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Abstract: Complete geometry optimizations were carried out using density functional theory to study potential
energy surfaces of the transition-metal complex insertions into cafaiogen bonds. Theans Ir(Cl)(PHz)2

+ CX4 (X = F, CI, Br, I) systems are the subject of the present study. Three different reaction mechanisms
are proposed and are as follows: (I) oxidative insertion (OxIrtyanis-Ir(Cl)(PHs), into the C-X bond, (ii)

radical mechanisms proceeding via single electron transfer (SET), and (iii) backgidal$titution mechanisms.

The results of B3LYP/LANL2DZ calculations suggest the following: (a) For oxidative addition of 14-electron
T-shaped Mk complexes to saturated-X bonds the order of reactivity ist Br > ClI > F, whether collision
conditions exist or not. (b) The ease of oxidative insertion increases with increasing halogen electronegativity.
For the heavier halogens, especially idoine, OxIn and SET reaction pathways are in competition. (c) In the
competition of the §2 path with OxIn and SET processes, the former has the highest energy requirement and
is therefore the least energetically favorable path in all cases in the gas phase. Further, the reaction pathway
cannot be determined for the singlet transition states. The problem has been solved by computing the intrinsic
reaction coordinate (IRC). The IRC results have demonstrated that the transition state corresponds to a CX
fragment abstraction, rather than the backsig2 Substitution. Furthermore, a configuration mixing model
based on the work of Pross and Shaik is used to rationalize the computational results. It is demonstrated that
both thea(C—X) — o*(C—X) triplet excitation energy of halocarbons and the halogen lone-pair repulsions
play a decisive role in determining the dominant reaction pathways (i.e., OxIn or SET).

I. Introduction difficult because of low quantum vyields, which make it
impossible to observe reactive intermedidt&seory therefore

Halocarbons have been used extensively in agriculture, ) - i i )
industry, home products, etc., and as their utility has expanded,plays an important rolt_a_ln the investigation of the_ mgchanlsms
of such oxidative addition reactions, which are indispensable

their deleterious properties have become manifest and their role h hi ; | . ¢ th X
as contaminants of the environment has created considerabld®’ the achievement of real understanding of the reaction
concernt2 Much attention has been paid to the remediation of mechanism, but which often cannot be realized experimentally.
the damage that has been caused by the use of halocarbons, Thrée basic mechanisms had previously been proposed for
Finding a potential catalyst which enables the activation of the oxidative addition of halocarbons to transition-metal com-
carbor-halogen bonds is thus extremely desirable. Although Pléxes. A conventional proposal was for a concerted reaction
the activation of G-H and G-C bonds by transition-metal wherelr_l the metal |n§erts into the-X bond (OxIn)? Here the
complexes is well-knowd examples of &X (X = F, Cl, Br o-bonding electrons in the €X bond can donate to a vacant
and ) activation are rare as a result of the chemical inertnessOrbital on the metal; retrodonation (from a filleg,dr d,; vide

of C—X bonds?5 particularly little is known about the mech- infra) into theo™ orbital on the halocarbon would cause bond
anism of G-X activation. Systematically experimental and ™Making and breaking (see eq 1; [M] stands for the transition-
theoretical studies of €X activation pathways have not, to the Metal complex). An alternative proposal was a radical mecha-
best of our knowledge, been undertaken. addition, mecha- nism proceeding via a single electron.transfer (SET) and either
nistic studies of &X bond activation reactions have been @ halogen atom or a Ggroup abstraction (see eq2urther,

(1) (a) Crutzen, P. JAngew. Chem., Int. Ed. Engl996 35, 1758. (b)

Molina, M. J.Ibid. 1996 35, 1778. (c) Rowland, F. Sbid. 1996 35, 1787. X. * X
(2) (@) McElroy, M. E.; Salawitch, R. J.; Wofsy, S. C.; Logan, J. A. M| + CXq OxIn \M]/
Nature (London)1986 321, 755. (b) Saunders, G. @ngew. Chem., Int. [M]—Cx3 N CX3

Ed. Engl.1996 35, 2615.

(3) (a) Crabtree, R. H. Iictivation and Functionalization of Alkangs W

Davies, J. A., Ed.; VCH: New York, 1990; p 69. (b) Crabtree, RAHgew. SET1 . x-[M]e + Cx

Chem., Int. Ed. Engl1993 32, 789. (c) Schroder, D.; Schwarz, ihid. M| +Cx 3\[ |/X

1995 34, 1937. (d) Amdtsen, B. A.; Bergman, R. G.; Mobley, T. A; 4 M

Peterson, T. HAcc. Chem. Res.995 28, 154. SETA X3C—|M]-+-X/ X
(4) Crabtree, R. HThe Organometallic Chemistry of The Transition

Metals John Wiley & Sons: New York, 1994. @)

(5) The bond energy for €X (X = F, Cl, Br, and I) is 116, 78.2, 68,
and 51 kcal/mol, respectively. See: Huheey, J. E.; Keiter, E. A.; Keiter, R. hani | . . hich th |
L. Inorganic Chemistry4th ed.; HarperCollins Coliege Publishers: New ~an Si2-type mechanism was also considered, in which the meta

York, 1993. center acts as a nucleophile utilizing the nonbonding electrons
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in the d; or d; orbital (see eq 3). For OxIn andy3 reactions, arise that require a rationalization, which are presented in section
IV. Section V contains brief concluding remarks. Details of the
Yo y calculations are given in the Appendix.
] + 0x4 —22—+ | M——x| ——— M .
i CX3 Il. Electronic Structure of the ML 3 + CX4 Model System
3 We first consider the electronic structure of the 14-electron

T-shapedtransIr(Cl)(PHs), + CX4 model system. The elec-
these two pathways should be readily distinguishable consideringtronic characteristics dfansIr(Cl)(PHs), and CX have been
the stereochemistry at the carbon center insC¥e former previously discussed and need no additional comnmiénthe
requires retention at the reacting carbon atom, whereas the lattemain relevant molecular orbitals between the two fragments
requires inversion. In contrast, the SET reaction would result transIr(Cl)(PHsz), and CX, are shown inl. In the case ofia,
in a complete loss of stereospecificity at carbon. Surprisingly
none of these proposals seem to have been studied theoretically,
with the exception of the density functional theory (DFT) study
of the model reaction system P& CH3Cl.6 Thus, a detailed
theoretical study of €X oxidative additions to coordinatively
unsaturated metal fragments is proposed to investigate the
reaction pathways and to clarify the metalaloger-carbon
bonding interactions. Moreover, a better understanding of the
thermodynamic and kinetic aspects of such oxidative additions
may shed some light on optimal design of further related
synthesis and catalytic processes.

It is the purpose of this paper to investigate a series of such
reactions. We hereafter present a DFT study of the reaction

the LUMO on the metal center is the empty s/p/d hybrid orbital
pointing toward the vacant site tinsIr(Cl)(PHs),, into which
the C-X o orbital of a halocarbon can donate electrons. This
electron donation accompanied by back-donation from the
HOMO to the C-X ¢" orbital achieves €X bond activation
trans-Ir(CI)(PH,), + X—CX; — (Eeelb). ;I'?cezl)rzgtHn)loleculalr event invcc:)l)\zed li)n tk(lje ipzegi_on of
the trans-Ir 3)2 complex into a X o bond o is
transIr(CH(PHy),(X)(CX5) (4) the formation of new metalcarbon and metalhalogeno
bonds, accompanied by the breaking of the carbdwalogenc
bond. This is a typical example of an oxidative addition reaction
between a transition-metal complex and-a®X; moiety® The
supporting calculational results are detailed below.

