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Abstract: A combination of electrospray ionization MS/MS techniques, isotopic labeling experiments in the gas-
phase and solution, arab initio calculations is used to study the-€l activation reactions of [Cp*Ir(PMg(CHs)]*

and [CpIr(PMg)(CHy)]*. The reaction in the gas phase was found to proceed through a Cp or g2gClrl-

PMe)] " intermediate. Quantitative collision-induced dissociation (CID) threshold measurements were used along
with general models for ioamolecule reactions to construct potential energy diagrams which rationalize the gas-
phase results. The comparison between the two complexes, and between the reactions in the gas phase and in
solution, suggests that the reaction through the intermediacy of a metallaphosphacyclopropane could be favored
over the conventional (and simpler) oxidative addition/reductive elimination mechanism when the Ir(lll) complex is

rendered more electron deficient.

Introduction

The chemical activation of alkane—&4 bonds under mild
conditions has been a long-standing goal in organic and
organometallic chemistry. Two mechanisms have been sug-
gested by Bergman and co-work&t$or the recently reported
o-bond metathesis reaction by cationic Ir(Ill) completeited
as the most facile €H activation reaction yet found for an
organometallic complex (Scheme 1). Although one would
ordinarily expect late transition metals to engage in an oxidative
addition/reductive elimination sequence of reactions, the con-
certed mechanism comes into consideration for the Ir(lll)
complex because it might be unfavorable for the strongly
electron-deficient 16-electron Ir(lll) complex to go to an 18-
electron Ir(V) species in an oxidative addition step. These
complexes, extensively investigated recently by Bergman and
co-workers235 perform G-H activation without prior photo-
chemical excitation, and are therefore particularly interesting
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We report here experimental and computational results which
clearly demonstrate that the-&1 activation reaction by cationic
Ir(1l1) complexes like2 and6, in the gas phase, proceeds by a

as model systems leading to catalytic cycles. On the basis ofthird mechanism, namely, the elimination of €k produce

the increase in reactivity as the ligand binding is weakened,
going from triflate to dichloromethane, the actual reactive
species was presumed to Bewhich would be formed froni

in a pre-equilibrium in the solution-phase studies. For the
dichloromethane-ligated complex, activation of 8 bonds was
observed well below room temperature. Accordinglanitio
calculations by Hall and co-workefsan oxidative addition/
reductive elimination mechanism is more likely than the

an intermediate metallaphosphacyclopropane, and then, ulti-
mately, reaction with the €H bond of alkanes and arenes
(Scheme 2). A preliminary report of the gas-phase chemistry
of organometallic ion§—8 (Scheme 3) by electrospray tandem
mass spectrometry has recently appedredie expand and
complement that work in the present report with an extension
of the study to the complexes—4, solution-phase isotopic
labeling experimentsb initio quantum chemical calculations,

concerted metathesis, although solid experimental evidence forand quantitative collision-induced dissociation (CID) threshold
either alternative has yet to be presented. A similar pattern of measurements. The comparison of the Cp and Cp* series of
reactivity, with the same set of mechanistic possibilities, has complexes, as well as the comparison of gas-phase to solution-

also been reported for Pt(Il) complexes.
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phase reactivity, illuminates the features determining the choice
between competing mechanisms forB activation.

Experimental Section

Preparation of the organometallic complexes in this study was done
by standard Schlenk techniques or in an argon-purged glovebox.
Characterization of the compounds B and 3C NMR (Varian
GEMINI 2000, 300 MHz), X-ray crystallography (Enraf Nonius Mach
3), and electrospray mass spectrometry (Finnigan MAT TSQ-7000) was
done. Detailed synthetic procedures for the various complexes, their

(8) Hinderling, C.; Plattner, D. A.; Chen, Rngew. Chem1997 109
272; Angew. Chem., Int. Ed. Endl997, 36, 243.
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physical characterization, and the procedures by which the solution-

of a single mass from among all of the ions produced in O1, which are

phase reactions were done are given in the Supplemental Information.then collided or reacted with a target gas in O2, and mass-analyzed by

Complexesl (L = ~OTf, CH;CN) were prepared according to the
procedures by Burger and Bergnfarstarting from the dimeric
complex? [Cp*Ir(Cl)2],, and proceeding through the equilibration of
the bis-methyl compleX} Cp*Ir(PMes)(CHs),, with the bis-triflatel!
Cp*Ir(PMes3)(OTf),. Complexes (L = ~OTf, CHsCN) were prepared
analogously, starting from Cplr(GHa),, described by Heinekéey which
was converted to the polymeric complex [Cplr@)(not isolated),
and then taken on t6 as detailed in the Supplemental Information.

Cations2 ands6, the [Cp*Ir(PMe)(CHs)]* and [Cplr(PMe)(CHa)] *
complexes, were prepared in the gas phase by electrospray AfliCH
or CHCk solutions containing the [Cp*Ir(PMECHz)]* or the [Cplr-
(PMe&;)(CHg)]* cations. The slightly modified Finnigan MAT TSQ7000

Q2. This mode is used to determine the specific reactivity of a species
of a given mass. The third mode of operation, the RFD mode, is used
to record CID thresholds for quantitative thermochemical measure-
mentst®!’ lons produced in O1 are again mass-selected, but with Q1
acting as a high-pass filter. The selected ions are then collided with a
target gas in 02, and mass-analyzed in Q2. In the RFD mode, the
reactions of ions in a particular mass range are isolated by setting the
mass cutoff above and below the desired range and subtracting the
latter from the former spectra. The more complicated RFD mode
operation is used instead of the daughter-ion mode for the threshold
measurements because the ion kinetic energy distribution is narrower
(~0.4-0.6 versus~1.3—2.0 eV fwhm in the laboratory frame).

electrospray tandem mass spectrometer was set up with an octopolefFurthermore, the kinetic energy distribution in the RFD mode is nearly
quadrupole, octopole, quadrupole (01/Q1/02/Q2) configuration behind Gaussian, in comparison to a distribution in daughter-ion mode that,

a conventional electrospray ion souf€éeThe extent of desolvation
and collisional activation prior to thermalization, reaction, and/or

while also not too far from Gaussian, has a non-negligible high-energy
tail. Both factors combine to make deconvolution of the threshold

analysis was controlled by the tube lens potential in the electrospray measurement more reliable (even though we can use the measured

source, which typically ranged from 35 (mild conditions) to 75 V (hard
conditions)** The first octopole was fitted with an open cylindrical
sheath around the rods into which a collision gas could be bled for
thermalization or reaction at pressures up to 20 mTorr. Control
experiments with Mn(CQJ have found that-10 mTorr of Ar in O1

are sufficient® for thermalization of ions produced by the electrospray
source to the 70C manifold temperature. It should be noted here
that heating of the external inlet lines for the thermalization gas is
important to ensure that the gas is fully equilibrated to the manifold

kinetic energy distribution in the fit).In both the daughter-ion and
RFD modes (unless otherwise specified), the pressure in O2 was kept
low enough so as to minimize the chance of multiple collisions in the
collision cell*® A kinetic energy distribution of the ions in the
laboratory frame of<0.6 eV fwhm corresponds to a distribution of
<0.1 eV in the center-of-mass frame when the collision partner is argon
or xenon, and is a non-negligible contributor to the cite?i kcal/mol
uncertainty in the CID threshold determinations. As a control to check
that we could correctly measure CID thresholds, we reproduced

temperature. The second octopole was operated as a conventionaéxperiments by Kebarleand Armentrou?2 for the reaction (HO),-

collision-induced dissociation (CID) cell, and run as specified in the

commercial instrument for MS/MS experiments. Spectra were recorded

in three different modes. In the normal ES-MS mode, only one

(HsO") — (H20)n-1(H30™) + HO. The threshold fon = 1 was

(16) The present state of organometallic thermochemistry for Ir com-

quadrupole is operated, and an ordinary mass spectrum of theplexes is reviewed by: Halpern, lhorg. Chim. Actal985 100 41. In
electrosprayed ions is recorded. This mode, exemplified by entries Particular, Stoutland et al. (Stoutland, P. O.; Bergman, R. G.; Nolan, S. P.;

