iridium on the proton
of methanol seems the most conceivable mechanism for reaction
3. The term nucleophilic attack on proton was used in the past
to describe the oxidative addition of acids instead of the better-
known acid-base terminolog$® The steric demands of the
reaction and the fact that no multiple bonds are formed are
inconsistent with base-initiated organic elimination reactions,
justifying this terminology.

Identity of the Species Undergoing the G-H Oxidative
Addition. Trialkylphosphine dissociation (pathway E, Figure
7) is not on the pathway of reactions 2 and 3. Excess &&#s
not affect the rate of methanol addition & indicating that
reaction 2 does not involve reversible phosphine dissociation.
This must hold true also for the less bulky PMe reaction 3.

A mechanism initiated by rate-determining phosphine dissocia-
tion will also show no rate dependence on phosphine concentra-
tion. This mechanism is inconsistent with the primary kinetic
deuterium isotope effect of 28 0.2 for reaction 3.

A scenario involving irreversible ligand dissociation (phos-
phine or chloride) followed by cleavage of the added bond,
oxidation of the metal, and ligand reassociation is the micro-
scopic reverse of the mechanism suggested for the reductive
elimination of N-H>" and aryl-halide? bonds. It seems unlikely
for reactions 2 and 3. IrCI(PBt (8) and (GHa).IrCI(PEt).

(17) react with ammonia at the same rate, yielding the same
product?? Both compounds lose neutral ligands in the process.
Under the conditions of reaction 247 did not react with
methanol. On the other hand, complga activates methanol

(54) (a) Bordwell, F. GAcc. Chem. Red.988 21, 456. (b) Olmstead, W. N;
Margolin, Z.; Bordwell, F. GJ. Org. Chem198Q 45, 3295. (c) Arnett, E.
M.; Small, L. E.J. Am. Chem. Sod.977, 99, 808.

(55) (a) Hart-Davis, A. J.; Graham, W. A. Giorg. Chem197Q 9, 2658. (b)
Collman, J. P.; Murphy, D. W.; Dolcetti, G. Am. Chem. S0d.973 95,
2687. (c) Monaghan, P. K.; Puddephatt, R1.XChem. Soc., Dalton Trans
1988 595. (d) Collman, J. P.; MacLaury, M. R. Am. Chem. Sod.974
96, 3019.

(56) Cross, R. JChem. Soc. Re 1985 14, 197.

(57) Driver, M. S.; Hartwig, J. FOrganometallics1998 17, 1134.

(58) Roy, A. H.; Hartwig, J. FJ. Am. Chem. So001, 123 1232.
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Blum and Milstein

through reaction 3 but does not cleave the ammoniaHN

to the metal centé¥72 but in contrast to the reactions with

bond?° This alone suggests a difference between the reactivitiesalcohols and water, concomitant dissociation of Pas

of methanol and ammonia towa8dThe inactivity of17 toward
methanol may be due either to insufficient nucleophilicity of
the postulated IrCI(PE). intermediate or to instability of the
postulated chloro- or alkoxo-bridged product. A linear relation-
ship between the relative,M —X and H-X bond strengths was
found for terminal covalently bound ligan@¥,5°and extended
also for bridging amido and alkoxo ligands of palladiéhThe
H—X bond enthalpies for ammonia and methanol are very
similar: 1072 and 104 kcal molt,%3 respectively, indicating
that a product of methanol addition 19 should be stable. We
suggest that unlike IrCI(PBg (8), the 14-electron IrCI(PE)
is not nucleophilic enough to activate the methanolieHDbond.
Generation of a 14-electron complex is not required also for
the oxidative addition of HC¥ alkyl halides38265 benzyl
halidesS6 and propiolactonés®

Chloride does not dissociate fron?¥ @idium (pathway F,
Figure 7) during reactions 2 and 3. Excess LiCl had very little
effect on the product-formation rate, suggesting that reaction 3
does not involve reversible chloride dissociation. Also, if
chloride dissociation were on the pathway of methanol addition,
IrCI(PMes3)z (1a) and [Ir(PMe)4]PF£7 should have reacted at
the same rate, having the same [Ir(RME reactive intermedi-
ate cleaving the ©H bond. This is inconsistent with the much
faster reaction ofla, despite our observation that phosphine
dissociation is not rate-determining for the oxidative addition
by [Ir(PMe3)4]PFs (ku/kp = 7.8 4 0.6 with water)?® The ruling-
out of chloride dissociation is supported also by the reduced
rate of methanol oxidative addition with increased solvent
polarity according to €D > THF > NMP, suggesting that
the transition state is less polarized than the reag@igmce
the reagents are neutral, a cationic transition state is unlikely.
We actually expect the chloride to facilitate reaction 3. It keeps

the reagent neutral and therefore a better nucleophile than the

cationic product of its dissociation. These conclusions are fully
consistent with the mechanism that we elucidated for the
microscopic reverse ©H reductive elimination fron2 and9.2!

It is unlikely that alcohol coordination (pathway G, Figure
7) is on the pathway of reactions 2 and 3. Such coordination to
a neutral low-valent complex with basic ligands is expected
to be weak? Indeed, complexes with coordinated alcohols and
water are mostly cationi€t Alcohol ligation to the 16-electron
IrPsCl would also result in saturation. The oxidative addition
of ammonia to8 does involve pre-coordination of the nitrogen

(59) Koelliker, R.; Milstein, D. Unpublished results.

(60) (a) Bruno, J. W.; Marks, T. J.; Morss, L. R.Am. Chem. S0d.983 105,
6824. (b) Buchanan, J. M.; Stryker, J. M.; Bergman, RJGAm. Chem.
Soc.1986 108 1537.

(61) Driver, M. S.; Hartwig, J. FOrganometallics1997, 16, 5706.

(62) McMillen, D. F.; Golden, D. MAnnu. Re. Phys. Chem1982 33, 493.

(63) Batt, L.; McCulloch, R. DInt. J. Chem. Kinet1976 8, 491.

(64) Walper, M.; Kelm, HZ. Phys. Chem. Neue Fdl978 113 207.

(65) (a) Ohtani, Y.; Fujimoto, M.; Yamagishi, Bull. Chem. Soc. Jpri977,
50, 1453. (b) Basson, S. S.; Leipoldt, J. G.; Roodt, A.; Venter, J. A.; van
der Walt, T. JInorg. Chim Acta1986 119, 35. (c) Stieger, H.; Kelm, H.
J. Phys. Chem1973 77, 290. (d) Puddephatt, R. J.; Scott, J. D.
Organometallics1985 4, 1221.