Before the calculational results are analyzed, it has to be
pointed out that the ground state tansIr(Cl)(PHs), was
calculated to be the triplet state, the closed shell singlet state
calculated to be 4.6 kcal/mol higher in enefg¥his implies
that thetrans-Ir(Cl)(PHs), reactant in a triplet state might insert
into the saturated €X bond via a diradical mechanism.
Nevertheless, as noted previouslythe spin-orbit coupling
matrix element is directly proportional to the atomic number
of an atom. Thus, whenever a reactant contains a heavy atom
center (such as a transition metal) which is not necessarily
directly involved in the reaction, a strong spiarbit coupling
may exist. In other words, the system, via the agency of a heavy
to have the highest bond energy in the series of carbafogen gtom, can enhance th_e probab_ility of triple_singlet radiationless

ecay through coupling of spin and orbital angular momenta.

bonds: Second, it has been prewously noted that iridium Additionally, as mentioned above, the DFT calculations suggest
complexes are more prone to undergo single-electron-transfer,

reactions than their rhodium analogues (vide infrioreover that the excitation energy from the triplet ground state to the
. . L : first singlet state for theransIr(Cl)(PHs), fragment is quite
the variations in X should reveal the eletronic influence of the
. L : . : . . small (—4.6 kcal/mol). Hence, for these two reasons, the
halides on reactivity. Finally, organic reactions involving - . .
o . o . transition from the triplet to the singlet state would be easy,
halocarbons exhibit considerable mechanistic variety; thus, eq . . ; :
4 should be a favorable case for determining whether more than® /<" if the triplettrans Ir(CI)(PHs), took part in the reaction
one mechanism might be operative for oxidative additions. We  (10) (a) Albrirg]]ht. T. A.;I Burdett, J. kK Whangbo, lz/lb.) HOrbital
i i i i Interaction in ChemistryWiley: New York, 1985; p 339. Su, M.-D.
ant|C|pda}te tEat the r.esults ﬁbtalnfed in this I\(/vork mayda/ulow one o Phys. 1993 80, 1233, (¢) SU, M.-DMol. Phys. 1094 82. 567
to predict the reaction pathway for some known and/or as yet ™11y () su, M.-D.Chem. Phys. Lettl995 237, 317. (b) Su, M.-DJ.
unknown systems. Org. Chem1995 60, 6621. (c) Su, M.-DTetrahedronl995 51, 5871. (d)
The order of this paper is as follows. After the Introduction Su, M.-D.Tetrahedrori995 51, 12109. (e) Su, M.-DJ. Phys. Chenfl996

: 00, 4339. (f) Su, M.-D.Chem. Phys1996 205 277. (g) Su, M.-D.J.
and the electronic structures of the model systems, we presen rg. Chem 1996 61, 3080.

in the third section the calculational results of eq531USin9 _ (12) Indeed, our DFT calculations have shown that, for instance, in the
eq 4 as a model system. From those results various questionsSET2 case the triplet transition statetadnsIr(Cl)(PHs). + CFy is 44.4
kcal/mol higher in energy than the corresponding singlet transition state
(6) Bickelhaupt, F. M.; Ziegler, T.; Schleyer, P. v. Rrganometallics (i.e., SET2-TS-Fin Figure 1). In other words, this strongly indicates that

That is, we consider theoretically the reaction paths of a model
oxidative addition of CX to the coordinatively unsaturated d
complex of the typdrans-Ir(Cl)(PHs),, where X=F, ClI, Br,

and |. The present work is the second of a series of papers
concerned with DFT studies of the reaction mechanisms of
oxidative addition of X-CX3 and X—CHjs (X = halogen) to a
transition-metal comple%.Choosing eq 4 as a model system
for oxidative addition of halocarbons is of particular interest
for several reasons. First, in the previous stidye have
investigated the potential energy surface ferfcbond activa-
tion in CHgF by coordinatively unsaturatéthns-M(X)(PHs)2,
where M= Rh and Ir and X= CHs, H, and Cl. We have found
that this model reaction actually has a low activation energy,
especially for theransIr(Cl)(PHs), complex. It is thus reason-
able to predict that this complex should also easily activate other
C—X (X = Cl, Br, and 1) bonds, since the-&~ bond is found

1995 14, 2288. the reaction ofransr(Cl)(PHs), with CX4 via SET should proceed on the
(7) Pearson, R. G.; Muir, W. Rl. Am. Chem. S0d.97Q 92, 5519. singlet surface. Furthermore, it has been reported that singletr€tdts
(8) Su, M.-D.; Chu, S.-YJ. Am. Chem. S0d.997, 119 10178. via abstraction with a €CI bond. For more detail sees: Roth, H. Acc.

(9) Chanon, MBull. Soc. Chim. Fr1982 11-197. Chem. Resl1977, 10, 85.
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Reactant
( 0 kcal/mol )

(-4.1 kcal/mot )

|
OxIn s&|sT1 Sn2

SET1-TS-F
(+34 kcal/mol )

H OxIn-TS-F
(+12 kcal/mol )

Sn2-Pro-CF3
(+148 kcal/mol )

SET1-Rim-F SET2-Rim-CF3
(~0.66 kcal/mol ) (+16 kcal/mol )

F-C =2977
£ F-C-Ir = 42,55

Pro-F
(- 62 keal/mol )

Figure 1. B3LYP/LANL2DZ optimized geometries (A and deg) for stationary points oftta@s-Ir(Cl)(PHs), + CF, reaction system. Values in
parentheses are the relative energies at the B3LYP/LANL2DZ level. The heavy arrows indicate the main atomic motions in the transition-state
eigenvector.

schemé? Consequently, it is reaonable to conclude that the CBry, and Ch, respectively. For convenience, we have also given
oxidative addition reactions should proceed on the singlet the energies relative to the two reactant molecules,tians
surface, even if the reactants start from the triplet state. We Ir(Cl)(PH3), + CX4 (X = F, CI, Br, and I). Relative energies
shall therefore focus on the singlet surface in what follows.  for various reaction mechanisms are summarized in Table 1.
To simplify the comparisons and to emphasize the trends, the

Ill. Results and Discussion calculated heats of reaction and the individual barrier heights
The optimized geometries calculated at the B3LYP/LANL2DZ are also listed in Table 1.

level of theory involving reactantfea), precursor complexes 1. Mechanism for Oxidative Insertions.Let us first consider

(PcX), transition statesT(S), radical intermediatesRim), and the oxidative insertion ofrans-Ir(Cl)(PHs), to X—CX3 (eq 1,

products Pro) for the three kinds of reaction mechanisms OxIn). The corresponding reaction energy profiles for,GX
described earlier are collected in Figures4lfor CFy, CCly, =F, Cl, Br, and I) are given in Figure 5.
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Reactant
@ ( 0 kcal/mol )

+IH(CI)(PHz2)2

Pcx-Cl
I (-23 keal/mol )

| |
OxIn SET1 SET2 S2

£ Ir-Cl-C = 163.6

SET1-TS-Cl
(+1.6 kcal/mol )

SET2-TS-Cl
(+0.334 kcal/mol )

/) (e

©® oxin-Ts-CI
(-4.9 kcal/mol )

SN2-Pro-CCls
(+80 kcal/mol )

SET2-Rim-CCl3
(-24 kcal/mol )

(- 71 kcal/mol )

Figure 2. B3LYP/LANL2DZ optimized geometries (A and deg) for stationary points oftthasIr(Cl)(PHs), + CCl, reaction system. Values in
parentheses are the relative energies at the B3LYP/LANL2DZ level. The heavy arrows indicate the main atomic motions in the transition-state
eigenvector.