1-3 and 13-18 in Table 1, serves primarily to characterize the ions

Hoff, C. D.; Polyhedron1988 7, 1429) find reasonably certain-+H and
Ir—C bond strengths for (Cp*)(PMH#r(cyclohexyl)(H) of 75 and 52
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relatively weak) dependence of the CID threshold curves for the loss of

(17) Thermochemical work by mass spectrometric techniques has been
done for small organometallic ions. For several examples, see: Halle, L.
F.; Armentrout, P. B.; Beauchamp, J. Organometallics1982 1, 963.
Armentrout, P. B.; Halle, L. F.; Beauchamp, J.J.Am. Chem. S04.981,
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103 784. For some more recent work on small complexes, see: Sunderlin,
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(18) Pressure in the collision cell was kept below 4075 torr (usually
argon), as measured by a cold cathode gauge. The interaction region was
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amount of fragmentation of the parent ions remained below 15%.
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Spectrom. lon Procl995 141, 217. We observed the threshold for loss of

one CO ligand on the temperature of the heated capillary (from 100 to 240 H,O from protonated water dimer to It = 1.28 eV (298 K value). The

°C) in the electrospray ion source was eliminategirNthe sheath gas was
found to give a small amount of a dinitrogen complex with the 16-electron
complexes. For mass spectra in the “normal” mode; @8s therefore used

absolute value of the energy scale was determined by stepping the potential
of the collision cell, and then fitting the derivative of the resulting retardation
curve to a Gaussian function. The maximum of the Gaussian was taken as

as the sheath gas. For daughter-ion and RFD modes, in which there is athe absolute zero of the energy scale. It coincided with the potential of the

mass-selection step in the experiment,dduld be used.

first octopole.
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Table 1. Schematic Description of the Gas-Phase Tandem Mass Spectrometric Experiments on Coingiel®&s

Precursor: is electrosprayed producing in Q1: which is collided in producing in Q2: Comments:
into O1 where there 02 with:
is:
1 @ I+ 10 mTorr CO, / low @ I+ production of intact
(1¢] - t 1 H
Ir Clo, tube lens potential I - -—-- molecular ions
Me,P” 2 CH, Me;P” L CH,
N=C-CH, N=CCH,
5 @ I+ 10 mTorr CO, / @ It collisional removal of
/lgi clo,~  higher tube lens /|r2 major - — the most weakly bound
Me;P™ = “CH, ; Me,P CH, ;
N=C-CH, potential i ligand
/Irl” minor
Me,P—CH,
3 @ I+ 10 mTorr of Ar/ 10 @ Bk amount of adduct
Mep” —“\[c o, morr cyclohexane /Irm major o - corresponds to the
3 ey or benzene / the Me,P H, amount of cyclic ion in
3 .
higher tube lens T+ the previous experiment
potential 1 minor
Me,| P
R = cyclohexyl or pheny!
4 @7 1t 10 mTorr N, / the @ I+ @ ]+ no reaction in 02 until
/'fli cio,” higher tube lens ﬂ pentane or ! collision energies are
Me,P NAC:’-E’H potential MesP” CHy benzene MeP” CHy high encugh to induce
- 3 with mass-selection methane loss first
to exclude other ions
5 @ I+ 10 mTorr N, / high :gpy I+ @ T+ even at the lowest
/|r“‘ clo,~  tube lens potential i pentane or ‘” available collision
Me.P” = CH /\ Me, P R ;
3 I é‘H Me,P—CH, benzene energies
: with mass-selection R = penty, cyclohexyl,
to exclude other ions or phenyl
6 @ It 10 mTorr CO, / 10 @ I+ @ I+ addition of benzene to
/;ﬂ cilo,~  mTorr CgHg / high xenon i the cyclic ion is
Me;P :N—%H tube lens potential MeP” Cobly g\/|e2p/_\cp-|2 reversible at modest
- 3 with mass-selection iai :
to exclude other ions collision energies
7 @ It 10 mTorr CO, / 10 @ It @ 1+ up to 6 deuteriums
Me.p /LEQCH clo,~  mTorr CgDg / high H,D,C /Irm xenon /Ir{ﬂ remain after loss of
©3 :NEC~03H3 tube lens potential Ha.yDyC“")P CoHyaysz-1D6xy2 (CH3,D,)(CHy.,D,)P—CH, D, benzene upon CID
H,,D,C
with x+y+z < 6 and mass withx<3,y<3,2<2
selection to exclude other ions and x+y+z <6
8 @“I* 10 mTorr CO, / 10 @ I+ @?
Ii clo,~ mTorr n-CgH,, / high xenon ad loss of pentene upon
MesP” i g’EH tube lens potential Megp” “CgHyq Mesp” “H CID
with mass-selection
to exclude other ions
9 @p‘\* 10 mTorr CO, / 10 @T’f @p"ﬁ
“\‘ clo,~ mTorr ¢-CgHy, / high ’“ xenon /|,£ loss of cyclohexene
MegP”” i (é G, tube lens potential MegP” Catt, Me,P H upon CID
with mass-selection
to exclude other ions
10 @ 0 10 mTorr CO, / 10 @ B @ T1*  loss of cyclohexene
|[Ii clo,~ mTorr ¢-CgDy, / high xenon P upon CID with 2
MesP '}\lv‘é"_gH tube lens potential (CHS)Z(CHZD)P “Ceig (CHa)Z(CHZD)P ~o deuterium remaining on
= 3

with mass-selection
to exclude other ions

the complex
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Table 1. (Continued)
Precursor: is electrosprayed producing in Q1: which is collided in producing in Q2: Comments:
into O1 where there 02 with:
is:
" @ I+ 10 mTorr CO, / 10 I+ xenon / very high @ 1+ multiple products but
P co;  mTor CeDg/high  w,p.c collision energies ir the [Cplr]* fragment
B . K N H
Me;P A $8H3 tube lens potential Ha.yDyC“"}P CeHyaysz-1Dssxyz contalr'1ed no
H,,D,C deuteriums
with x+y+z < 6 and mass
selection to exclude other ions
12 @ I+ 10 mTorr Ar / high g:; I+ CH,CN / low @ I+ (6 + CHCN) /6 /(7 +
/;[‘i co,~ enough tube lens /|{ collision energy /|[”\‘ +6 CH5CN) / 7 in ratio 100 /
Me,P :—N=<(:3%H potential to remove Me,P” CH, Me;P ngHéH 5/12/3. The 16-e
B acetonitrile ligand with mass-selection : complexes readily bind
to exclude other ions @ 'l+ a 2-e" ligand like
il .
CHONsYIN + 7 acetonitrile. Very
Me,P—CH, similar results with CO
13 \g 10 mTorr Ny / low ?(7*‘ in solution, the triflate is
i tube lens potential i —- ———— partially ionized, so it
Meap/ =_:o\cp.|3 Mesp/ “SCH, can be electrosprayed
directly
14 ﬁij + 10 mTorr CO, / low I results analogous to the
i clo,- tube lens potential m -— -— Cp complex
4 r
Mesp”” XCHq Me,P~” £ CH,
N=C-CH, NC-CH,
15 \Q_] + 10 mTorr CO, / ﬁj + facile loss of the weakly
i clo.- slightly higher tube 1 - - bound acetonitrile ligand
4 Ir.
Me,P” S CH, lens potential Me,P” CH,
N=C-CH,
16 1+ 10 mTorr CO, / high ?(T + collisional activation
/Iﬂ o, tube lens potential /lrﬂ minor causes loss 'of methane
Me;P” £ CH, Me,P 5 and predominant
N=C-CH, 7+ formation of the cyclic
SQEZ complex
|r\‘“ major
Me,P—CH,
ﬁj + 10 mTorr CO, / 10 $ It reactions identical to
it cio,-  MTorr pentane or " - - those in the Cp complex
2
" CH, * penzene / high tube Me,p”” g except that the Cp*
N=C-CH, lens potential R = pentyl or phenyl complex did not react
with cyclohexane
?(T + 10 mTorr CO, / 10 14; I+ the presence of
cio,- mTorr CgDg / high o - ——- benzene in the O1 leads
* tube lens potential Mesp/ Ir\CH3 to the disappearance of
C-CH T+
IrIII
(CH),CH,DIP” CqDs
10 mTorr N, / 10 # I+
mTorr n-CgH,, / high m
tube lens potential