(66) Milstein, D.; Stille, J. KJ. Am. Chem. Sod.978 101, 4992.

(67) Thorn, D. L.Organometallics1982 1, 197.

(68) Blum, O.; Milstein, D. Manuscript in preparation.

(69) Wiberg, K. B.Physical Organic Chemistrywiley: New York, 1964; pp
381-387.

(70) Crabtree, R. H.; Anton, D. R.; Davis, M. VAnn. N.Y. Acad. Scil983
415 268.

(71) (a) Leoni, P.; Sommovigo, M.; Pasquali, M.; Midollini, S.; Braga, D.;
Sabatino, POrganometallics199], 10, 1038. (b) Romeo, R.; Plutino, M.
R.; Elding, L. I.Inorg. Chem.1997, 36, 5909.
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implicated??7?2Whenlabinds ammonia, saturation is obtained,
and further reactivity to cleave the-NH bond does not take
place>®

Identity of the Kinetic Product. No other isomer o2 was
observed during reaction 3 at any of the conditions tested. An
intermediacy of2f, 2c, or 2t must imply their facile isomer-
ization to2. We concluded that PMeor chloride dissociation
is not on the pathway of reaction 3. Methoxide dissociation from
2 under the conditions of reaction B€ 1.03x 107°s™1) was
2 orders of magnitude slower than the methanol oxidative
addition tola (1.21 x 1072 s71). Since the trans effect on the
methoxide in2f and2cis not larger than ir2, it is improbable
that the isomerization dff or 2cto 2 via methoxide dissociation
will be faster than the oxidative addition 1oFor 2t the methoxo
ligand exchange may be somewhat faster. However, the
electronic and steric differences betwétmnd2 seem too small
to bring upon 2 orders of magnitude acceleration of methoxide
dissociation fron2t as compared to that fro@ In a concerted
nucleophilic attack mechanism, in which the-@ bond is not
broken prior to the rate-determining step the intermediacy of
the trans addition produ@t is geometrically impossible.

H H
MesPy,, | _\OCHq MQ,P,,"! R
r r
Mesp? | YPMes Mer? | Y PMes
Cl OCH3
2 2t
H H
MegPy,, | _\\OCH;@ MegPy,, I| \OCH,
Ir r
vesp? | e a? | Yemes
PMe3 PMe3
2f 2c

Nondissociative isomerizations within octahedral complexes
are uncommon, andG¥gg) of such transformation is higher
than that of reaction 3} Such facial to meridional isomerization
of fac-H,IrClI(PMes); (18) took 9 days to reach completion in
methanol/benzene. Since the electronic driving force for a
nondissociative isomerization @f, 2f, and2c to 2 is smaller
or similar to that ofl8to 6, it will be slow too. Hence, we can
rule out an intermediacy oft, 2f, or 2c for a concerted
nucleophilic attack pathway froma to 2. Other polarized
bonds also undergo cis oxidative addition in aromatic
SO|Ventsil:le,13b,24b,44,55d,74

Effect of Solvent.Because polar solvents retard reaction 3,
the high order in methanol is due to its protic nature, and not
to its polarity. Hydrogen bonding of free methanol to the
addendum may weaken the-®l bond prior to cleavage and
stabilize the basic oxygen on the forming product. We found

(72) (a) Schulz, M.; Milstein, DJ. Chem. Soc., Chem. Commu993 318.
(b) Koelliker, R.; Milstein, D.Angew. Chem., Int. Ed. Endl991, 30, 707.

(73) (a) Ismail, A. A.; Sauriol, F.; Butler, I. Snorg. Chem 1989 28, 1007.
(b) Johnson, B. F. G.; Rodger, Aorg. Chem1989 28, 1003. (c) Vancea,
L.; Graham, W. A. GJ. Organomet. Cheni977 134, 219. (d) Pomeroy,
R. K.; Vancea, L.; Calhoun, H. P.; Graham, W. A.I8org. Chem 1977,
16, 1508.

(74) (a) Blake, D. M.; Kubota, Minorg. Chem197Q 9, 989. (b) Gaylor, J. R,;
Senoff, C. V.Can. J. Chem1972 50, 1868.
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no evidence for hydrogen bonding of methanol to the final Q)

. . - CH2R R = H, alkyl
product!3¢.2535¢.75n analogy to our finding, a chain of three /C 2 Y
hydrogen-bonded water molecules spanning between chloride £+ _95-
and a cis-disposed ligand is suggested by calculations to reduce H o
the energy barrier for transformations involving-@ cleavage Ilr Ir - CH2R

within the Wacker proces$. We observed a high order in
methanol also for thg-hydride elimination fron223 and from
mer-transHIr(OCHs)(CsHs)(PMe)z. 1

Slower methanol oxidative addition with increased solvent
polarity (GDs > THF > NMP) was surprising, because we

expected the transition state to be stabilized in polar media (it
involves charge separation, see below). However, it may be that

dilute methanol is stabilized by aprotic polar solvents such as
NMP to the extent that it does not participate in the entropically

expensive stabilization of the transition state. In the less polar

solvents, the implied hydrogen bonding by free methanol
probably acts to reduce the transition-state polarity.

The Transition State. Since we concluded that no intermedi-
ate exists betweebhaand?2 in reaction 3, we relate the activation

parameters and the kinetic isotopic effect to the nature of the

transition state. As the equilibrium lies heavily toward the
product?! reaction 3 is exothermic, and the transition state

resembles the reagents according to the Hammond postulate.

The small primanky/kp value of 2.04 0.2 and the smalhH* g,s

of 8.7 + 0.7 kcal motl? fit a mechanism, in which the ©H
bond is only slightly stretched in an early transition state. The
large and negativeAS'qps is typical of oxidative additions

postulated to proceed via a concerted nucleophilic attack

mechanism in apolar medf&?7.64.74b.77

The nature of the transition state in concerted oxidative
additions taking place by nucleophilic attack is still being
debated?>65¢.775¢.78-80 A linear structure analogous #, in
which the addendum ig'-bound, and an asymmetric three-
centered transition state analogousBowere suggestedB(
differs from the transition state of pathway A in Figure 7 by
the development of charge separation). We prefer stru&ure
overA, because only i steric factors seem importatttThe
site of steric difference ii is four bonds away from the metal
center and the crowding around it-¢hkH—O—C—R, R = H,
n-Bu or Me). In B, the site of steric difference is only three
bonds away from the metal center-({0O—C—R). Additionally,
the alkyl group inB is less favorably oriented than .