Some interesting conclusions can be drawn from Figurés 1 (F), 1.845 A (Cl), 2.028 A (Br), and 2.224 A (I) for isolated
and Table 1. First, the precursor complexBsx-F, Pcx-Cl, CXa4. Moreover, the DFT results of Figures-4 show that the
Pcx-Br, andPcx-I) all display very similar Ir--(CX4) bonding calculated bond distances for the-iC contacts increase on
characteristics, and the monomer geometries are essentiallygoing from 3.447 A (CR) to 3.851 A (CC}) to 3.967 A (CBg)
unperturbed. The tetrahalomethane ligand is coordinated to Irto 4.100 A (Ck). Namely, the heavy halogen substitution causes
in an 52 fashion via one k-C and one I+-X o bond with the a large increase in the distance betwaansIr(Cl)(PHs), and
X—C—X plane nearly orthogonal to th&ansIr(Cl)(PHs), CX4. This finding can be explained in terms of the expected
coordination plane. In addition, the distance between the carbonatom size of the halogen atom X, which should increase as X
and the migrating halogen in the GXoiety, for the precursor  changes from F down to I.
complexes studied here, is elongated, i.e., 1.407 A (F), 2.168 The optimized transition-state structur@x{n-TS-F, OxIn-

A (Cl), 2.297 A (Br), and 2.417 A (1), compared to 1.377 A TS-Cl, OxIn-TS-Br, andOxIn-TS-1) along with the calculated
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Reactant
( 0 kcal/mol )

+Ir(Cl)(PHz3)2

(-31 kcal/mol )

l | '
Oxin SET1 se-lrz s~|2

SET1-TS-Br
(-6.8 kcal/mol )

SET2-TS-Br
(-5.6 kcal/mol )

OxIn-TS-Br 6—/ @

H) (-9.6 kcal/mol )
SET1-Rim-CBr3

Sn2-Pro-CBr3
(+90 kcal/mol )

SET1-Rim-Br SET2-Rim-CBr3
(=37 kecal/mol ) (- 35 kcal/mol )

Br-C =3.878
B £Br-C-Ir = 37.59

Pro-Br
(- 78 kcal/mol )

Figure 3. B3LYP/LANL2DZ optimized geometries (A and deg) for stationary points ofttaas-Ir(CI)(PHs), + CBr, reaction system. Values in
parentheses are the relative energies at the B3LYP/LANL2DZ level. The heavy arrows indicate the main atomic motions in the transition-state
eigenvector.

transition vectors for the four oxidative insertions are shown in carbon in concert with €X bond breaking and halogen transfer
Figures 1-4, respectively. The arrows in the figures illustrate to the adjacent iridium atom. Indeed, the primary similarity
the directions in which the atoms move in the normal coordinate among those transition states is the three-center pattern involving
corresponding to the imaginary frequency. Examination of the iridium, carbon, and halogen atoms. It is noteworthy that such
single imaginary frequency for each transition state (329itm  characteristic three-center transition states are quite analogous
for OxIn-TS-F, 150i cnm! for OxIn-TS-Cl, 87i cnT ! for OxIn- to mechanisms observed for oxidative additions efHCbonds
TS-Br, and 114i cm?! for OxIn-TS-l) provides excellent (13) (a) Su, M.-D.; Chu, S.-YOrganometallics1997, 16, 1621. (b) Su,
confirmation of the concept of the insertion process. The '\S" \?chﬁyss ghjé nélrgé?hfonjl,' g;’ggé)lg"?\ﬁz%_;(%l}su‘fg_';y'%r']gmh_“v
vibrational motion for oxidative additions of GXo transIr- Phys. Lett1998 282 25. (e) Su, M.-D.; Chu, S.-Ylnorg. Chem.1998
(CN)(PHy), involves the bond forming between iridium and 37, 3400.
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Reactant
( 0 kcal/mol )

OxIn Sn2

LIr1-C=162.3

SET1-TS-
(- 16 kcal/mol )

SET2-TS-
(- 13 kcal/mol )

6‘7/® 2.116 I)’
SET1-Rim-Cl
OxIn-TS-I + im-Cla
(- 11 kcal/mol )

Sn2-Pro-Cls
(+85 kcal/mol )

- SET2-Rim-Cl3
SET1-Rim-I (- 39 kcaVmol )
(-41 kcal/mol )

I-C =4.314

(- 78 kcal/mol )

Figure 4. B3LYP/LANL2DZ optimized geometries (A and deg) for stationary points oftthes-Ir(Cl)(PHs), + Cl, reaction system. Values in
parentheses are the relative energies at the B3LYP/LANL2DZ level. The heavy arrows indicate the main atomic motions in the transition-state
eigenvector.

to carbene-like ML fragmentsi3 Furthermore, the B3LYP/  the tetrahalomethane system, the more reactant-like the transi-
LANL2DZ results show that irOxIn-TS-Br and OxIn-TS-I tion-state structure. Thus, one may anticipate a smaller barrier
the Ir—C and Ir-X (X = Br and I) distances and the+C—X for the CB and C}, insertion (vide infra).

angle are similar in magnitude to those in the precusor complex The theoretical results depicted in Figures4lreveal that
(see Figures 3 and 4, respectively). On the other har@xin- all the oxidative addition products Ir(Cl)(RH(X)(CX3) adopt
TS-F and OxIn-TS-ClI the I—C and Ir-X (X = F and Cl) a distorted trigonal bipyramidal structure (T-shaped) with ligand
distances are still short, and the-IE—X angle resembles that CXj3 opposite the open site and two axial phosphines. It is
of the product (see Figures 1 and 2, respectively). These featuresntriguing to find that the Ctlr—X angle decreases in the order
indicate that the €Br and C-I oxidative additions reach the  Pro-F (166.5) > Pro-Cl (157.1) > Pro-Br (153.T) > Pro-I

TS relatively early, whereas the—& and C-CI oxidative (143.2), while the I-CX3 bond distance increases in the order
additions get to the TS relatively late. In other words, the heavier Pro-F (1.971 A) < Pro-Cl (1.996 A) < Pro-Br (2.005 A) <
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Table 1. Energies (kcal/mol) of Stationary Points Relative to the
Reactants CX+ transIr(Cl)(PHz), (X = F, Cl, Br, and I}

systen CFK CCly CBry Cly
reactants
CX4 + transIr(Cl)(PHs) 0.0 0.0 0.0 0.0
precursor complex —4.06 —-228 -303 -35.7
OxIn
transition states +12.2 —494 —-9.61 —10.6
SET1
transition states +33.& +156 —6.88" —16.00
radical intermediatés
[M] =X*+ CXg*P —0.659 —31.7 —-36.9 —41.0
SET2
transition states +42. +0.344 —5.64" —12.5
radical intermediates
[M] =CX5"+ X*P +15.6 —24.3 —35.08 —39.1°
S\2
[M] —CXz"+ X~ +148.3° +79.69 +89.9¢ +84.6
final products -61.99 -71.0M -77.9 -78.2
aAt the B3LYP/LANL2DZ level of theory; see the textSee

Figures 4 for structures® Pcx-F.9 Pcx-Cl. ¢ Pcx-Br.f Pcx-1. 9 OxIn-
TS-F."OxIn-TS-Cl.! OxXIn-TS-Br.) OxIn-TS-Cl.X SET1-TS-F! SET1-
TS-Cl.mSET1-TS-Br." SET1-TS-I.° [M] stands fortransIr(CI)(PHs)2.
PThe & expectation values of the doublet state for the radical
intermediates all show an ideal value (0.750) after annihilation, so their
geometries and energetics are reliable for the present st&#T1-
Rim-CF; and SET1-Rim-F! SET1-Rim-CC} and SET1-Rim-CIS SET1-
Rim-CBr; and SET1-Rim-Br! SET1-Rim-C} and SET1-Rim-I SET2-
TS-F.» SET2-TS-CIL.Y SET2-TS-Br* SET2-TS-1.Y SET2-Rim-Chk.

Z SET2-Rim-CC4. 3@ SET2-Rim-CB§. ® SET2-Rim-C}. ¢ Sy2-Pro-
CFs. 94 S52-Pro-CC}. e S\y2-Pro-CBs. f Sy2-Pro-Ck. 99 Pro-F."" Pro-

Cl. ' Pro-Br.i Pro-I.

Pro-l (2.040 A). Thus, our calculational results confirm the
molecular orbital analysis of Jean and EisenstéWe suspect
that such 5-coordinated products might be just local minima
on the energy surface, enabling them to undergo fluxional
rearrangement, of either the Berry pseudorotation or the turnstile
type, to reach the global minimum. Such studies, however, are
beyond the scope of the present work.