the cyclic ion and the
appearance of the

-

MesP” “CsHyq

with mass-selection

to exclude other ions

benzene adduct
Xxenon

=
rlII
Me,p” H

loss of pentene upon
CID
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Table 1. (Continued)
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Precursor: is electrosprayed producing in Q1: which is collided in producing in Q2: Comments:
into O1 where there 02 with:
is:
20 1,t I+ 10 mTorr CO, /10 I+ # "1+ loss of benzene upon
" ot mTorr CgDg / high \% xenon m CID with either 0 or 1
Me,p” l‘—,:\cH3 tube lens potential (CHy)CH,DP™ ’\C6D5 /'_r\ deuterium remaining on
N=CCH (CHsICH3,DIP—CH2yDy - e cyclic complex
o 3 with mass-selection Y P
to exclude other ions with x+y <1
21 # I+ 10 mTorr Ny / high It the mass of the ion
i -OTH tube lens potential T - — clearly indicates that
(CDR,P” TYCH, SN A CH,D was lost upon
N=C-CH, (€03); 2 CID
29 # I+ 10 mTorr N, / high I+ 1% "]+ some scrambling of the
o tube lens potentiai Qm( CgHe w isotope labels is evident

“OTf

Ir

AN at much higher collision
(CD5),P—CD,

energies

Ir.
(€D)P”" T CH,
N=C-CH,

:
(CDL),(CHDP” " CgHy

with mass-selection
to exclude other ions

a Entries without items in O2 and Q2 are ordinary electrospray mass spectra. ltems with the designation “mass selection...” indicate daughter-ion
spectra.

460.3

extracted from our data with Armentrout's CRUNCH program, yielding  *°° ]
a value in agreement with the published d&t&.
Ab initio calculations of geometries and frequencies for the orga- s 1
nometallic complexes in this report were performed with Gaussiéh 94
on IBM RS/6000-590 or DEC Alpha AXP 8400 5/300 workstations.
The initial calculations at the Hartred-ock level employed a basis
set comprising the Hay and Wadt effective core potetiti@CP) for
iridium and a modest 3-21G basis set for the light atoms, comparable <o -
to that found by Frenking and co-workéfsto give good geometries
and relative energies for other organometallic systems. The larger
LANL2DZ basis se¥ (D95 on first row, Los Alamos ECP plus doule-
on Na-Bi) was used for subsequent Hartré®ck and DFT (with the
B3LYP density functional) calculations. Full geometry optimization T : T i T " o o
and frequency calculation was done at the Hartiieeck level and with mie (amu)
DFT, yielding very similar results throughout. The DFT calculations Figure 1. Electrospray mass spectrum of [Cp*Ir(PYEHs)-
closely parallel those by Hdll,and by Siegbah#, for other metal al i .
systems. The consistency of the geometries at differing levels of theory(N_CC'_b)] with the mve 458, 46.0 doublet due to the 1.2 natgral
and theif intuitive reasonableness lend credibility to the computational abundance ofir and**r, taken with a very low tube lens potential,
) . . ; showing the intact organometallic molecular ion transferred from
results. Accordingly, the DFT calculations with the large basis were } .
- ; . ) solution to the gas phase. The spectrum corresponds to entry 14 in
deemed sufficient for the computation of frequencies to be used in the Table 1
RRKM kinetic shift calculations needed to extract thermochemistry '
from CID threshold measurements. Even at this relatively modest level
of theory, the computation of sufficiently realistic geometries and
frequencies represents one of the real-life limiting factors in the entire
experiment. 80

60 458.3

419.3

Results ) anay

60

The gas-phase results are summarized in Table 1. Some
representative mass spectra, keyed to the table entries, are showne |

(20) Dalleska, N. F.; Honma, K.; Armentrout, P.B.Chem. Physl989

90, 5466. 7 4033 160.2
(21) Dalleska, N. F.; Honma, K.; Armentrout, P. B.Am. Chem. Soc. 0123 !
1993 115 12125. 1L ,ﬁl
(22) Gaussian 94(Revision A.1); M. J. Frisch, G. W. Trucks, H. B. 330 ' ado " 430 ‘ 500 30

Schlegel, P. M. W. Gill, B. G. Johnson, M. A. Robb, J. R. Cheeseman, T.
A. Keith, G. A. Petersson, J. A. Montgomery, K. Raghavachari, M. A. Al- ) .
Laham, V. G. Zakrzewski, J. V.. Ortiz, J. B. Foresman, J. Cioslowski, B. J. Figure 2. Electrospray mass spectrum of [Cp*Ir(PHIEH;)] * with
Stefanov, A. Nanyakkara, M. Challacombe, C. Y. Peng, P. Y. Ayala, W. them/e 417, 419 doublet due to the 1:2 natural abundancé4sfand
Chen, M. W. Wong, J. L. Andres, E. S. Replogle, R. Gomperts, R. L. Martin, 193, taken with the application of a larger tube lens potential to remove

D. J. Fox, J. S. Binkley, D. J. DeFrees, J. Baker, J. P. Stewart, M. Head- the weakly bound solvent ligand. The spectrum corresponds to entry
Gordon, C. Gonzalez, and J. A. Pople; Gaussian, Inc.: Pittsburgh, PA, 1995.15 in Table 1.

(23) Hay, R. J.; Wadt, W. RJ. Chem. Phys1985 82, 270, 284, 299.

(24) Jonas, V.; Frenking, G.; Reetz, M. J. Comp. Chem1992 13,
919. Jonas, V.; Frenking, G.; Reetz, M.J..Comp. Cheml992 13, 935.
Veldkamp, A.; Frenking, GJ. Comp. Chem1992 13, 1184.

(25) Siegbahn, P. E. Ml. Am. Chem. S0d.996 118 1487.

mie (amu)

in Figures 16 to illustrate the quality of the original data. With
some small differences (indicated below), the reactions of the
[Cp*Ir(PMes)(CHa)]™ and [Cplr(PMe)(CHz)] ™ complexe< and
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403.3

80 1
401.3

60 1

419.2

; e

450
m/e (amu)
Figure 3. Electrospray mass spectrum of cyclic cation, [Cpjt(
(CH.PMe)]*, with the m/e 401, 403 doublet due to the 1:2 natural
abundance oflr and*®3r, taken with the application of a high enough
tube lens potential to induce the elimination of Cbly CID. The
spectrum corresponds to entry 16 in Table 1.

T T T
350 500 550

419.3
100

487.3
417.3

485.3
=2

20
460‘.3

T T T T T T T
450 500 550

m/e (amu)
Figure 4. Electrospray mass spectrum of [Cp*Ir(PHIEH3)] atm/e
417, 419 and [Cp*Ir(PMg(Ph)]*-ds at m/e 485, 487, prepared by
reaction of a mixture (such as shown in Figure 3) of [Cp*Ir(R)&Hs)]
and [Cp*Ir(;>-CH,PMe)]* with benzeneds. The spectrum corresponds
to entry 18 in Table 1.