Stereochemical Course of the ReactiarApart from reac-
tions 2 and 3, there are only a few cases in which the identity
of the kinetic product of polarized bond oxidative addition is
known11€.4474.8182|n gl of them, irrelevant of the spatial

(75) Glueck, D. S.; Newman-Winslow, L. J.; Bergman, R.GBganometallics
1991, 10, 1462.

(76) Siegbahn, P. E. Ml. Phys. Chem1996 100, 14672.

(77) (a) Douek, I. C.; Wilkinson, Gl. Chem. Soc. (A)969 2604. (b) Ugo, R.;
Cenini, S.; Fusi, A.; Pasini, AJ. Am. Chem. Sod972 94, 7364. (c)
Thompson, W. H.; Sears, C. T., Jnorg. Chem 1977, 16, 769. (d) van
Zyl, G. J.; Lamprecht, G. J.; Leipoldt, J. Gorg. Chim Acta1988 143
223. (e) Venter, J. A,; Leipoldt, J. G.; van Eldik, Rorg. Chem 1991,
30, 2207.

(78) Bickelhaupt, F. M.; Ziegler, T.; von Rague SchleyerOPganometallics
1995 14, 2288.

(79) Leipoldt, J. G.; Steynberg, E. C.; van Eldik, Rorg. Chem 1987, 26,
3068.

(80) Grn‘fln T. R.; Cook, D. B.; Haynes, A.; Pearson, J. M.; Monti, D.; Morris,
G. E.J. Am. Chem. Sod.996 118 3029.
(81) (a) Vaska, LJ. Am. Chem. Sod966 88, 5325. (b) Bennett, M. A,; Clark,
R.J. H,; Mllner D. L.Inorg. Chem 1967, 6, 1647.
(82) (a) Osakada K.; Hataya, K.; Yamamoto,lfforg. Chem1993 32, 2360.
(b) Osakada, K.; Hataya, K.; Yamamoto, @rganometallics1993 12,
3358.

Transition State A Transition State B

arrangement of the different ligands, the polarized bond added
across the axis containing thedonor (the only exception being
allyl-halide$?). o-Donors or z-acceptors do not affect the
stereochemistry in any of the examples we cite, in contrast to
reports about hydrogen and silane oxidative additfdisWe
suggest that the stabilization imparted by thelonating ligand

to the transition stat& accounts for this phenomendwithout

a z-donor (as in [Ir(PMg)4]PFs,258 Phir(PMe)s, 1152 trans-
RM(CO)(PMe), (M = Ir, Rh, R= alkyl, aryl) 848687and Me-
Pt(bpy) >9), polarized bonds oxidatively add by other mecha-
nisms, which are multistep.

bulky ligand/ M‘e 5
o-donor 9 PMe3
o-donory,, ' H ?,,
9<80° ('ll' ===n.donor 'Ir ==C|
esto-donor | MesP I
bulky ligand/ PMe3
o-donor
o} D

Generalized structur€ is derived from crystallographic
studies of coordinatively unsaturated, 16-electrboampounds
with a singler-donoré Based on it iD, our suggested structure
for the transition state of reaction 3. We expect a similar
transition stateE for the rest of the oxidative additions of
polarized bonds RX mentioned above (R= H, alkyl; X =
OH, O-alkyl, OC(O)CF;, halide,S-aryl) 11¢:44.74.81.8T he collapse
of D andE to the final product should involve a concomitant
weakening of the polarized bond and a rearrangement that
enables coordination of X. Rearrangements within the equatorial
plain have the lowest activation energféd8°Because X enters
cis to R, the only possible products dfeand G. Since the

L1 5?(. Ly L1
H"'nln"\x R, g x,,hl R
- |1 ==n.donor —
Ls” | V-donor L L7 | n-denor
L2 L2
F E G

neutral ligand ks (L, in oxidative addition tais{CO)Ir(halide)-
(DPPE)) has a higher trans effect than #idonor, the R group

(83) (a) Deeming, A. J.; Shaw, B. . Chem. Soc. (A)969 1562. (b) Pearson,
R. G.; Poulos, A. TInorg. Chim. Actal979 34, 67.

(84) Burk, M. J.; McGrath, M. P.; Wheeler, R.; Crabtree, R.JH1Am. Chem.
Soc.1988 110, 5034.

(85) (a) Sargent, A. L.; Hall, M. B.; Guest, M. B. Am. Chem. S0d992 114,
517. (b) Sargent, A. L.; Hall, M. Blnorg. Chem.1992 31, 317.

(86) Boyd, S. L.; Field, L. D.; Hambley, T. W.; Partridge, M. Grganometallics
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Table 3. Possible Products of RX Oxidative Addition after
Rearrangement within the Equatorial Plain of the Transition State O&- fH CH,4
E and Coordination of X (R, R = H, Alkyl; X = OR', OC(O)CFs3, CH, o | )
Halide, S-Aryl) H CS T H,0 \ p cha
complex L sz-donor ref * HaQ Ols_P n " Hy, | R
H(OR)IrCI(PMes)3 Li=L,=L3z=PMeg; Cl this work - 5+ ] — ‘Il
RX(halide)(PPB(CO)  Li=L,=PPh, Ly=CO halide 73,80 P—Ir—20Cl H hu,! A_;JI p/ I\C'
HBrIrCI(PEEMe),(CO)  Ly=L,=PEtMe, Ls=CO ClI 73a . | < pY | P
RXOSC'(P{-PI’3)2(NO) Li=Ly= P-i—Pr3,L3= NO Cl 1le P
HXIr(halide)(DPPE)(CO) L=L,=DPPE,l35=CO Brorl 43 P 2
HRh(SGHs)2(PMes)3 Li=L,=L3=PMeg SGHs 81 1a
Figure 9. Suggested mechanism of methanol oxidative additiohatd®
=PMe.n=0,1, 2.
HirClz(PMe3)3
@3 (CI)(PR3)3[R' = Me, R= Me (), Et (4), 1-pentyl ), 2-propyl
o (7), H(12); R = Et, R= Me (9), H (13)]. These are the kinetic
< *CH"?":;HC' and the only alkoxo or hydroxo products of the reaction. The
° plausible mechanism of the oxidative addition step is depicted
CH30H in Figure 9. IrCI(PMe)s (18) is the reactive species. Alcohol
"C'((’:T;’ 3 - H"(OCH?);):'(PMG“’)a coordination to the metal is not on the reaction coordinate. The
alcohol approaches the metal in such a way that #$4ond
CHOH @0\ +HCI, -CH,OH parallels the Ctir—PR3 axis, with the OR group close to the
-HCI or 3 less sterically demanding chloride. The—8 bond is not
cleaved prior to formation of the +H bond. An asymmetric
CH30H i} P i ; i i
I(OCH3)(PMe3)s — <—  HIr(OCH3)2PMe3)s three-centered transition state involving charge separation is

(15) (14) indicated. The transition state is stabilizedspylonation from
chloride. Hydrogen bonding of free alcohol molecules to the
addendum is suggested to assist theHcleavage. Rearrange-
ment to the final product in the plane including chloride, hydride,
and phosphine is governed by the strong trans effect of the
hydride and phosphine.