On examination of Figure 5, it is clear that, from both a
kinetic and thermodynamic viewpoint, the oxidative addition
reactions of C% (X = Cl, Br, and I) are much more favorable
than those of the GFmolecule. Since our model calculations
demonstrate not only that the latter is thermodynamically
unfavorable but also that the transition-state energ®xih-
TS-F is higher than that of the reactants. On the contrary, in
the former cases the energy of the transition state is below the

energy of the reactants so that no net barrier to reaction exists.

For instance, as shown in Table 1, the energy of the transition
state relative to its corresponding reactants is;fdR.2 kcal/
mol, (CCly) —4.94 kcal/mol, (CBj) —9.61 kcal/mol, and (G)
—10.6 kcal/mol. Itis then the depth of the well for the precursor
complex which determines whether the barrier lies above or
below the reactant threshold. Deepening the well of the
molecular complex can lower the barrier to reaction below the
energy of the reactants. Therefore, trensIr(Cl)(PHs), + CF4
reaction may not have enough energy to overcome the barrier
to insertion, but othetrans-Ir(Cl)(PH3), + CX4 (X = ClI, Br,

and 1) reactions may readily undergo oxidative addition of
saturated €X bonds in a concerted fashion.

On the other hand, if the reaction is diffusion controlled in
solution or in the gas phase, then the reaction should be
considered to start from the precursor compteensIr(Cl)-
(PHz)2:+-CX4. In such cases, the ease of oxidative addition is
essentially determined by the depth of the precursor complex.

(14) (a) Jean, Y.; Eisenstein, ®olyhedron1988 7, 405. (b) Rachidi,
I. El-l.; Eisenstein, O.; Jean, Wew J. Chem199Q 14, 671. (c) Riehl,
J.-F.; Jean, Y.; Eisenstein, O., Pelissier,®fganometallicsL992 11, 729.
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React:ants PrectIJrsor Tranlsition Prcl>duct

Complex State
Figure 5. Reaction energy profile (kcal/mol) for the oxidative insertion
(OxIn) of transIr(Cl)(PHs)2, + X—CX4 (X = F, Cl, Br, and I). All of
the energies were calculated at the B3LYP/LANL2DZ level. See Table
1.

As demonstrated in Table 1, the energetic ordering of the
addition of CX, to transIr(Cl)(PHs), complex shows that the
activation energy (relative to its corresponding precursor
complex) for the process decreases in the order(C&3 kcal/
mol) < CCl, (17.9 kcal/mol)< CBry4 (20.9 kcal/mol)< Cly
(24.6 kcal/mol). Additionally, the stabilization energy of the
precursor complex follows the same trend as the activation
energy: Ckg (4.06 kcal/mol)< CCl, (22.8 kcal/mol)< CBry
(30.5 kcal/mol) < Cls (35.2 kcal/mol). Thus, under these
conditions, it will be very difficult to activate saturated-€&
bonds, since the stabilization energy is so small that it cannot
overcome the activation barrier. In other words, our DFT results
indicate that the stronger the stabilization energy of the precursor
complex, the lower the barrier height and, in turn, the easier it
is to get out of the well. As there are no relevant experimental
and theoretical data on such systems, the above result is a
prediction.

Finally, it is obvious that all the oxidative addition reactions
(left to right in Figure 5) are thermodynamically exothermic,
the trend in reaction enthalpy mirroring the trend in activation
energy: Ckg(—61.5 kcal/mol)> Cls (—71.0 kcal/mol)> CBry
(—=77.9 kcal/mol)> CCl; (—78.2 kcal/mol). Considering the
reverse process (right to left in Figure 5), the B3LYP/LANL2DZ
calculations suggest that the barrier to reductive elimination for
the heavier halogen systems should be lower in energy than
that for the lighter halogen systems. For instance, the barrier
energies decrease in the order,CR.7 kcal/mol)> CCl, (73.3
kcal/mol) > CBr4 (68.3 kcal/mol)> Cl, (60.3 kcal/mol). It is
therefore predicted that the greater the atomic number of
halogen, the easier the reductive elimination of tetrahalomethane.

In brief summary, the carboerhalogen oxidatie insertion
is not only concerted (proceeding without formation of an
intermediate) but also synchronous (with bond forming and
breaking occurring simultaneously in the transition states of
lower energy). Additionally, in the case of GOCBIr,, and Cl
it appears that the complex potential wells are deep enough to
lower the energy of the transition state for oxida&tiaddition
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of C—X (X=ClI, Br, and ) to below the energy of the reactants.
We predict that, for oxidate addition of C-F, the transition-

Su and Chu

these radicals adopt a Mlsquare-planar geometry, in which
chlorine is trans to the incoming halogen atom X. The B3LYP

state energy is greater than the reactant energy. Thus, there iscalculations show that in these radicals the trarsClr bond

a net barrier to the G-F oxidative insertion, but no barrier to
the C-X (X = ClI, Br, and I) oxidatve insertion.
2. Mechanism for Radical ReactionsNext, let us consider

distance is somewhat larger in the GBind CC}, cases than
that in the Ck and CC} cases (about 0.012 A longer). We
attribute the long trans+Cl distance in the former two radicals

radical mechanisms which proceed via single electron transferto the stronger trans-destabilizing effect of Br and | compared
(eq 2, SET), focusing on the transition states as well as theto F and CE® On the other hand, as demonstrated in Figures
reactive intermediates. Starting from the stable precursor 1—4 (seeSET1-Rim-CFs; SET1-Rim-CCls, SET1-Rim-CBrs,

complex Pcx-F, Pcx-Cl, Pcx-Br, andPcx-1 in Figures -4,
respectively), the reaction afansIr(Cl)(PHs), with CX, via

and SET1-Rim-Cl3, respectively) the flap angle at carbon of
the CX; radical decreases uniformly as halogen X is changed

SET can take place from two directions: the abstraction of a from F (55.2) to Cl (40.6) to Br (34.3) and then to | (12.3.

halogen atom X from CXto produce X-[M]* and CX’
intermediates (denoted SET1, shown in eq 2) and thg' CX
radical transfer to [M] to lead to the formation of GX[M]*

That is to say, the geometry of GXadical becomes strongly
pyramidal when halogen X becomes more electronegative.
Furthermore, it is interesting to note that, when {0X the

and X intermediates (denoted SET2), where [M] stands for leaving group in the SET1 mechanism, the coordination at

transIr(Cl)(PHs)2. Then, recombination of the radical interme-

carbon is strongly pyramidal iSET1-TS-FandSET1-TS-Cl.

diates via the metal center can result in the exothermic formation In contrast SET1-TS-Br andSET1-TS-I show a more planar,
of the same insertion product. Briefly, such radical mechanisms less pyramidal coordination geometry at carbon. In other words,

via SET may proceed as follows: reactants precursor
complex— transition state— radical intermediates> product.
The results for the transition states of the JAdical reaction

might perhaps be one of the most interesting results of the

the pyramidalization at the GXnoiety decreases rapidly from
F down to I. This is consistent with the structure of thesCX
radical as discussed above.