487.1
100

80 1

60

40

10‘4.1

352.5 387.6 Jmﬂ 444.2  469.8

T
400

326,3

T T T T T
300 350 450 500 550

m/e (amu)
Figure 5. Electrospray mass spectrum, in daughter-ion mode, of the
products from the collision-induced dissociation of mass-selected
[Cp*Ir(PMe3)(Ph)]™-d® (only the'%dr isotopic species) with xenon as
the collision partner. The peaksmate 404 and 487 correspond to the
ion with and without loss of benzerde: The expanded inset showing
the m/e 404 peak also shows a small peakndé 403, corresponding
to loss of benzends upon CID. The spectrum corresponds to entry 20
in Table 1.

6 are entirely parallel, with the Cp series of complexes showing
qualitatively higher reactivity than their Cp* analogs. One can

Hinderling et al.

411.2

489.0

m/e (amu)
Figure 6. Electrospray mass spectrum, in daughter-ion mode, of the
products from the gas-phase reaction of mass-selected [Gp*Ir(
CD,PMex-ds)]* (only thel®3r isotopic species) and benzene. The peaks
atm/e 411 and 489 correspond to the ion without and with addition of
benzene. The spectrum corresponds to entry 22 in Table 1.

(2) The ion assigned & prepared by collisional removal
of CH3CN from 5 and thermalized, picks up neutral 24@ands
such as acetonitrile or CO with high efficiency at very low
collision energies. Also evident (at much lower intensity) are
the ions due t& and (7 + acetonitrile) [Table 1, entry 12].

(3) After collisional removal of the acetonitrile ligand from
1 or 5, the resulting ions2 and 6 readily lose CH with
cyclometalation upon further CID [Table 1, entries 2, 5, 16,
and 21].

(4) In the gas phase, all detectable cyclometalation proceeds
exclusively on the methyl groups of the phosphine, and not on
the Cp or Cp* [Table 1, entries 11 and 21].

(5) The metallaphosphacyclopropargand7 react readily
with pentane and benzene to yield the products (with respect
to the original2 and6) of an overallo-bond metathesis [Table
1, entries 5 and 22].

(6) The addition o83 or 7 to benzene is reversible upon further
CID [Table 1, entries 6, 7, and 20].

(7) Whenp-hydride elimination is possible from or 8, it
occurs upon CID [Table 1, entries 8, 9, and 19].

(8) The cyclometalated iorand7 are much more reactive,
with regard to C-H activation in the gas phase, than the
precursor ion® and6 [Table 1, entries 3, 4, and 18].

The differences in the gas-phase chemistry of the Cp*
complexesl—4 and the Cp analogs—8 are confined to two
areas. Comparing entry 3 or 5 to entry 17, one sees that, while
the Cp-substituted complexes add to pentane, cyclohexane, or
benzene, the Cp*-substituted analogs react with pentane or
benzene only. No cyclohexane adducts were observed in the
gas-phase reactions ®for 3. Secondly, comparison of entries
7 and 19 shows that, in the CID of the two phenyl-substituted
complexes4 and 8 (R = Ph), there is complete deuterium
scrambling in8, but only partial scrambling id. An explana-
tion for both observations, based on general features of ion
molecule reactions, will be given below in the Discussion. It
should also be noted that reactionsrafith methane produced
only the barest hint of addition products.

The quantitative CID threshold (argon as collision partner)
for loss of CH, from 6 to form 7 is shown, with the fit to an
analytical threshold function, in Figure 7. The data were
recorded as described in the RFD mode, and deconvoluted with
the CRUNCH program from Armentrout and co-worké&tg!

draw a series of broad conclusions from the observed gas-phasavith the internal energy of the ions set by the T manifold

reactions.

(1) Electrospray ionization cleanly produces the molecular
ion of organometallic complexes, with even weakly-bound
ligands still intact [Table 1, entries 1, 13, and 14].

temperature to which they were thermalized. The RRKM

calculation comprising part of the deconvolution requires the
frequencies for the product ions, as well as estimates for the
five normal modes in the transition state that become, at the
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lost. The reported threshold is the average of five independent
determinations. For each determination, four separate threshold
measurements were done. A similar measurement fa2 the

3 + CHjy reaction was not attempted because the five additional
methyl rotors on the Cp* ligand would result in a much larger
kinetic shift, already~0.4 eV in the reaction witt6, making
accurate determination of the threshold more difficult.

The solution-phase experiments showed somewhat different
chemistry. Starting with the undeuterated complex [Cp*Ir-
(PMes)(CH3)(OTH)] in CD,Cly, reaction with benzenés through
the putative intermediacy of [Cp*ig-CH.PMey)]*, complex
3, should lead to deuterium incorporation in the phosphine ligand
and loss of CH instead of CHD (Scheme 4). The mirror-
image of the deuterium “wash-in” experiment would be a
deuterium “wash-out” from [Cp*Ir(PMgdg)(CH3)(OTf)] by