Comparing our results to those obtained for the oxidative
additions of other polarized bonds suchakalide?*76H-halide
(in apolar media$* H-SAr,’#P and G-024a33b.91reyveals many
It slowly similarities. We therefore believe that some of our mechanistic
conclusions regarding the factors contributing to the activation

EIS. _clj?e_distr;]bution hOf Fhe t():hlo;]c_) ﬁ?d Alko>|<\2 Ligind:_s. energies, the stereochemistry of the addition, the identity of the
ucidating the mechanism by which I(OGkPMey)s (1) is kinetic product, and the shape of the transition state may be

formeq seems key to understanding the rgdistribution reaCtiorlStrue for oxidative addition of other polarized bonds as well,
involving 1a, 15, 2, 3, and14. Complex15is not the product
of dehydrochlorination o2, because the formation @and15
is inversely correlated. The fasteis formed, the less we obtain
of 15. Complex15is, therefore, the product of an anionic ligand Experimental Section

exchange with methanol (eq 6), in similarity to the well-studied  General Considerations All syntheses and chemical manipulations
alcohol-alkoxide exchanges. This exchange is probably assistedwere carried out under nitrogen in a Vacuum Atmospheres DC-882
by hydrogen bonding between the weak acid and the anionic drybox, equipped with an oxygen/water scrubbing recirculation MO-
ligand?25a35A similar mechanism, involving hydrogen bonding 40 “Dri-Train” or under argon, using vacuum and standard Schlenk
to chloride may be operating here, but alcohol coordination to techniques. Solutions were prepared using a Mettler PM200 (1 mg)
Ir(l) followed by proton exchange between ligands and HCI balance, and standard dilution techniques whenever less than 30 mg
elimination is also possible. Anionic ligand exchange by of a solid were needed. Ligui_ds were measured with Gilson pipets (5
reversible bridging of two complexes was reporfédThe and 1 mL, 200 and 2fL). Dilution techniques were used for amounts
presence ofla, 15, methanol, and HCI in the reaction mixture smaller than 2QuL.

. . . . Materials. Solvents were refluxed on the proper drying agent,
gives a str@ghtfor_vvard explanation to the observatiod ahd distilled under argon, and stored over activated 4A molecular sieves
14 along with2 (Figure 8).

(3A for methanol). Deuterated solvents (Aldrich) were degassed and

Figure 8. Anionic ligand redistributions during reaction 3.

will enter trans to ther-donor, leading to typd= products
exclusively (Table 3).

This idea is best demonstrated in the oxidative addition of
thiophenols to Rh(SAr)(PMg.82 Unlike all other examples
cited, the types product is more stable here due to steric reasons
(thiophenolates are bulkier than Pj)leNevertheless, the type
F compound was the kinetic product observed.
isomerized to the typ& compoundf?

although the oxidative additions of ammonia and alcohols to
IrCI(PEt)s (8) proceed by different mechanisis’2a

—_— dried over 3A molecular sieves for at least a week before use.
WGi(PMeg)s + CHaOH  —— IOCH)(PMes)s + HCI - (6) Trimethylphosphine (Aldrich), LiCl, and LiBr (Merck) were used as
1a 15 received. Cyclooctene (Merck) was freshly distilled under argon.
] NaOCH; was prepared from sodium and methanol under nitrogen
Conclusions (excess methanol was removed under vacuum &C7@uring 48 h).

(CsH1a)IrCI(PMes)s (1) and IrCI(PE#)s (8) in benzene afford IrCl3-3H,0 was from Engelhardt. P(GR,% [(cyclooctene)lr(u-Cl)],%2
thecis-hydrido-alkoxo and -hydroxo produatser-cisHIr(OR)-

(91) Burgess, J.; Hacker, M. J.; Kemmitt, R. D. W.Organomet. Cheni974
72,121

(90) Poulton, J. T.; Hauger, B. E.; Kuhlman, R. L.; Caulton, Klit&rg. Chem. (92) Luetkeﬁs, M. L., Jr.; Sattelberger, A. P.; Murray, H. H.; Basil, J. D.; Fackler,
1994 33, 3325. J. P., Jrinorg. Synth 199Q 28, 305.
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IrCI(PEt)s, 2642 (8) and (GHa)IrCI(PE®)*? (17) were prepared ac-
cording to literature.
Physical Measurements.Infrared spectra were recorded with a

1050 (m, vC—0).). Upon exposure to air, the €O peak was
immediately replaced by a broad-®i signal at 3400 crm.
mer-cisHIr(O(CH 2)sCH3)CI(PMes)s (5) was prepared a3, using

Nicolet Spectrometer using NaCl plates as either Nujol mulls or neat 1-pentanol*H NMR (CsDe) 3.93 (td,3J t—p = 7.0 Hz, %I %_p yrans=

films. *H, 3P, 13C, and®’H NMR spectra were recorded at 400.19, 161.9,

1.6 Hz, 2H, OG1,CHy), 1.88 (tt,%Jy-n = 7.5 Hz,3Jy— = 7.1 Hz, 2H,

100.6, and 61.4 MHz, respectively, using a Bruker AMX 400 OCH,CH,CH,CH,CHs), 1.6(0) (m, 2H, & of the pentoxidey or o

spectrometer. Chemical shifts are reported in ppm downfield from Me
Si (*H, 13C), (CDy)4Si (?H), and referenced to the residual solvent-
(*H) natural abundancdr (H), and alld-solvent {3C), or downfield
from external HPQ, 85% in D,O ('P).

to oxygen), 1.40 (t"Jy_p = 3.6 Hz, 18H, 2P(El3)3), 1.3(8) (m, 2H,
CH; of the pentoxidey or 6 to oxygen), 1.17 (®Ju—p = 9.5 Hz, 9H,
P(CHa)3), 1.01 (t,334-n = 7.2 Hz, 3H, O(CH),CHs), —21.53 (dt,
230 pas = 19.0 Hz,2 % pes = 14.7 Hz, 1H, IrH). 3'P{H} NMR

Solutions for the kinetic experiments were prepared in a drybox using —~30-9 (d,%Jp-pcis = 18.8 Hz, 2P)=50.7 (t,2Jp-p s = 18.8 Hz, 1P).
standard dilution techniques. Gilson pipets were used to add the IR (n€at) 2156 (sylr—H), 1138 (m,»C—0), 1105 (w,»C—0). Upon
solutions at room temperature to 5-mm Pyrex NMR tubes, and the €xposure to air, the €0 peak was immediately replaced by a broad
height of the solution in the tubes was checked for consistency. O—H signal at 3400 c.