Third, considering the SET2 mechanism, a search for the

present study since very little is known about the barrier heights. transition state did show that the energy profile for this reaction

Several intriguing results are noteworthy.

exhibits a maximum. The transition states located for thg CX

First, considering the SET1 reaction mechanism, we have (X = F, Cl, Br, and I) abstractions are presented in Figures

located the transition state for each £¥ase SET1-TS-F,
SET1-TS-Cl, SET1-TS-Br, and SET1-TS-I) at the B3LYP

1-4, respectively. Those transition structures are characterized
by one imaginary frequency of 421i, 368i, 243i, and 509i¢m

level of theory. The optimized geometries of the four transition for SET2-TS-F!2 SET2-TS-C|, SET2-TS-Br, andSET2-TS-

states can be found in Figures-4, respectively, along with

I, respectively. The normal coordinate corresponding to the

the imaginary frequency eigenvector. One can observe that theimaginary frequency is primarily the motion of the halogen atom
main components of the transition vector correspond to the (X') separating from the carbon atom of €Xherefore, the
motion of the halogen atom (X) between the iridium and the reaction coordinate is fundamentally an asymmetric stretch at
carbon atoms, whose eigenvalue gives an imaginary frequencythe conventional transition state. Further, as was the case for

of 1044i SET1-TS-F), 314i (SET1-TS-Cl), 131i (SET1-TS-
Br), and 113i BET1-TS-I) cm™L. The transition states involve
the approach ofrans-Ir(Cl)(PHs), along the X-C axis of the
CX4 molecule. The three atoms (Ir, X, and C) involved in the

halogen atom abstraction (SET1), the leaving halogen atom X
does not lie on the #C axis. Additionally, It was found that,
in the transition structure for the GXabstraction process, the
CF; moiety has a strongly pyramidal carbon center, while the

bond-breaking and bond-forming processes are not collinearClz moiety has a nearly planar coordination around carbon.

along the X-C axis as shown in Figures-#. The iridium atom

of thetransIr(Cl)(PHs), complex makes an angle, with respect
to the X—C bond, of 158, 164, 178, and 162 for CF4, CCl,,
CBr4, and Ch, respectively. Interestingly, the approach of the
transIr(Cl)(PHs)2 along the X-C axis is more bent in the GF
case than in the CgICBr,, and C}, cases. The breaking-XC
bond length is generally increased, while the formingX{rbond
length becomes smaller. For reactionsrahsIr(Cl)(PHz), with
CF4, CCly, CBr4, and C}, the breaking %-C bond lengths are
3.578 A (F), 4.095 A (CI), 3.793 A (Br), and 3.703 A (1),
respectively, while the forming +X bond lengths are 0.019 A
(F), 0.019 A (CI), 0.023 A (Br), and 0.026 A (1) shorter than
that in transIr(Cl)(PHs),—X* intermediate. This suggests that

Namely, the lighter the halogen atom, the stronger the pyrami-
dalization at the CXmoiety. Again, this is consistent with the
structure of the CXradical as discussed previously in the SET1
case. Moreover, the transition structures show that the newly
formed I—C bond length is 2.006 ASET2-TS-P), 2.050 A
(SET2-TS-Cl), 2.673 A SET2-TS-Br), and 2.800 A $ET2-
TS-1), compared to that in the radical intermediate of 2.013 A
(SET2-Rim-F), 1.999 A SET2-Rim-Cl), 1.986 A GET2-Rim-

Br), and 1.980 A SET2-Rim-I), respectively. Also, in the case
of CF, and CCl, the I-C—F (79.0F) and IC—CI (75.80)
angles are significantly longer than in the case of ZB2.55)

and C}, (63.00). Similarly, the C-F and C-CI bond lengths
are shorter (i.e., 1.558 A iBET2-TS-Fand 2.087 A inSET2-

the delocalization of the unpaired electron takes place later alongTS-Cl), which are close to those in the radical intermediates,

the reaction coordinate. Thus, the changes in th&&and I—-X

1.445 A SET2-Rim-F) and 1.962 A §ET2-Rim-Cl), respec-

bond lengths in the transition structure are more reactant-like tively. Taken together these features indicate that the transition

for X = Br and I, in accordance with the large exothermicity

structures for Clrand CC}, take on more productlike character

of the abstraction process. As demonstrated below, this isthan those for CBrand Ck. This is in accord with the greater

consistent with the Hammond postufétevhich associates an

exothermicity of theransIr(Cl)(PH3), + CX4 (X = Brand I)

earlier transition state with a smaller barrier and a more reaction than that of thians-Ir(Cl)(PHz). + CF4 reaction (see

exothermic reaction.

Second, optimized geometries faransIr(Cl)(PHz)—X*
(SET1-Rim-F, SET1-Rim-Cl, SET1-Rim-Br, andSET1-Rim-
I) radicals are also given in Figures-4, respectively. Basically,

(15) Hammond, G. SJ. Am. Chem. Sod.954 77, 334.

below).

(16) (a) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistry
5th ed.; Wiley: New York1988; p 1299. (b) Burdett, J. K.; Albright, T.
A. Inorg. Chem.1979 18, 2112.

(17) Gimarc, B. M.Molecular Structure and Bondind\cademic Press:
New York, 1979; p 169.
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Fourth, the results obtained for the g€&bstraction process
are an interesting example where the knowledge of the structure
of the transition state and the transition vector is not sufficient
to assess the type of reaction, i.e., whether the SET2 path leads 1)
to abstraction or @& reaction. Only a study of the instrinic
reaction coordinate (IRC) can provide this information. We
therefore chose theansIr(Cl)(PHs), + CF4 reaction as a model
system to study its IRC for reaction of type SET2. The results
of these computations (in particular the behavior of the most
significant geometrical parameters along the IRC starting from
the saddle point toward the product) are shown in Figure 6.
For the abstraction of GFwe follow the IRC until the G-F (2)
bond is completely broken (2.842 A). As the reaction proceeds,
the Ir—C distance decreases from a value of 2.006 A&T2-
TS-F to a value of 1.956 A at the fourth point on the IRC. The
Ir—C distance subsequently increases, albeit by a small amount
(1.970 and 1.976 A at points 6 and 7), when the two newly
formed radical fragmentsransIr(Cl)(PHs),—CFs* and F) move
apart. The phenomenon can be simply understood as follows. 3)
When the C-F bond begins to break, there is a tendency for
the unpaired electron to delocalize across the orbitals of the
newly formed I-C bond, thereby reducing its bonding char-
acter. This, in turn, will result in an increase in the-€ bond
distance. Alternatively, for an\2 pathway, the kC bond
formation is preceded by a monotonic decrease in th€ lbond
distance. Consequently, this IRC evidence strongly indicates (4)
that the transiton statSET2-TS-F we found in this study
corresponds to the abstraction of £FLikewise, identical
conclusions can be drawn for SET2 reaction pathways involving
CCly (SET2-TS-Cl), CBr4 (SET2-TS-Br), and Ch (SET2-TS-
1), as shown in Figures-24, respectively.

Fifth, the equilibrium geometries faransIr(Cl)(PHz),—CXs®
(SET2-Rim-CF;, SET2-Rim-CCl;, SET2-Rim-CBr3, and (5)
SET2-Rim-Cl3) radicals are presented in Figures4, respec-
tively. All of these radicals adopt a Mlsquare-planar geometry,
in which chlorine is trans to the incoming G¥roup. The DFT
calculations suggest that the trans @l bond distance increases
in the orderSET2-Rim-CF3 (2.463 A) < SET2-Rim-CCls
(2.468 A) < SET2-Rim-CBr; (2.472 A) < SET2-Rim-Cl3
(2.482 A). Again, this result confirms the conventional finding (6)
that the substitution of a more electronegative ligand (such as
CF; and CC¥) will strengthen the trans +Cl bond16

Sixth, in the SET1 approach, examination of the energy values
collected in Table 1 shows that at the B3LYP/LANL2DZ level
the Br and | abstractions are favored. A schematic diagram of
thetransIr(Cl)(PH3)2 + CX4 (X = F, Cl, Br, and |) potential
surface via SET1 is displayed in Figure 7. The present
calculations predict that the energiesSET1-TS-FandSET1- o)
TS-Cl are above those of the reactants by 33.8 and 1.56 kcal/
mol and the activation energies for the overall reaction are 37.9
and 24.4 kcal/mol, respectively. In contrast, the DFT results
suggest that the energies 8SET1-TS-Br and SET1-TS-I are Figure 6. Structures determined along the intrinsic reaction coordinate
below those of reactants, so that no net barrier to reaction exists.(IRC) for the Ck abstraction bytransIr(Cl)(PHz). (bond lengths are
Additionally, the activation energy from the corresponding in angstroms and angles in degrees). See the text.
precursor complex for Br abstraction is 23.6 kcal/mol, and that
for | abstraction is 19.2 kcal/mol. This is consistent with the former two cases reflects the greater ease of abstracting a
observations shown earlier, in which for the case of £&Bd halogen from CBrand C}, over abstraction from CFand CC}.
Cl4 the saddle point lies much closer to reactants than products.Namely, the heavier the halogen atom (X), the more facile the
Moreover, for a given metal, it is generally found that (a) the abstraction of a halogen from GXFinally, it is worth pointing
overall SET1 reaction for each GXase is exothermic and the out that the reverse of reaction SETL1 is the dissociation of the
exothermicity follows the same trend as in the oxidative insertion Ir(CI)(PHs)2(X)(CX3) product to transIr(Cl)(PHs),—X* and
described earlier and (b) the overall barrier heights are deter-CXz'. Accordingly, from Table 1 one may easily, albeit roughly,
mined to be in the order G CCly > CBrs > Cla. In any estimate the bonding energy of the—IEX3; bond, which
event, the smaller barrier for the latter two cases relative to the decreases in the ordeHECR; (95.4 kcal/mol)> Ir—CClz (79.8