collision energy (V)
Figure 7. Representative collision-induced dissociation (CID) threshold
curve for the reactio® — 7 + CH,, showing the dependence of the  Ph) was complete and quantitative after several hours upon
dissociation cross-sectiow,(107%6 cn) again collision energy (eV, reaction at either room temperature or 5. However, in
et o o covred s b sk vy NS the forme xgerinrt, probed By M, o e
yielded the following parameters (0 KE, = 0.58(2) eV,0 = 52.8(3), ‘I‘atter, pr(?’bed by}H NMR’,,WaS therg any QV|dence for deuterium
andn = 1.42(4). yvash-ln or “wash-out”, respectlvely_, in the resonances as-
signed to the methyl groups on the trimethylphosphine ligand.
asymptotic limit of dissociation, two translations and three An attempted preparation of the [Cplr(PBIECHz)(OTH)]
rotations of the two departing fragmeRtsNumerical estimates ~ complex5 in CD;Cl, resulted only in the rapid darkening of
for these five frequencies were taken from computations of the solution and the production of uncharacterizable products.
analogous oxidative additidhreductive eliminatior?/ and One presumes that the qualitatively greater reactivity of the Cp
o-bond metathest transition states. Fortunately, the cyclic versus Cp*-substituted complex leads to reaction with the
transition states for all of these chemical processes are relativelysolvent and/or decomposition.
tight, showing for the desired modes similar frequencies. With ~ Because a small amount of reaction6ofvith CH,Cl, could
use of 80, 135, 540, 1285, and 2050@for the five transition- be seen in the gas phase under certain conditions, it was thought
state frequencie®, (anything over~200 cnt! makes very little that use of a more inert solvent might be advisable. Accord-
difference anyways), the deconvoluted threshold forahe 7 ingly, treatment of the [CpIr(PMg(CHz)(I)] complex with
+ CH, reaction, corrected to 0 K, i§p = 0.724 0.10 eV, if AgOTTf in purified GFs in the presence of §Ds led to the
all the vibrations are treated as harmonic. If a physically more disappearance of tHél NMR signals for starting material, and
realistic model is used in which the methyl groups, the the appearance of a red precipitate that unfortunately exhibited
phosphine as a whole, and the Cp ligand are treated as internasuch low solubility in GFs that no'H NMR spectrum could be
rotors3 then the deconvoluted threshold drop£to= 0.594 seen. When the precipitate was collected and redissolved in
0.10 eV, or 13.6+ 2 kcal/mol (& error bounds). The drop in  acetonitrile, the electrospray mass spectrum showed [Cplr-
the deconvoluted threshold upon inclusion of internal rotations (PMe3)(CHs)(CH3sCN)]*. (We find that acetonitrile traps any
in the fit is expected because, in going frdto any of the of the 16-€ complexes and stops any further reactions.)
conceivable transition states for methane loss, free rotation aboutEvidently, ionization of the Cplr(PMgCHz)(1) to the triflate
two of the four methyl rotors, and the phosphine as well, is salt had occurred, but poor solubility of the complex led to
precipitation before any reaction could occur. On the other
hand, reaction of-7 mg of Cplr(PMg)(CHz)(Cl) in 1.5 mL of
CeFs With 1 equiv of Ag(QSGsF17), instead of AgOTf, led to
the appearance of the AgCI precipitate above which stood a
The transition state geometries for thel@{CHy)(H)(CHs) (M = Al, Sc) supernatant solution, which was filtered and added rapidly to a
were reoptimized at the CAS(4,4)/LANL1DZ level. Frequencies at this level 3-fold excess of CBCI/CgHe (30:1 v/v) at room temperature.
were then computed and used to guide the estimates for the current systemTheH NMR spectrum showed CHand the appearance of three
(29) These frequencies came from the calculation described in ref 28. distinct species (by both the Cp and th®Me; resonances)
An alternative set of five frequencies taken from the calculation in ref 6 . .
(149, 184, 488, 499, and 2243 c#) produced deconvoluted thresholds thse. relative amounts ghangeq over a 'p.e”()d of a day.
that differed bymuchless than the state#0.1 eV error bounds. Periodic quenches of an aliquot with acetonitrile, followed by
(30) Ihefunterrt\_al frotor tertl‘ergy flet\éelscwel_re cc()jm{?]utetd_ frotrrr]\ tlhﬁ fedrl]i_ced electrospray mass spectrometry, also showed the formation of
moments Or Inertia 1or rotation o e Cp ligana, the trimetnylphospnine . : .
unit as a whole, and the individual methyl groups, using the computed three+|on|c complexes: the expected £Cp|r(F§M@H3)(CH3'
equilibrium geometry 06. See: Berry, R. S.; Rice, S. A.; RossPhysical CN)]* and [Cplr(PMg)(CeHs)(CH3CN)]™ complexes, and a
Chgm?trtylst ?dt.r;]\]ohr? W|Iﬁy: Ney: York,I 19t80t; [t)hW;L ng_ met?y{ rotoLs, o doubly-charged dimeric speciés,([Cplr(PMe&)(CHy)(CHz-
ana rotation o € phospnine unit, are I0ost a e transition state, wnic + H
accounts for the marked effect on the computed threshold energy. CN)I")., of as yet undgtermlned StrUCture'. Aiter 12 h at room
(31) The dimeric nature of the complex is unambiguous from the isotope t€Mperature, the reaction was complete, with only the latter two
peaks in the mass spectrum. BecausétthRMR spectrum for the dimeric ~ complexes remaining. When the experiment was done in the
complex shows a single Cp resonance with no new splittings, and two
different aliphatic peaks split by coupling to the phosphorus, both of which (32) Care must be taken that thgFg and GFsN solvents are freshly
disappear in the dimer derived from the complex with a deuterated distilled from CaH to remove all traces of protic acid, presumably HF. We
trimethylphosphine, one can place some constraints on the structure of thefind the Cplr(PMeg)(CH3)(OTf) complex to be very susceptible to proto-
complex. Moreover, it is clear from the mass alone that methane loss hasnation and subsequent loss of methane.
occurred. While a final judgment awaits further work, we believe the (33) An intramolecular addition would simply be tie— 7 reaction,
structure has a six-membered ring analogous to that found by X-ray and would produce C§D. An intermolecular addition to a-€D bond in

crystallography for the dimer of (dmp#u, characterized by: Cotton, F. the deuterated trimethylphosphine ligand, done twice, would be one way
A.; Frenz, B. A.; Hunter, D. LJ. Chem. Soc., Chem. Comm@874 755. to the dimeric complex of ref 31, and would also produce;CH

reaction with GHg in CD,Cl, solution. In both experiments,
replacement of théH NMR signals ofl by those of4 (R =

(26) This methodology is described in: Loh, S. K.; Hales, D. A.; Lian,
L.; Armentrout, P. BJ. Chem. Phys1989 90, 5467.

(27) Obara, S.; Kitaura, K.; Morokuma, K. Am. Chem. Sod 984
106, 7482.

(28) Rappe A. K.; Upton, T. H.J. Am. Chem. Sod.992 114 7507.
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absence of benzene, only the first and third complexes were
produced. The same chemistry is also observed when Cplr-
(PMe3)(CHs3)(Cl) is treated with AgOTf in perfluoropyridine.

In that case, the AgOTf was dissolved igFgN prior to addition

to a solution of the iridium complex. Treatment of Cplr(PMe
dg)(CH3)(CI) in an identical fashion gave the corresponding
Cplr(PMes-dg)(CH3)(OTf) complex in GFsN solution, which
again slowly dimerized over a period of 12 h in the absence of
hydrocarbon traps. Metha#feroduced in the reaction without
added hydrocarbon was clearly shown'biyNMR to be CHD,
although it is not clear whether the deuterium incorporation came
from an intra- or intermolecular addition to the deuterated
trimethylphosphine liganéé Lastly, we find that, with @Ds
present in the €FsN solution as the complex is prepared, Cplr-
(PMe3)(CHg3)(OTT) reacts with the evolution of both GHand
CH3D, although again, the presence of significant amounts of
the dimeric complex makes it difficult to identify the reaction
producing CH. The electrospray mass spectrum of the
[CpIr(PMe;)(Ph)(CHCN)]* product in the reaction with éDs,

after acetonitrile quench, showed five deuteriums rather than
six, making it clear that i6 and7 were both present, then all
of the 7 would have had to have ended up in the dimer rather
than in the adduct with benzene.

The geometries and relative energies of several of the
important organometallic structures, computed byehénitio
methods described above, are shown in Figure$@ For all
three structures, the structures were verified to be minima by
computation of the frequencies, which are tabulated in the
Supporting Information along with the Cartesian coordinates
of each atom. If one draws a “bond” from the iridium atom in
6 or 7 to the center of the Cp ring, then the sum ofIE—P,
Cp—Ir—P, and Cp-Ir—C angles is a measure of the “planarity”
at the iridium center. In Figure 8, the view 6fis chosen to
emphasize the nearly “planar” arrangement of ligands around
the metal (sum of angles358). Similarly, the view of7 in
Figure 9 shows that the metal is now “pyramidalized” (sum of
angles~33%). While a definitive judgment will require a more
thorough computational study, one can suspect that the differ-
ences in reactivity betwee® and 7 could stem from a
combination of better steric access to the metal7irand
electronic differences imposed by the different geometry about
the iridium center. A full exploration of the hypersurface

Figure 8. Computed (DFT with B3LYP functional and LANL2DZ
basis set) structure éfviewed along the plane formed by the-C—P
atoms (Ir-C bond in front) to emphasize the near “planarity” at the
central iridium atom. The hydrogen atoms are not shown. Important
bond lengths: kCp (center of ring) 1.95 A, C 2.05 A, I-P 2.41

A, P—C 1.88 A (for all three methyls). Important bond angles:16-P
89.96, Cp—Ir—P 134.18, Cp—Ir—C 133.54. Note the sum of the
bond angles about the central iridium atom is 357.8®tal energy:
—464.12127 hartrees.

7+

3
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CgDg

~> I
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(CHz),(CH,D)P CgDg

connecting the various energy minima is beyond the scope of
the present report and will be the subject of future investigations.
Looking at the DFT results, one sees that the relative energies
of 6 and7 are not too well described, with the cyclometalated
complex? (plus CHy) predicted to lie 26 kcal/mol above the
open structurd. As a comparison, the CID threshold experi-
ment places an upper-bound on the energy difference of 13.6
kcal/mol. Three stationary points were found with an Ir(V)
structure9 containing the same three-membered ring, as well
as I-CHs and Ir—H bonds, designatefl with cis-anti, cis-

syn andtrans configuration of the +CHz; and Ir—H bonds
(Scheme 5). Although the twais structures are almost identical

in energy (within 1 kcal/mol), with thé&rans structure 24 kcal/
mol higher in energy, only theis-anti (on geometrical grounds)
structure can be the first-formed intermediate (or transition-state)

Figure 9. Computed (DFT with B3LYP functional and LANL2DZ
basis set) structure gfviewed along the plane formed by the-C—P
atoms (Ir-C bond in front) to emphasize the near “pyramidalization”
at the central iridium atom. The hydrogen atoms are not shown.
Important bond lengths: +Cp (center of ring) 1.93 A, kC 2.10 A,
Ir—P 2.41 A, P-C 1.88 and 1.87 A (shorter bond on “concave” side).
Important bond angles: €r—P 47.56, Cp—Ir—P 147.08, Cp—Ir—C
144.25. Note the sum of the bond angles about the central iridium
atom is 338.87. Total energy: —423.56517 hartrees for and
—40.51448 hartrees for methane.