Additional solvent was added to attain the desired solvent volume

(usually 550uL).
Spectra were recorded in standard pulsed FT mode usih@ga®0

mer-cisHIr(OCH(CH 3),)Cl(PMej3)s (7). An attempt to prepare this
complex using the procedure above30 °C) resulted in recovery of
the starting material7 was generated slowly at room temperature in

less) pulses and at least fifeperiods between pulses to ensure reliable  N€at 2-propanol along with the-hydride elimination producé and

guantitative results. When tip angles smaller thah\®ére employed,
delay times were recalculatéti>'P spin-lattice relaxation timesT(,

small amounts o8. The mixture was dried under vacuutii NMR
(CGDG) 3.80 (heptetj, SJHfH =59 HZ, 4Jdpr = 2.6 HZ, 1H,

s) were determined by standard spin inversion/recovery methods for " ~"OCH(CHs)s), 1.51 (d,%Ju-n = 5.8 Hz, 6H, OCH(ls)2), 1.42 (t,

compound?. Only the faster-relaxing phosphorus trans to phosphorus

VitJy p = 3.6 Hz, 18H, 2P(Els)s), 1.09 (d,2J_p = 9.3 Hz, 9H,

signals were used as data sources. These signals are also larger arﬁ(o'bgi)' 1_21'32 (dt, 2% p gis = 20'% Hz,20 Y-pcis = 12.8 Hz, 1H,
less split than the triplets of the unique phosphorus. In each set of Ir-H). *P{*H} NMR (CeDe) —32.4 (d,"Jp-p s = 19.7 Hz, 2P)~51.7

experiments, the acquisition parameters were constant.

(CgH1)IrCI(PMe 3)3 (1). A modified literature procedufe was
employed. A solution of PMg0.509 g, 6.7 mmol) in toluene (10 mL)

was placed in a dropping funnel equipped with an external cooling

jacket (=78 °C) and added dropwise during 30 min to a stirred’8
°C) suspension of [(§H14)2Ir(u-Cl)]2 (CgH14 = cyclooctene; 1.00 g,

1.12 mmol) in toluene (100 mL). Thirty minutes later, the temperature

was allowed to rise to room temperature during®h. Filtration
removed insoluble red [Ir(PMg]CI,?° and the solvent was evaporated
under vacuum. The product was recrystallized from cot®@(q °C)

toluene (15 mL) and cyclooctene (0.75 mL), washed with cold toluene,

and vacuum-dried, yielding 0.67 g (53%) of yellow crystals.

mer-cisHIr(OCH 3)CI(PMes)s (2). Cold (=30 °C) methanol (1.0
mL) was added to a cold+30 °C) solution of1 (100 mg, 0.18 mmol)
in 5 mL of toluene. Afte 1 h at—30 °C, the solvents were stripped off
at the same temperature. The off-white residue contained 93%-(by
and3'P{*H} NMR) of 2 as a highly hygroscopic solid. Also present
were3 and6. 'H NMR (CgDs) 4.09 (d,*J%—p trans= 5.6 Hz, 3H, OG3,
1.40 (t,V"Jy-p = 3.6 Hz, 18H, 2P(El3)s), 1.13 (d,?Jy-p = 10.5 Hz,
9H, P(M3)s), —21.56 (dt,2J%_p = 19.2 Hz,2J4_p = 14.7 Hz, 1H,
Ir-H). H{3%P} NMR (CsDe) 4.09 (s, 3H), 1.40 (s, 18H), 1.13 (s, 9H),
—21.56 (s, 1H)3*P{*H} NMR —30.9 (d,2Jp—pcs= 18.5 Hz, 2P);-50.6
(t, Xp_pcis= 18.5 Hz, 1P)3C{’H} NMR (C¢Ds) 65.3 (br s, @H3),
21.2 (d,l.]cfp =37 Hz, PCH3)3), 16.2 (t,vm'chpz 18 Hz, 2PCH3)3)
IR (neat): 2165 (sylr—H), 1077 (s,»C—0). Upon exposure to air,
the C-O peak was immediately replaced by a broagHDsignal at
3400 cnrl.

mer-cisHIr(OCH >,CH3)Cl(PMes)s (4) was prepared ag, using
ethanol.*H NMR (CgDg) 4.01 (qd,2%—-n = 6.8 HZ,*J%_p trans= 1.4
Hz, 2H, OH,CHjz), 1.51 (t,3Jy—n = 6.8 Hz, 3H, OCHCHj3), 1.39 (t,
Vit Jy_p = 3.6 Hz, 18H, 2P(El3)3), 1.11 (d,2Ju-p = 9.4 Hz, 9H,
P(CH3)3), —21.52 (dt,2J%-pcis= 19.3 Hz,2J \y_p = 14.4 Hz,*H, Ir-
H). *H{3'P} NMR (C¢Dg) 4.01 (q,3J4-n = 6.8 Hz, 2H), 1.51 (t3Jy—n
= 6.8 Hz, 3H), 1.39 (s, 18H), 1.11 (s, 18H)21.52 (s H). 31P{1H}
NMR —31.5 (d,2Jp—p cis = 18.6 Hz, 2P),~51.7 (t,2Jp-p cis= 18.5 Hz,
1P). BBC{*H} NMR (C¢Dg) 72.5 (s, GCH,CHy), 23.6 (d,*Jc—p rans=
6.7 Hz, OCHCH3, 21.2 (d,l\]cfp: 36.1 Hz, PCH3)3), 16.1 (t’virt.‘](}P
= 18.2 Hz, 2PCHj3)3). IR (neat) 2159 (sylr—H), 1116 (m,»C—0),

(93) Herde, J. L.; Lambert, J. C.; Senoff, C. Morg. Synth 1974 15, 18.
(94) Martin, M. L.; Martin, G. J.; Delpuech, J.-Bractical NMR Spectroscopy
Hyden: London, 1980; p 353.