SET2-TS-F
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Figure 7. Reaction energy profile (kcal/mol) for radical pathways
(SET1 and SET2) dfrans-Ir(Cl)(PHs), + X—CX,4. All of the energies
were calculated at the B3LYP/LANL2DZ level. See the text and Table
1.

kcal/mol) > Ir—Brs (71.0 kcal/mol)> Ir—Cl3 (55.0 kcal/mol).
The energetics for reactions of the tygpans-Ir(Cl)(PHs), +
CX4 (X = F, CI, Br, and I) via SET2 are also summarized in

Su and Chu
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Figure 8. Reaction energy profile (kcal/mol) for the nucleophilic
substitution ({2) of transIr(Cl)(PHs), + X—CX,4 (X = F, CI, Br, and
1). All of the energies were calculated at the B3LYP/LANL2DZ level.
See the text and Table 1.

exothermicities via both routes. Additionally, since the transition
states for SET1 and for SET2 are predicted to have similar
energy for the CX(X = ClI, Br, and I) systems, either approach

Table 1 and in Figure 7. The most dramatic Change occurs in should be competitive. While the similarities between the two

the position of radical intermediat8ET2-Rim-CF; on the

pathways for each CxXsystem are remarkable, the differences

reaction paths’ whose energy is apparent|y h|gher than thebetWeen them are more Signiﬁcant. The most noted difference

energy of the corresponding reactants by 15.6 kcal/mol, whereas’s in the Ch abstraction reaction. The computed B3LYP/
the energies of other radicals are lower than those of the LANL2DZ barriers are 33.8 kcal/mol for F abstraction (SETl)

reactants. By analogy with the SET1 reaction pathway, 0n|y and 42.1 kcal/mol for Cfabstraction (SETZ), thUS, the former

the energies 0SET2-TS-Fand SET2-TS-Cl were calculated

to be 42.1 and 0.344 kcal/mol, respectively, higher than those

is energetically favored.
In short, the present calculations suggest the following about

of the reactants. In addition, the overall barrier with respect to the radical mechanism for thé&ransIr(Cl)(PHs). + CX4

the corresponding precursor complex for £2bstraction was
estimated to be 46.1SET2-TS-F), 23.2 SET2-TS-C), 24.8
(SET2-TS-Br),and 22.7 $ET2-TS-I) kcal/mol. Note that the
forward barrier for abstracting a GXgroup from CX (X =
Cl, Br, and 1) is half the size of that for the GFase.

reaction: (1) Carbon-halogen actiation may proceedia a
two-step abstractionrecombination path (formation of the two
radicals collapsing in a subsequent step to the final product).
(2) Fluorine abstraction is predicted to be faster than the
abstraction a Ck group. In contrast, for CGl CBrs, and Cl,

Consequently, our theoretical results reaffirm the Hammond Systems, abstraction of halogen (X) ands@&gments are found
postulate as discussed earlier and predict that the process fot0 be kinetically competite. (3) The reaction rates for trans-

abstracting a CByor Clz group should be more facile than that
for abstracting a Cfor CCk group. From another point of view,

Ir(CIl)(PH3), + CF4 and CC}, via both SET1 and SET2 routes
are expected to be significantly slower than those for &id

this strongly implies that the leaving group tendency increases Cla.

in the order F< Cl < Br < I. Moreover, this result reinforces
the trend expressed earlier that the bonding energy -eKC
decreases in the order<& (116 kcal/mol)> C—ClI (78.2 kcal/
mol) > C—Br (68 kcal/mol)> C—I (51 kcal/mol)> On the other
hand, from the adduct Ir(Cl)(PHb(X)(CX3) energies obtained
in Table 1, the IrF, Ir—CI, Ir—Br, and Ir-I single-bond

3. Mechanism for Substitution Reactions Finally, we turn
our attention to the nucleophilic substitution reactiond5
Traditionally, the backside 2 substitution plays a dominant
role in the organic reaction systed¥sWe have extended this
concept to the organometallic system studied in this work. The
calculated reaction profiles farans-Ir(Cl)(PHs), insertion into

energies (the reverse of reaction SET2) were calculated to beCX4 (X =F, Cl, Br, and I) via an §2 pathway are collected in
104, 78.6, 75.6, and 58.5 kcal/mol, respectively, i.e., again Figure 8.

following the same trend along the series>¢F, Cl, Br, and I.
Comparison of the CxXabstraction pathways for % F, Cl,

Br, and | reveals interesting similarities and differences. As for

the similarities, two similar abstraction pathways (SET1 and

SET?2) exist for each CXcase even though the energetics are

different. Furthermore, thigansIr(Cl)(PHz), + CF, abstraction

reaction is found to have the highest barrier with identical

Starting from the stable precursor complex, attempts were
made to locate the transition states for th@ Pathways, but
no transition state could be found in each £ease. This is
easily explained by the molecular orbital analysis. As already

(18) (a) March, JAdvanced Organic ChemistryWiley-Interscience:
New York, 1992. (b) Deng, L.; Branchadell, V.; Ziegler, X.Am. Chem.
S0c.1994 116 10645.
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shown inl, atransIr(Cl)(PHs), fragment has axdtype HOMO,
which will interact with the backside of the orbital of CX,.
From?2 we see that this interaction is, however, very poor, since

the o orbital approahes on a nodal surface of the HOMO lobe,
resulting in a cancellation of overlap. Thus, it would be unlikely
to find the transition state along the backside reaction coordinate.
Alternatively, the backside 2 substitution may proceed
through the “straight” §2 path®i.e., via attack of Ir on carbon
and expulsion of the Xleaving group to produce the products
transIr(CI)(PH3)2(CX3)™ + X™. It is apparent from Figure 8
and Table 1 that the energies of the produicas Ir(Cl)(PH3).-
(CX3)*t + X~ are much higher than those of the corresponding
reactants by 148, 79.6, 89.9, and 84.6 kcal/molRon-SN2-
F, Pro-SN2-Cl, Pro-SN2-Br, andPro-SN2-|, respectively. The

reason for such high endothermicities is due to the development

of a charge separation in the products. As a result of the high
endothermicity of thesex2 reactions, they do not constitute a
competitive pathway for the formation of Ir(CI)(BH(X)(CX3)
in the gas phas¥.

4. Overview of C—X Activation Reactions. From our survey
of the mechanisms of theans-Ir(Cl)(PH3), + CX4 reactions,
we can obtain the following conclusion§a) Considering both
the actvation barrier and exothermicity based on the model
calculations presented here, we conclude that for the oxidati
addition of trans-Ir(Cl)(PH), by insertion into X-CX;, the
order of reactiity is | > Br > Cl > F, whether diffusion control
operates. This may be a reflection of the carbtvalogen bond
strengths. (b) The trans-Ir(Cl)(P#: fragment insertion into
C—F and C-Cl bonds (OxIn) is anticipated to be in:far of
oxidative additions. On the contrary, the SET mechanism
proceedingia either a halogen or a Cxabstraction by trans-
Ir(CI)(PH3), and recombination of the intermediates (eq 2) has
a barrier comparable to that for oxidate insertions in the CBr
and Cl, systems. In other words, the ease of oxgatnsertion
increases with increasing halogen electronegi@fi OxIn and
SET pathways constitute compef#itireaction pathways for the
heavier halogens, particularly iodine. (c) In the competition of
the &2 path with OxIn and SET processes, the former has the
highest energy requirement and therefore is the least energeti-
cally favorable path in the gas phase.