Figure 10. Computed (DFT with B3LYP functional and LANL2DZ
basis set) structure afis-anti-9, the putative product of an intramo-
lecular oxidative addition bg, viewed along the plane formed by the
C(ring)—Ir—P atoms (I+-C bond in front) to show the relationship of
the hydrido and methyl ligands to the ring. Only the-H hydrogen
atom is shown. Important bond lengths—IZp (center of ring) 2.02
A, Ir—C(ring) 2.18 A, Ir-C(methyl) 2.15 A, I-P 2.41 A, P-C 1.87

A (for both methyls), I-H 1.57 A. Important bond angles: C(ring)
Ir—P 46.18, Cp—Ir—P 136.20, Cp—Ir—C(ring) 123.69, Cp—Ir—
C(methyl) 116.43, Cp—Ir—H 123.8%, C(ring)—Ir—C(methyl) 119.70,
C(ring)—Ir—H 77.32, P—Ir—H 97.29, P—Ir—C(methyl) 86.77,
C(methyl}-Ir—H 73.95. Note the two important distances C(rirg)l
and C(methyh-H are 2.39 and 2.29 A, respectively. Total energy:
—464.09308 hartrees fais-anti-9. cis-syn andtrans9 lie at —464.09426
and —464.05455 hartrees, respectively.
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for a hypothetical reaction froné to 7 via a discrete Ir(V) Me,p”” Ir\CH3 &
species. The DFT calculations placis-anti-9 approximately 2 - CHq I+
18 kcal/mol abovés. While the numbers, taken literally, place \5%

cis-anti-9 below (7 + CH,), the disagreement with experiment
(see below) on theé versus { + CH,;) energy difference,
combined with the well-known problems in computing bond
energies (BSSE, size-consistency, etc.), means that one can onl
say with certainty that botfd and cis-anti-9 are energetically
accessible structures that could plausibly be important in the
C—H activation chemistry o6.

]
Me,p” SCH,

literature, an alternative structure, an isomeritr(PR;)(CHz)
%hosphido complex, has been shown to rearrange irreversibly
to Lslr(H)(n?>-CH,PMey),*3 which indicates at least some relative
stability. Furthermore, a reversible intramoleculari€inser-
tion reaction on the trialkylphosphine ligand has also been
Discussion reported for several complexes of iron, nickel, manganese,
rhenium, ruthenium, and osmiuthiwith the equilibrium lying
At the nonquantitative level, the mass spectrometric observa-toward the cyclometalated product. The cyclometalation reac-
tion of organometallic complexes, including reactive intermedi- tions of 2 and6 differ from these primarily in the concomitant
ates, is straightforwar#; 3’ and qualitative observation of  |oss of methane, removing any possibility of reversibility. The
collision-induced reductive elimination from electrosprayed Pd- ohserved threshold for methane loss frémf 13.6 kcal/mol is
(IV) complexes, for example, has even been repoftedhe also consistent with the structural assignment. The facile
range of organometallic systems for which electrospray mass addition of7 to alkanes and arenes indicates that the reactions
spectrometry can been done suggests broad applicability as bottyf 7 occur over a rather low barrier. Accordingly, one would
an analytical and mechanistic tool. While there have been CID expect the heat of formation of - CH,) to be something like
threshold measurements on other organometallic sp&citthie 10 kcal/mol above that . The principal difference between
present work represents the first application of the method to the two complexes is just ring strain, with a small contribution
organometallic complexes that appear as reagents or catalystgrom the difference between the-® bond strength in methane
in solution-phase chemistry. and that in the methyl group on the phosphine ligand. A
The gas-phase reactions of the cationic Ir(lll) complexes, as difference of~10 kcal/mol is just about what one would expect.
observed in the mass spectra, clearly point to a previously  An alternative structural possibility fatwas considered, and
unreported mechanism for their observedond metathesis  then excluded by the experimental evidence. A methylidene
reactions. Previous discussions had considered a two-stepcomplex bearing a phosphido ligand, isomeric wattor 7,
mechanism involving intermolecular oxidative addition of either differs from the cyclometalated structures primarily in the®
2 or 6 to the C-H bond of an alkane or arene producing an distance. A number of methylidene complexes of iridium have
Ir(V) intermediate, followed by reductive elimination of meth- been reporteéé Furthermore, precedent for conversion cfig
ane, or a concerted-bond metathesis reaction similar to that activation products to the Fischer carbene complexes has been
seen in early transition metals. The electrospray mass spectrgound for cationic Ir(Ill¢” and Pt(lly complexes. One can
show another mechanism involving initial elimination of therefore envision a case where the carbene complex is formed
methane, followed by addition to an alkane or arene, with all from 3 or 7. One can even consider the possibility that the
detected reactive intermediates retaining a for#rZoxidation carbene complex lies on the reaction coordinate f&oon 6 as
state. the first-formed reactive intermediate. The latter possibility can
Structural Assignment. The structures of the intermediate e excluded in the gas-phase reactidn; 3 + CH,. Entries
species3 and7, are assigned on the basis of literature precedent, 21 and 22 in Table 1 clearly indicate that [Cp*Ir(PMd)-
ab initio calculations, and the present experimental observations. —— : :
The masses @& and7, as well as isotopic labeling experiments, S0E:L.l,ZI)DQIIEgIr?(gl'rrl:’;\rsls.él.gSr(:I),C]lfg%Z(.:.’ McDonald, W. S.; Shaw, B.1.Chem.
strongly suggest a cyclic structure with cyclometalation occur-  (43) Fryzuk, M. D.; Joshi, KJ. Am. Chem. So¢989 111, 4498. Fryzuk,
ring on the phosphine and not the Cp or Cp* ligand. Numerous M. D.; Joshi, K.; Chadha, R. K.; Rettig, S.J.Am. Chem. S0d991, 113
examples of transition metal complexes with #feCH,PMe; 87%24) Hester, D. M. Yang, G. KOrganometallics1991, 10, 369.

ligand have been reported and characterized by X-ray crystallog-  (45) Karsch, H. H.; Klein, H.-F.; Schmidbauer, Bingew. Chem975
raphy#1—44 For at least one of the iridium complexes from the 87, 630. Rathke, J. W.; Muertterties, E. .. Am. Chem. Sod.975 97,
3272. Klein, H.-F.Angew. Chem., Int. Ed. Engl98Q 19, 362. Morvillo,

(34) Colton, R.; Traeger, J. thorg. Chim. Actal992 201, 153. Colton, A.; Turco, A.J. Organomet. Chen1981, 208 103. Werner, H.; Werner,
R.; D’Agostino, A.; Traeger, J. QMass Spectrom. Re1996 14, 79. R. J. Organomet. Cheni98], 209 C60. Lindner, E.; Starz, K. A.; Eberle,
(35) Kane-Maguire, L. A. P.; Kanitz, R.; Sheil, M. M. Organomet. H. J.; Hiller, W.Chem. Ber1983 116, 1209. Lindner, E.; Kster, E. U.;
Chem.1995 486, 243. Hiller, W.; Fawzi, R.Chem. Ber.1984 117, 127. Karsch, H. HChem.
(36) Lipshutz, B. H.; Stevens, K. L.; James, B.; Pavlovich, J. G.; Snyder, Ber.1984 117, 3123. Bergman, R. G.; Seidler, P. F.; Wenzel, TITAm.