(t, 2Jp-pcis= 19.7 Hz, 1P). IR (neat) 2156 (8lr—H), 1121 (w,vC—
0), 1077 (s,»C—0)). Upon exposure to air, the € peak was
immediately replaced by a broad-® signal at 3400 crm.

mer-cisHIr(OCH 3)CI(PEts)s (9) was prepared as the PpMenalogue
2 using8, but the solvents were stripped off after 5 min. The products
include more than 85% 09, along with theS-hydride elimination
product 11, 10, and small amounts of the starting compl8x 9
undergoeg-H elimination in solution, even at30°C.H NMR (C¢Ds)
4.01 (d,*Jy—prans= 5.7 Hz, 3H, OC®3), 2.09 (m, € d-g-virt.-t), J =
3.7 Hz, 6H, 2Pd-C(H)-CHs)s, 1.71 (m, € d-g-virt. t), J = 3.7 Hz,
6H, 2P(H-CH)-CH3)3, 1.67 (dq,z\]pr =2Jy_y = 7.2 Hz, 6H, P((Hz-
CHa)s), 1.11 (tt (apparent quintet)tJy_p = 334y = 7.4 Hz, 18H,
2P(CHCHa)3), 0.86 (dt,3Jy-—p = 14.4 Hz, 334y = 7.6 Hz, 9H,
P(CHZCH?,):;), —21.60 (dt,zJ dprvciSZ 16.7 HZ,ZJ [HfP,cis: 14.6 HZ,
H, Ir-H). BP{*H} NMR —6.9 (d,2Jp-pcs = 16 Hz, 2P),—20.4 (t,
2Jp_p s = 16 Hz, 1P).

mer-cisHIr(OH)CI(PMe 3); (12). Excess water (0.5 mL) was added
to a solution ofl (100 mg) in dioxane (5 mL). Aftel h atroom
temperature, the solvents were stripped off. The off-white residue
contained12 (95%) and3 (3%). 'H NMR (CsDg) 1.36 (t,V"Jy—p =
3.6 Hz, 18H, 2P(€l3)3), 1.19 (d,2J4—p = 9.6 Hz, 9H, P(Ei3); trans to
Cl), —2.15 (d,2Jn-p rans= 5.8 Hz, 1H, Ir-OH), —21.73 (dt,23%—p cis
=17.7 Hz,2 YYy_pcis= 16.8 Hz, 1H, IrH). 3*P{*H} NMR (C¢Ds) —33.0
(d, 2h-pcis= 18 Hz, 2P),—49.3 (t,24-pcs = 18 Hz, 1P). IR (Nujol)
2157 (m,vIr—H). vO—H was not observed.

Preparation of mer-cisHIr(OH)CI(PEt 3); (13). The procedure
above was repeated, usiBgThe residue includedi3 (> 90%) ands.
IH NMR (CsDg) 2.10 (m (13 lines)Japparent= 3.6 Hz, 6H, 2 P(Cfl)-
HCHs)s trans to P), 1.73 (m (13 lineS)apparen= 3.6 Hz, 6H, 2 P(C(H)-

HCHs); trans to P), 1.61 (apparent quintet, the weighed average of

2)%-p and®3J%_y = 8.0 Hz, 6H, P(E1,CHg)s trans to OH), 1.09 (m
(apparent quintet)lapparen:= 7.4 Hz, 18H, 2 P(C(H)HE); trans to
P), 0.89 (dt,3)%-p = 14.7 Hz,3)'y—y = 7.5 Hz, 9H, P(CHCHy);
trans to OH),—2.07 (d,2J%-p yans= 5.5 Hz, 1H, I-OH), —21.72 (dt,
239 pgis = 17.6 Hz,2J\y_peis = 15.3 Hz, 1H, IrH). 3P{*H} NMR
(CeD6) —17.4 (t,20p_p cis= 15 Hz, 1P),—8.0 (d,2Jp_p cs= 15 Hz, 2P).
IR (Nujol) 3463 (m,yO—H), 2184 (m,vIr—H). The complex is highly
hygroscopic. Upon exposure to air, a broadDsignal at 3400 cm
appears.
X-ray Structure of 13. Crystals suitable for low-temperature X-ray

examination were obtained by slow evaporation of a 1:1 benzene/

pentane solution. Crystal data: 0<10.1 x 0.1 mn¥, monoclinic,P2,/c
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(no. 14),a = 15.084(4) A,b = 10.997(2) A,c = 15.745(4) A B =
106.24(43, V = 2503.0(9) R, M, = 600.162,Z = 4, D, = 1.593 g
cm 3, u = 56.16 cm*. Data collection and treatment: Rigaku AFC5
diffractometer, rotating anode Rigaku RU300 source, .50 mn?

fac-HIr(SiEt 3)Cl(PMes3)s (19). A cold (—30 °C) solution of HSIE$
(20 uL, 0.125 mmol) in toluene (50@L) was added dropwise to a
cold (—30 °C) solution of1 (18 mg, 3.18x 102 mmol) in toluene
(500uL), resulting in bleaching within minutes. After 15 min the solvent
filament, Load of 40 KV, 250 mA, Mo K radiation § = 0.70926 A), was stripped off under vacuum a0 °C, yielding an off-white solid
/20 scan methodfnax = 54°, scan speed 2fnin, 5383 reflection of the pure productH NMR (CsDg) 1.47 (dd (apparent tpJy—p =
collected (from which 4915 were unique). The structure was solved 7.7 Hz,3J4_y = 7.5 Hz, 9H, Si(H-C(H)CHa)3), 1.38 (dqd 2% -n =
by automated Patterson analysis (SHELXS-86) and Fourier method 13.9 Hz,33%_p = 7.7 Hz,*)%_p yans= 1.9 Hz, 3H, Si(H-C(H)CH)s),
(SHELX-76). Hydrogenous were found from a difference Fourier map. 1.27 (d,2Js—p = 7.4 Hz, 9H, P(Els)3), 1.23 (d (slightly broadened),
Rsym = 0.01. FinalR = 0.037,R, = 0.034. 2Ju—p = 7.6 Hz, 9H, P(El3)s trans to H), 1.17 (BJu-p = 9.9 Hz, 9H,