IV. Configuration Mixing Model
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Figure 9. Qualitative state correlation diagram for the oxidative
insertion (OxIn) and the radical pathway (SET1) showing the formation
of a state curve by mixing two configurations: the reactant configuration
(3, Ir; 5, Ar) and the product configuratiod,(Ag; 6, Ip). It is apparent
that both the activation energyAE¥) and reaction enthalpyAH) are
proportional toAEs; (+ Eiplet — EsingietfOr 14-electron Mlg) andAEg

(= Euiplet — Esinglet for CX4). See the text.

denoted ageactant configuratiorand product configuration
respectively. It follows that, on going from reactants to products,
the reactant configuration curve is repulsive and the product
configuration curve attractive (see below). The crossing of the
two curves detects the transition state and the energy barrier.
In Figure 9, we represent the qualitative behavior of the two
configurations for T-shaped Mloxidative addition to a €X
bond. For convenience, we only consider two reactions:
oxidative insertion (OxIn, eq 1) and halogen abstraction (SET1
in eq 2). We used and b to denote the insertion reactant
product spin coupling and and A to denote the abstraction
reactant-product spin coupling.gl describes a situation where

All these computational results can be rationalized on the the two electrons on the Mlfragment are spin-paired to form
basis of a simple valence bond (VB) model based upon reactantthe lone pair, while the two electrons on the CXoiety are
and product spin recoupling, which is often described as the spin-paired to form a €X ¢ bond as illustrated ir8. Ip

configuration mixing (CM) modei?2tIn this approach the total

energy profile is decomposed into two components, one
associated with the reactant spin coupling and the other with
the product spin coupling. These two component curves are

(19) Presumably, solvent effects might tend to favor the straiglt S

substitution due to the charge separation in the products. Though we have

not carried out such a calculation in this worlky2Scannot be generally
excluded as a pathway in the solvent phase. We thank one reviewer for
bringing this phenomenon to our attention.

(20) (a) Shaik, S.; Schlegel, H. B.; Wolfe, $heoretical Aspects of
Physical Organic Chemistrydohn Wiley & Sons Inc.: New York, 1992.
(b) Pross, A.Theoretical and Physical principles of Organic Reait$i;
John Wiley & Sons Inc.: New York, 1995.

(21) Su, M.-D.Inorg. Chem.1995 34, 3829.

Ir:
Qxy
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3

corresponds to a situation where the electron pairs are coupled
to allow both M—X and M—CX3 bond formation and simul-
taneous € X bond breaking. Seé. To obtain this configuration
from the reactant configuratior [(3), each of the two original
electron pairs needs to be uncoupled, requiring the excitation
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Ip:
Sx
—MZ4
4

of the electron pairs from the singlet state to the triplet state.
Thus, b describes an overall singlet configuration, despite the
fact that it contains two local triplets.Adescribes the singlet
spin-coupled CX po orbital and the Mk drr orbital (HOMO,
1b), the halogen p orbital and the Mk HOMO being singlet
spin-coupled as shown B On the other hand, #&(6) describes

AR:
S
Y
—M F-CX3
PAN

the singlet spin-coupled MLHOMO and halogen ¢ orbitals,
the CX; po orbital and the Mk LUMO being singlet spin-
coupled. At infinite separation (left side in Figure 9), the states

Ap:

S
—MZA F-CX3
/7 \4

6

corresponding to spin couplingsfand k are at the same energy
level since both contain the singlet Mlfragment and CX
molecule. In contrast, on the product side (right bottom side in
the diagram of Figure 9) the energy of the insertion product is
lower than that of the abstraction product as given in Table 1.

Su and Chu

L

o _H_
C-F C-CI C-Br (o]

Figure 10. Schematic representation of the relative energy levels for
o ando* levels for C-F, C—CI, C—Br, and C-I bonds. See ref 22.

increase from F to | (i.eg(C—F) < o(C—Cl) < ¢(C—Br) <
d(C—1)), whereaso* energy levels decrease from F to | (i.e.,
0*(C—F) > o*(C—Cl) > o*(C—Br) > ¢*(C—I)). This strongly
implies that thes(C—X) — ¢*(C—X) triplet excitation energy

of CX4 becomes smaller as one proceeds along the series from
F to I. Indeed, our DFT calculations confirm this prediction
and suggest a decreasing trend\ig,~ for CF, (266 kcal/mol)

> CCly (110 kcal/mol)> CBry (73 kcal/mol)> Cly (47 kcal/
mol).22 From Table 1, it is readily seen that this result is in
accordance with the trend in activation energy and enthalpy
(AE*, AH) for transIr(Cl)(PHs), insertion which are (12.2,
—61.5), (4.94,—71.0), 9.61,—77.9), and £10.6,—78.2)
kcal/mol?* respectively. Note that the order ofE,, is just

the C-X bond strength order.Consequently, our theoretical
findings are in good agreement with the CM model.

(b) Why Does the Ease of Halogen Abstraction from CX

As mentioned above, it is the avoided crossing of the reactantIncrease in the Order F < CI* < Br* < I*? If we refer to

and product configurationsgland b; Agr and Ap) that leads to

Figure 9, it can be seen that the transition state is associated

the simplest description of the ground-state energy profiles for With the crossing of A and A. Thus, by analogy with the

oxidative addition reactions of 14-electron T-shaped sML
complexes. Bearing this CM model (Figure 9) in mind, we shall

insertion case discussed above, the driving force for such
abstraction reactions may be traced A&,,+. Namely, the

explain the origin of the observed trends as shown previously smaller theAE,,+ of CXy, the lower the barrier height and, in

in the following discussion.

(&) Why Does the Ease of €X Oxidative Addition
Increase in the Order C—F < C—Cl| < C—Br < C—1? The
reason for this can be traced to the singleiplet energy gap
of CX4. As shown in Figure 9, it is apparent that the barrier
height AE*) as well as the reaction enthalppH) may be

turn, the faster the abstraction reaction, the larger the exother-
micity.1®> As a result, on comparison of th€E,,~ of CX4 with

the abstraction barriers as given in Table 1, it is easy to see
that the intrinsic reactivity order*F< CI* < Br* < I* is the
reverse of the order oAE,,+. Likewise, the same explanation
can also be applied to the GXbstraction, which follows the

expressed in terms of the initial energy gap between the reactansame order as the halogen abstraction as shown in Tablezt: CF
and product configurations. Consider the reactant and product< CCl" < CBrz* < Cl3".

configurations for the insertion reaction, i.&,(B) and k (4),

(c) Why Is the CF4 (or CCly4) Molecule Relatively in Favor

respectively. The CM model shows that the existence of the of Insertion but Unreactive to Abstraction, Whereas the Cl

barrier is due to the combined effect of two factors: the singlet
triplet energy gap of T-shaped MIAEs: = Etiplet — Esingletfor
14-electron Mlg) and theo(C—X) — o*(C—X) triplet excitation
energy of CX (AEge = Etipiet — Esingietfor CX4). Accordingly,
supposingAEs; is a constant, a smaller value AE, would

lead to (1) reduction of the reaction barrier since the intended

crossing of IR and IP is lower in energy and (2) a larger
exothermicity since the energy of the product is now lower than
that of the reactarf®-?!

Furthermore, a diagram that illustrates qualitatively the
relativec ando* energy levels for the €X bonds is shown in
Figure 10?2 From Figure 10, it is obvious that energy levels

(22) Reference 20b, p 51.

(or CBr4) Molecule Is Reactive to Both?According to the
CM model discussed previously, it is clear that the reactivity
order for both insertion and abstraction is governed by the
magnitude of AE,» of CX,. Besides this, the nonbonded

(23) AE,»+ can be evaluated to a good approximation from the energies
of the verticalo(C—X) — ¢*(C—X) triplet excitation in CX (X = F, ClI,
Br, and I).