J. P.J. Am. Chem. S0d.996 118 6796. Chem. Soc1985 107, 4358. Wenzel, T. T.; Bergman, R. G&.Am. Chem.
(37) Spence, T. G.; Burns, T. D.; Posey, L. A.Phys. Chem. A997, Soc.1986 108 4856. Hartwig, J. F.; Andersen, R. A.; Bergman, R.JG.
1071, 139. Am. Chem. Sod 991, 113 6492.
(38) Canty, A. J.; Tralill, P. R.; Colton, R.; Thomas, I. Morg. Chim. (46) Clark, G. R.; Roper, W. R.; Wright, A. Hl. Organomet. Chem.
Acta 1993 210, 91. 1984 273 C17. Fryzuk, M. D.; McNell, P. A.; Rettig, S. J. Am. Chem.
(39) Freiser, B. SOrganometallic lon ChemistrKluwer: Dordrecht, Soc.1985 107, 6708. Klein, D. P.; Bergman, R. G. Am. Chem. Soc.
1996. 1989 111, 3079. Fryzuk, M. D.; Gao, X.; Joshi, K.; McNeil, P. A.; Massey,
(40) Armentrout, P. BAcc. Chem. Red.995 28, 430. R. L. J. Am. Chem. S0d.993 115 10581.
(41) Lindner, E.; Neese, P.; Hiller, W.; Fawzi, Rrganometallics1986 (47) Licke, H. F.; Arndtsen, B. A.; Burger, P.; Bergman, R.JGAm.

5, 2030. Chem. Socl1996 118 2517.
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(CHs)] " loses CHD upon collisional activation, indicating that ~ distance for a charge-dipole interaction and* fér a charge-

the carbon leaving as methane came from the methyl groupinduced dipole interaction, and amounts to a potential well in
directly attached to the metal. If the carbene complex were to which the reacting partners of a bimolecular ‘amolecule

be the first-formed intermediate, one would expect the departing reaction are trapped prior to reaction (Schemé®87)n the
carbon to come from one of the methyls in the trimethylphos- absence of subsequent thermalizing collisions, the charge-dipole
phine ligand, giving loss of CHPinstead. The characteristic  or charge-induced dipole interaction can provide the energy
C—H activation chemistry we report is moreover inconsistent needed to surmount an activation barrier for the trapped reactants
with the reactions reported for the known methylidene com- as long as the transition state is not substantially higher in energy
plexes?® meaning, that if there were to be interconversion than the separated reactants. Neglecting for the moment any
between3 or 7 and the corresponding carbene complexes, it other shallow minima that may lie on the reaction coordinate,
would be a nonproductive equilibrium lying off of the main the potential energy diagram above rationalizes the very high

reaction pathway. reactivity in the reaction off with benzene, as well as the
The experiment listed as entry 12 in Table 1 was done to extensive isotopic exchange between the trimethylphosphine and
check the structure @ One could have imagined th@twith the hydrocarbon ligand. By microscopic reversibility, CID of

the same mass & could be the species actually prepared by 8 (R = Ph) to produce? and benzene should go through the
electrospray ionization ob. While not yet definitive, the same charge-induced dipole complex. As long as the transition
experiment is strongly suggestive that the ion is the 16-electron state for the conversion of the complex to the adduct lies below
complex6 rather than the 18-electron compl&x Entry 12 the asymptotic limit for separate molecules, the first step of the
corresponds to a daughter-ion experiment in which thermalized dissociation should be reversible, leading to the extensive
ions with the mass corresponding@are selected, and collided isotopic scrambling. Going to the Cp* series, the potential
with acetonitrile or CO in O2 at very low collision energies. In energy diagram is drawn with the same energy difference
this instance, the pressure of acetonitrile vapor or CO in O2 between the two minima, and the same activation barrier
was set to correspond to approximately 100 collisions by the between them (for argument’s sake), but a shallower well for
average ion before it exits into the mass analyzer. Nearly all the complex relative to the separated molecules. One would
molecules of6 pick up an additional acetonitrile or CO ligand justify this change by invoking both the increased steric bulk
under these conditions. The observation of a very minor mass of the Cp* ligand and the greater degree of charge-delocalization
peak due to7 indicates that there is sufficient energy in the in 3 (relative to7) as factors making the charge-induced dipole

collisions to induce a small amount of cleavage of ,CH\ interaction less stabilizing. Having lowered the asymptote
larger (but still smaller than the peaks due @oand 6 + relative to the two minima and the transition state for reaction,
acetonitrile)) peak due t& (+ acetonitrile) indicates thatalso a small activation energy now appears for the bimolecular gas-

picks up a 2-electron ligand. Not all molecules of the phase reaction. It may or may not be possible to measure the
unambiguously 16-electron compl&xpick up an acetonitrile resulting barrier to th& + benzene addition reaction if it is
or CO despite multiple collisions because, presumably, the only few kilocalories per mole, but importantly, the reverse
reactive cross section in the collision is smaller than the hard- reaction, CID of4 (R = Ph), would now proceed without
sphere cross section. Taken altogether, these observationseversiblity in the first step of the dissociation, limiting the
strongly suggest that the ion with the mass6d§ indeed the isotopic exchange to zero or one label.
16-electron structur€ and not the 18-electron structuge A One should note that the reaction ®fvith CH, (daughter-
control experiment whereby the unambiguously 18-electron ion mode, mass-selectédcollision in O2, not reported in Table
complex5 (L = CH3CN) is tested under the same conditions 1 because the extent of reaction was very small or zero) must
shows no pickup of an additional ligand. This rules out the undoubtedly follow a potential energy diagram similar to that
formation of electrostatically bound ietrdipole complexes as  shown in Scheme 8 fd8 and benzene, i.e. the transition state
the explanation for the acetonitrile or CO “trapping” results for the interconversion between the two minima must lie above
above. the separated molecules. Presumably, the small size and
Comparison of the Cp and Cp* Series of ComplexesThe consequent low polarizability of CHleads to an even less
difference in the extent of isotopic exchange between the stabilizing charge-induced dipole interaction. Accordingly, even
trimethylphosphine and the phenyl ligand upon ClDlefersus complex 7 reacts poorly, if at all, with methane. The CID
8 (R = Ph) very likely comes from a general feature of ton (48) Farneth, W. E.; Brauman, J.J. Am. Chem. Sod 976 98, 7891.
molecule reactions. In the gas phase,+omlecule reactions  Oimstead, W. N.; Brauman, J. 1. Am. Chem. Socl977, 99, 4219.
proceed through a charge-dipole or charge-induced dipoIeQSUJbiojé), O.I.;BraJunlﬂJan/,AJ.ll.c Ahm. Chsen(w:.L gsgm%a 1gé,9%71SShPellerit§,
cormplex bound by anywhere fom a few to several kiocalories . . Sumar, 3 b, Ay Chem, Sodgpd 102 299, Shae, <
per mole relative to the separated molecules. The non-negligibleg - keparle. PJ. Am. Chem. S0d984 106 959. McMahon, T. B.. Heinis,
attractive potential is relatively long ranged, i.e:2Xalloff with T.; Nicol, G.; Hovey, J. K.; Kebarle, B. Am. Chem. So4988§ 110, 7951.
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threshold for the reverse reaction, loss of methane f6ons which also suggest that the mechanism we observe in the gas
therefore interpreted as/%G* rather than a\G for the reaction. phase does not occur to a significant extent in solutionlfor
Similarly, one can postulate that the difference betw@emd We can postulate an explanation for the difference between