Reactions of 1 with Methanol and LiCl. (a) The preparation 2 P(CHs)s), 1.07 (dqd23%—n = 13.9 Hz,30% -y = 7.5 HZ,4J%—p rans=
was repeated at30 °C with 15 mg of1 in 750L toluene. LiCl (5.6 1.5 Hz, 3H, Si-C(H)CHs)s), —10.66 (ddd (apparent dt}] %—p trans
mg, 5 mol equiv) was dissolved in methanol (1&0) prior to the = 144.7 Hz,23% _p@).cis= 29 1-p@.cs= 19.3 Hz, 1H, IrH). 3'P{H}
addition. Two phases were formed upon mixing. After 1 h, during which NMR (CeDe) —44.9 (dd 2Jp-p,cis= 13 Hz,2Jp-p ¢is= 9 Hz, 1P),~51.4
the reaction vessel was periodically shaken, the solvent was removed(dd, 2p—p cis = 23 Hz,2Jp—p cis = 13 Hz, 1P),~57.6 (dd,?Jp-p cis= 23
at —30 °C under vacuum3 was the only product. (b) The above Hz, 2Jp—pcs= 9 Hz, 1P).
procedure was repeated in THF instead of toluene. A single phase was mer-HIr(SiEt 3)CI(PMe3)s (20). 19isomerizes t®0 (Si trans to Cl)
formed. Only3 was obtained. (c) Procedure a was repeated at room at room temperature in benzene within hodks NMR (CeDg) 1.51 (t,
temperature, using dioxane instead of toluene, giving a single phase.viJ,,_p = 3.6 Hz, 18H, 2P(El3); trans to each other), 1.22 (RIq—p

After 10 min only 3 was observed.

Reaction of 1 with Methanol and NaOCH; at —30°C. A solution
of NaOCH; (5.8 mg, 0.11 mmol) and methanol (120) in THF (400
uL) was cooled to—30 °C and added to a cold-30 °C) solution of
1 (20 mg, 3.5x 1072 mmol) in THF (600uL). After 1 h, the solvents

= 7.4 Hz,*Jy—prans= 0.8 Hz, 9H, P(El3); trans to H), 1.18 (3J4—n
= 7.8 Hz, 9H, Si(CHCH3)3), 0.78 (q,3Ju_n = 7.8 Hz, 6H, Si(Glz-
CH3)3), —10.38 (ddd (apparent dﬁ) dH—pylransz 133.7 Hz,AJ dH—p(]_),cis
= 2]%_pg)cs= 20.4 Hz, 1H, IrH). 3P{*H} NMR (C¢Ds) —46.5 (d,
2Jp-pcis= 22 Hz, 2P trans to each other48.5 (t,2Jp-pcis = 22 Hz,

were stripped off under vacuum. Extraction with benzene yielded a 1P trans to H). Elemental analysis: calculated: C 31.49, H 7.57;

yellow solution containing 56% omer-cisHIr(OMe),(PMes)s (14),
24% of Ir(OCH)(PMe&); (15), 17% of trimethylphosphine dispropor-
tionation products{[cis-H.lr(PMe3),]Cl,** an unidentified product
containing two trans phosphines, possiblylfPMe;)(«-OCHg)]2},
and 3% of other compound4$4 and 15 decomposed in either THF/
methanol or €Ds, generating more of the PMelisproportionation
products as well as Hir(PMR®® and [(CO)Ir(PMg)] *.% Due to their
instability, 14 and 15 were characterized byH and3'P NMR only.

14:*H NMR (C¢Dg) 4.10 (d,*In—p trans= 5.5 Hz, 3H, OC; trans to
PMey), 3.89 (s, 3H, O€l; trans to H), 1.36 (t"Jy_p = 3.5 Hz, 18H,
2P(O‘|3)3), 1.13 (d,z-]pr =94 HZ, P(G‘|3)3), —23.09 (dt,ZJdpr'cis:
18.7 Hz,23 \4_p cis= 15.9 Hz, 1H, IrH). 3*P{*H} NMR (CsDs) —29.4
(d, 2Jp—pcis = 19.6 Hz, 2P),—52.8 (br m (apparent t), 1P).

15: IH NMR (CsD¢) 3.98 (d,*Jn-pyans= 4.1 Hz, 3H, OG3), 1.28
(t, Vit Jy_p = 3.0 Hz, 18H, 2P(El3)3), 1.21 (d,?Ju—p = 8.0 Hz, 9H,
P(CH3)3). 31P{*H} NMR (C¢De) —15.1 (d,2Jp_p s = 18.9 Hz, 2P),
—47.2 (t, Zprpvcisz 18.9 HZ, 1P)

Reaction of 8 with Methanol and LiCl at —30 °C. A cold (=30
°C) solution of LiCl (2.8 mg, 66x 102 mmol) in methanol (5QL)
and THF (200uL) was added to a solution & (10 mg, 17x 103
mmol) in THF (300uL). After 30 min, the solvents were stripped off
under vacuum; 52940 and 48% of11 were observed in the ¢Dg
extract.

fac-HIrCI(PMe 3); (18). A solution of 50 mg ofl in 3 mL of
benzene in a Schlenk tube was frozen (liquig),Nand the nitrogen
atmosphere was replaced by ca. 1 atm gf Hhe mixture was warmed

to room temperature. An almost immediate change from red to yellow

occurred. After the mixture stirred for 30 min, the hydrogen was

released, and the solvent was stripped off under vacuum, yielding a

yellowish solid. It was recrystallized from toluene/pentane-a0 °C.
Yield was almost quantitativéH NMR (CgDg) 1.30 (d,?Jy—p = 7.6
Hz, 18H, 2P(C®3); trans to H), 1.18 (RJy—p = 10.2 Hz, 9H, P(El3)3
trans to Cl),—10.33 (second-order dmjJu—p ~ 163 Hz, 2H,H-Ir-P).
31P{1H} NMR —43.2 (t,2p-pes= 9 Hz, 1P),—51.1 (d,2Jp-pcs= 9

found: C 31.42, H 7.72.

Kinetic Experiments

Oxidative Addition of Methanol to (CgH14)IrCI(PMe 3); (1). A
CsDs solution of 1 was partitioned among several NMR tubes. Each
tube contained. (3.0 mg, 5.3x 102 mmol) in 400uL of C¢De. The
tubes were kept frozer-30 °C) in the drybox. Before the measurement,
150 uL of a CgDs solution containing 2.Qcl methanol (49x 1073
mmol) was added on top of the frozen solution. (A methanol-to-complex
ratio of 9.3:1 was used, allowing measurement of the pseudo-first-
order rate constants, while keeping low-to-medium potatitgly 0.36%
methanol in the solution.) The tube was kept frozen (liquigl &fter
removal from the box, warmed to room temperature (1.5 min), and
placed in the thermostated NMR probe. The oxidative addition was
monitored by3!P{*H} NMR until its completion. This procedure was
repeated at 10, 22, 30, and 40. The 22°C reaction was monitored
by 'H NMR as well. The compoundks, 2, 3, 14, and15were observed
at all temperatures 1f] is too small to be observed at £C), but at
the end, only2 and small amounts & were present. All values were
reproducible (at least twice) with less than 11% inaccuracy.