(24) It has to be emphasized that calculated DFT barrier heights are often,
if anything, too low; see:Chemical Applications of Density Functional
Theory Laird, A., Ross, R. B., Zeigler, T., Eds.; American Chemical
Society: Washington, DC, 1996. Thus, those barrier numbers might be
underestimated by several kilocalories per mole. It is believed that using
the more sophisticated theory with larger basis sets should be essential.
Nevertheless, the energies obtained at the B3LYP/LANL2DZ level can, at
least, provide the reliably qualitative conclusions.
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repulsive interactions also play a significant role in the>C addition reaction of X CX3 to 14-electron T-shaped ML
oxidative additions. On one hand, in comparisongof3d) with complex, the order of reactivity is Ct Br > | > F, whether

Ar (5), one may easily see that the latter should be more strongly diffusion control operates. Furthermore, in the case of the
repulsive than the former (see Figure 9). The reason for this is backside {2 substitution, because of the significantly high
because the lone pairs of X are pointing toward the empty barrier, this reaction is unlikely to occur at room temperature
LUMO o orbital of the MLs fragment in the former case, for any of the CX systems in the gas pha¥eUnfortunately,
whereas there exist repulsive interactions between the lone pairsas we have mentioned earlier, because of a lack of experimental
of X and the HOMO of the Mk complex in the latter cas®. and theoretical data on such—& bond activations, our
Consequently, A must rise more steeply thag blong the conclusions above may be considered as predictions for future
reaction coordinate and yield a higher barrier as a result of investigations.

crossing with A and b, respectively. This would result is a Aside from the importance of the investigation of those
smaller barrier height for insertion than for abstraction. This is possible reaction mechanisms, it is also interesting to compare
what we observed in the GRand CC}, systems. various transition states in the present work. The interpretation

On the other hand, in the case of attack at a halogen atomof the computational results is less obvious for the two transition
(see A as in6), at the point where the new X bond is almost states found for the singlet reaction. For instance, in thg CF
formed one may have two new radical fragments;[M]* and case analysis of the transition structures and the corresponding
CXgz*, where the singlet spin coupling of the €§o orbital to transition vectors did not provide enough information to
the MLs LUMO has taken place. In contrast, in the case of determine what type of reaction (i.e., a £Kagment abstraction
insertion (seedas in4), the formation of a second bond involves or an §2 substitution) was occurring. This difficulty has been
singlet spin coupling of the Cx{o orbital to the MLy HOMO. solved by computing the IRC. The IRC results have highlighted
Accordingly, the position of X (located in the region between the usefulness of this technique in elucidating reaction mech-
those two radical fragments) causes the appearance of repulsivanisms and have clearly demonstrated what kind of reactions
interactions due to the presence of the X lone pairs, and theare involved. Also, we have demonstrated that the computational
reactants cannot approach closely enough to allow the singletresults can be rationalized using a simple CM model. This model
spin coupling of the CXpo orbital to the MLls HOMO. This showed that the lower barrier of the-&X oxidative additions
would result in the fact that Adecreases more rapidly thagn | is a consequence of (a) the energy difference between the
as the reactants approach each other and yields a lower barriereactant and product configurations and (b) the halogen lone
as a result of their crossing withgAand k, respectively. In pair repulsions. Nevertheless, a word of caution has to be
particular, such lone pair repulsions will be magnified in the stressed here. The preference for F insertion over F abstraction
Cl, and CBy, cases, since | and Br possess more diffuse p does not necessarily hold for carbene-like Mhbetal complexes.
orbitals than F and CI. As a result, in the-Cand C-Br For instance, the 14-electron MEragment may prefer to adopt
oxidative additions, barrier heights for both insertion and the F abstraction rather than the F insertion pathway due to the
abstraction might be nearly equal, and thus the two pathwaysstrong repulsions between the F lone pairs and the fvntier
may occur in parallel. This is consistent with the observed orbitals2®

relative reactivities of these compounds. Although generalization of the results presented here might
_ be questioned by the limitations of the applied methodology,
V. Conclusion we think that the level of interest in this subject and the

In this paper three different possible mechanisms for the important implications suggested by these results make further

oxidative addition of 14-electromansIr(Cl)(PHa), complexto  '€Search in this area a priority. _
the saturated carberhalogen bonds have been systematically ~ W& encourage experimentalists to carry out further experi-
studied. The transition states and associated energy barriers fof€Nts to confirm our predictions.

the insertion otransIr(Cl)(PHs), into the C-X bonds of CX
have been considered. Halogen atom and; GXstraction
reactions, in addition to backsidg@Bsubstitution reactions, have All geometries were fully optimized without imposing any
also been determined at the same level of theory. It has to besymmetry constraints. For our DFT calculations, we used the
pointed out that the present calculations provide the first hybrid gradient-corrected exchange functional proposed by
theoretical estimation of the activation energy for these processesBecke?’2P combined with the gradient-corrected correlation
and qualitative evidence for the feasibility of such elementary functional of Lee, Yang, and P&t This functional is com-
reactions. Our calculations based on the B3LYP/LANL2DZ monly known as B3LYP, and has been shown to be quite
level of theory suggest that insertions into either a saturated reliable for geometrie®

C—F bond or a saturated €Cl bond generally occur with Effective core potentials (ECPs) were used to represent the
smaller barriers than the corresponding abstractions. It is 60 innermost electrons of the iridium (up to the 4f shell) aé8m.
therefore reasonable to conclude that the mechanism depicted ikewise, for phosphor, chlorine, bromine, and iodine we used
in eq 1 (OxIn) should be the most likely pathway for thesCF  the Hay and Wadt relativistic effective core potential (ECP).
and CC}j systems. On the contrary, kinetically, both insertions For these atoms, the basis set was that associated with the
and abstractions are found to be competitive for the &id S .
CBry systems. In principle, considering both the activation g% a‘;'BMe'C' Eé;, gh‘spsﬁ;/\s(: g"gnxslgépé g]sf);%%asr.a(“tgnLee, c. Yang,
barrier and exothermicity on the basis of the model calculations v ; parr, R. G.Phys. Re. B 1988 37, 785. (c) Becke, A. DJ. Chem.

presented here, it is therefore concluded that for the oxidative Phys.1993 98, 5648.
(28) Ricca, A.; Bauschlicher, C. Wtheor. Chim. Actel995 92, 123.
(25) Further supporting evidence comes from the fact that in geometrical ~ (29) Hay, J. P.; Wadt, W. Rl. Chem. Phys1985 82, 299.
structures of the OxIn transition states the lone pairs of electrons on the  (30) Hay, J. P.; Wadt, W. Rl. Chem. Phys1985 82, 284.
halogen atom interact with the empty s/p/d hybridized orbital (i.e., the (31) Gaussian 94Frisch, M. J.; Trucks, G. W.; Schlegel H. B.; Gill, P.
LUMO) on the central metal. Thus, as seen in Figured,ithe four-electron M. W.; Johnson, B. G.; Robb, J. R.; Cheeseman, J. R.; Keith, T.; Peterson,
repulsion is minimized when the Ir(Cl)(RH lone pair (i.e., the HOMO) G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
is directed away from the migrating halogen atom. V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
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pseudopotential, with a standard LANL2DZ contractiéior minima (the number of imaginary frequencies (NIMAS0)
hydrogen and carbon atoms the doublbasis of Dunning- or transition states (NIMAG= 1). Furthermore, four of the
Huzinaga was uset.Moreover, the restricted B3LYP approach reactions that we have investigated (i8ET2-TS-F, SET2-
was used in this work to describe all the stationary points, except TS-CI, SET2-TS-Br, and SET2-TS-I) have been probed in
for the triplet states of reactants, which were described by some detail by determining the intrinsic reaction coordinate
unrestricted wave functions. Hence, all the B3LYP calculations (jrc)y33 with the algorithm proposed by Schiegél.
are denoted by B3LYP/LANL2DZ.

Vibrational frequency calculations at the BSLYP/LANL2DZ
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