7 in their reactions with cyclohexane may stem from this same the gas-phase and solution-phase results. A concerteshd
model. The extra methyl groups&may force the intermediate  metathesis was originally offered as an alternative to the more
complex in the addition reaction 8fand cyclohexane to adopt  conventional oxidative addition/reductive elimination mecha-
a geometry where the two molecules are farther apart on averageyism for the observed €H activation chemistry of the Ir(1ll)
than they are in the complex of and cyclohexane. The  complexes because it was thought that an electron-deficient Ir-
potential surfaces for addition @fand3 to cyclohexane would (1) might find it unfavorable to proceed via an even more
show the same differences as between Scheme 7 and Schemgiectron-deficient Ir(V) intermediafe.A subsequent search for
8 except that, in the case of reaction with cyclohexane, the an accessible transition state for the concerted mechanism by
activation barrier in Scheme 8 would be high enough to stop gy, initio computational techniques was unsuccessful, leading
reaction at all accessible collision energies. In short, benzenety the conclusion that the reaction proceeded by addition
is highly reactive with the cationic metallaphosphacyclopropanes g|imination after alf The mechanism found in the present gas-
because, with its larger-system, it is highly polarizable.  phase work was not considered in that study, but nevertheless
Pentane reacts because ttfeCt-H bonds at its termini can  coyld have provided yet another alternative to the conventional
approach even a sterically hindered ion. Cyclohexane, with its oxjgative addition/reductive elimination mechanism that could
2° C—H bonds, cannot approach as closely, so the reaction is again avoid the Ir(V) intermediate if the methane loss ardHC
worse. Lastly, methane, although it is small, is the least activation steps each were to proceed concertedly with the
polarizable of the aliphatic hydrocarbons, and therefore forms t5rmation or cleavage of the three-membered ring. If one
only weakly-bound charge-induced dipole complexes, giving presumes that both an additieelimination and an elimination
the lowest reactivity. addition mechanism were to be plausible, and, furthermore, that
One last comment derived from the qualitative potential they proceed through transition states that are not too different
surfaces needs to be made. In solution, the dielectric screeningn energy, then electron donation by solvent or simple electro-
of electrostatic interactions reduces the charge-dipole or charge-static stabilization of charged species in a dielectric continuum
induced dipole interaction between the two reactant moleculescould tip the balance in favor of a route through an Ir(V)
to near zero until the reacting species are practically in contact. intermediate. External stabilization of an electron-deficient
The effect on the qualitative potential surface would be to pull species is absent, of course, in the gas-phase experiments. Our
the asymptote representing separated molecules down relativeyreliminary solution-phase results for Cplr(PMEH:)(OT)
to the electrostatic complex until there is only a very shallow in CsFsN solution indicate that the more electron-deficient
minimum (which presumably is the physical basis for a cage complexes undergo some different chemistry. While we could
effect in solution-phase reactions). Accordingly, isotopic exclude isotope exchange between the phosphine ligand and
exchange between the trimethylphosphine and a phenyl ligandthe incoming hydrocarbon in reactions of Cplr(PMEHs)-
in boththe Cp and Cp* series of compounds should involve no (OTf) with C4Ds, the observation of CiHevolution associated
more than one labeled atom per event, when the reaction iswith dimer formation indicates a mechanism involving an
performed in solution. Of course, multiple exchange would still addition to the G-H bond on the trimethylphosphine. What is
be possible if a reversible solution-phase reaction were to occuras yet unclear is whether the reaction is intra- or intermolecular.
repeatedly, but that is a trivial case. In the former case, intramolecular insertion would prodédgce
Comparison of the Gas-Phase to Solution-Phase Results. which presumably then dimerizes or reacts with another
The results are unambiguous that, in the gas-phase, loss ofmolecule of uncyclized complex. In the latter case, one could
methane precedes reaction with-B bonds for both the Cp  have an ordinary oxidative addition/reductive elimination
and Cp*-substituted complexes. The solution-phase results forsequence, done twice, which would give the same &swell
[Cp*Ir(PMes)(CHz)(OTH)] are equally compelling in that the  as the same dimeric complex. The experiments to date do not
absence of isotopic exchange between the trimethylphoshinedistinguish between the two possibilities, although it would be
ligand and the incoming hydrocarbon rules out the participation odd for an intermolecular addition to occur to the exclusion of
of an intermediate of structui® We have also been recently the intramolecular version. While a definitive conclusion will
apprised of unpublished results from the Bergman gr8up, require much further work, the preliminary results suggest that
the more electron deficient Cp-substituted complexes may be
(49) The reaction of and benzene or deuteriobenzene in solution shows

a primary deuterium kinetic dé4/kp ~ 4, which can be interpreted to mean reacting in solution, at least in part, by the same elimination

that C-H cleavage on the arene occurs in the rate-determining step. R. . @ddition mechanism seen in the gas phase. The proposition can
Bergman, private communication. be tested in two ways. By rendering the complexes even more
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Scheme 9 in an experiment designed to produce it (if it were an
-+ intermediate), which means that, in accordance with the
prediction from theory, one would have to place-anti-9
H3C'“/“"X"~PMe energetically abové by more than a few kilocalories per mole.
H \C|/4 2 Meanwhile, we also have the experimentally determined activa-
/ 2 \ tion energy for the loss of CHrom 6 at only 13 kcal which

cis-anti 9 would be a rigorous upper-bound on the amount al®tleat
) + 7 + cis-anti-9 could lie if it were on the reaction coordinate. One

@ ) @ can be reasonably certain in concluding, therefore, theisif
P ! /Irm anti-9 were to be an intermediate in the reactfn- 7 + CHy,

MesP CHs Me2p_\CH2 it would have to reside in, at best, a shallow minimum no more

6 . 7 than a few kilocalories per mole deep.
\ @—l ' / Conclusions

I -CH, Electrospray ionization tandem mass spectrometry, in con-
Mez,;,/ Vo junction with solution-phase experiments adinitio calcula-

Fi\zé‘-~H tions, is a new approach to the study of organometallic reactions

and reactive intermediates. Both the similarities and the
electron deficient through use of functionalized phosphines, the differences between the observed gas-phase and solution-phase
oxidative addition through an Ir(V) intermediate could be chemistry hold information useful to the dissection of complex
increasingly disfavored, allowing competing mechanisms to reaction pathways. In the particular case oflg activation
appear. A more direct approach is the independent synthesesy cationic Ir(lll) complexes, a novel mechanism involving
of 3 and7, and an investigation of their reactivity in the gas metallaphosphacyclopropane intermediates has been found. The

phase and solution. Both experiments are underway. balance favoring this mechanism over competing mechanisms
Mechanism of Methane Loss. Presumably, the preference not involving cyclometalation depends on the presence or
for 2and6 to react in the gas phase via the eliminati@aldition absence of solvent, and may be adjustable by perturbations in

mechanism comes from the aforementioned reluctance of thestructure or surroundings. The multiplicity of competing
formal Ir(lll) center to go to the requisite Ir(V) of an oxidative  mechanisms and energetically similar structural types in orga-
addition product. The claim really only pushes the question nometallic chemistry has often been blamed for the poor state
back one step, though. In going fra2ro 3, or 6 to 7, one can of mechanistic understanding in the field, but with the introduc-
again imagine a two-step mechanism involving intramolecular tion of new, powerful physical techniques, this problem can
oxidative addition through an intermediatis-anti-9, followed potentially become an asset. We see that changes in mechanism
by reductive elimination of CkJ or a concerted mechanism can be induced by small changes in the molecule or its
through a four-center transition state. The absence of afy C  surroundings, which if properly understood can then be used
activation chemistry by the CpFe(C@HCHPEt) complex* to fine-tune reactivity rationally. This possibility will be tested
(an 18-e complex) could be interpreted to mean that the metal in subsequent investigations.

center is involved in an addition reaction. Nevertheless, the
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