At —30 °C a tripled methanol amount (640, 150 x 10-2 mmol)
was used to speed up the addition. Ohby 1, and2 were observed
during the reaction progress.

Kinetic Deuterium Isotope Effects in the Oxidative Addition of
Methanol to 1a. The reactions of CkOH, CH;OD (99% D), and C
OD (99% D) were compared at 2Z using the procedure described
above. Experiments were repeated three times. The values obtained
(mathematically correcting for 1% nondeuterated methanol) were:
kehson/kenzop = 2.0 £ 0.2 for la and 1.75+ 0.15 for the combined
concentrations ofla and 15. kcnzon/Kerzop = 3.2 + 0.3 for 1a and
3.05+ 0.25 forlaand15 combined. The final solutions were analyzed
also by*H and?H NMR (deuteride region only in théH NMR).

Effect of Methanol Concentration on the Oxidative Addition rate

Hz, 2P). Elemental analysis: calculated: C 23.61, H 6.38; found: C !0 1a The procedure used for monitoring the methanol additiobeto
23.87, H 6.45. Compleg8 remained unchanged in benzene for a month i benzene was repeated at 22, using 4, 2, 1, and 0.4L (1 mol

at room temperature. In a 1:10 methanol:benzene solution, the isomer-€quiv) of methanol. The reaction with:A of methanol was complete
ization of facial18 to meridional6 took 9 days to reach completion. ~ in 5 min, whereas no oxidative addition was observed for days with

0.2 uL of methanol. The reaction with ZL of methanol was very
slow, and the amounts 46 and3 generated were much larger than in
the presence of 2L of methanol.

(95) Thorn, D. L.; Tulip, T. H.Organometallics1982 1, 1580.
(96) Labinger, J. A.; Osborn, J. Anorg. Synth 1978 18, 62.

11466 J. AM. CHEM. SOC. = VOL. 124, NO. 38, 2002



O—-H Oxidative Addition ARTICLES

Oxidative addition of 1-pentanol to l1a was monitored as the Red [Ir(PMg),]CI%° precipitated immediately, consuming mostlat

methanol was added tba at 22 °C with 3.0 mg of1 (5.3 x 1072 In the remaining solutioris-[H2lr(PMes)4] ™,** and [HIrCI(PMe),] ™ 4°
mmol), 5.4uL of 1-pentanol (49x 10~2 mmol), and 545L of CeDe. (cis and trans) slowly formed.

Oxidative addition of 2-propanol to 1a was monitored as the Exchange of 2 with Methanol.A solution of 2uL of methanole,
methanol was added tha at 22 °C with 3.0 mg of1 (5.3 x 1073 (4.92 x 1072 mmol) in 48uL of benzeneds was added to a NMR tube
mmol), 3.8uL of 2-propanol (49x 10-* mmol), and 546:L of C¢De. containing a frozen solution &(3 mg, 5.96x 10-2 mmol) in benzene
No reaction was observed. Data were acquired at a higher concentratior(500L). Diminishing of the methoxo peak normalized to the constant
of 2-propanol (5QuL, 0.65 mmol in 50QuL of CeDs). area under the aliphatic phosphines was monitoret-bMR at 22

Oxidative addition of methanol to 1a in NMP was monitored as  °C. Because the exchange rate was very slow, the reaction was followed
the methanol was added 1@ at 22°C using NMP as solvent. Because  for only one half-life of2. First-order dependence o] vas observed.

NMP does not freeze at30 °C, the methanol-containing solution was A very slow exchange of the hydride to a deuteride was observed as
added on top. No reaction was observed for more than a week. Theyeg]|.

same refers to a solution of 1-to-1 NMP with[l. Oxidative Addition of Methanol to IrCI(PEt 3); (8) in the Presence

Comparison of the oxidative addition of methanol and water to of PEts. Two NMR tubes were loaded each with a solution8aB.0
lain THF was monitored as the methanol additioriley using THF. mg, 5.1x 10 mM) in CsDs (300 uL). The solutions were frozen

As THF is not frozen at-30 °C, the cold 30 °C) methanol containing (—30 °C). CsDs solution (1454L) containing 5.0uL (0.12 mmol) of
solution was added on top, and the tube was transferred within 25 s ,oihanol and 7.6L (5.1 x 102 mmol) of PEg were added to one
into a liquid nitrogen container outside of the glovebox. The reactions {,na A solution containing 150L of C¢Ds, 5.04L (0.123 mmol) of
were monitored at 17C. For methanol we h3ad 6.0 mg &f(10.5 x methanol, and no PEwas added to the other. Both tubes were kept in
16°% mmol) and 4uL of methanol (99x 107> mmol) in 546uL of liquid nitrogen until they were put into the thermostated {23 NMR
THF. The reaction behaved as g, but considerably less &was probe. The disappearance ®and the generation o, 11, and small
3

formed. For wager we had 6.0 mg mf(10.251 x 1072 mmol), 1.8uL amounts ofLl0and other products were observed. These processes took
wa(t)er_(gggx lACFdd_rr_lmoI)f, SInthAfatlL TTF'_ e p cLici place at the same rate and yielded the same product distribution.

xidative ttion of Methanol to 1a in the Presence of Li N Oxidative Addition of Methanol to 8 in THF. The above procedure
A THF (350 L) solution containing 2.QuL. of methanol (49x 10 was repeated with THF as solvent (and no 4PBtlo reaction was
mmol) and 3.3 mg of LiCl (78< 102 mmol) was added to a NMR peated. . ) . : .

observed within 8 h. With a 22 times higher methanol concentration

tube on top of a liquid nitrogen frozen solutionb{5.3 x 10-3 mmol)
in 200 uL of a THF. After a few minutes, the tube was warmed until (1104L, 0.75 mM), 11 slowly accumulated, b was not observed.

the THF melted (1 min) and placed in the NMR probe (Z). The Reaction of (CGH4)2ArCI(PEt )2 (17) with Methanol. The above
oxidative addition was monitored b}P NMR until its completion. procedure was repeated wilfY in C¢Ds. No reaction was observed
Compound3 was the major product. Smaller amounts of unidentified Within 8 h.
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