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Rate constants for the coupled two-electron/halide transfer self-exchange reactionsMiX[Cpvith Cp,M (M

= Ru, Os; X= Cl, Br) have been measured in gLN at 298 K by 2D NMR spectroscopic techniques. Including
data for the iodo complexes, the rates vary over 6 orders of magnitude depending on the metal and the halide,
with the relative orderings # Br > Cl and Ru> Os. The relative reactant state free energies for the ruthenium
complexes have been determined from halide substitution equilibria and indicate that the reactant state energy
ordering is Cl< Br < |. From these data and the free energies of activation for the self-exchange reactions, the
relative transition state energies have been determined. A reaction coordinate and orbital correlation is proposed
which rationalizes the observed data.

Introduction parameters that govern the kinetics of such reactions have,
however, not been fully explored. We have taken as a model
system for oxygen atom transfer, and other coupled multielec-

by inner-sphere or outer-sphere pathw&yhas provided a ; .
mechanistic framework for the rationalization of a tremendous tron/group transfers, r'eact.|on 2, the self-gxchange reaction of a
halometallocenium with its corresponding metallocérig.

amount of experimental redox data. Although progress has been
made in defining the kinetics and thermodynamics of one-

The recognition that electron transfer reactions may proceed

electron inner-sphere reactiohs, considerably more attention [Cp,MX] T+ CpM — Cp,M + [Cp,MX] i (2)
has been directed toward understanding the details of one-
electron outer-sphere reactiohs. (M =Ru, Os; X=Cl, Br, I)

Inner-sphere redox reactions that involve coupled multielec-
tron/group transfers (often denoted “atom” transfgtsave been ~ Reaction 2 corresponds to formal transfer of {Xjvhich is
less well characterized. Of particular importance is the class isoelectronic with oxygen atom. These systems are convenient
of reactions which involve formal transfer of an oxygen atom, for such studies since (1) most of their rates can be measured
eq 178 In eq 1, the formal oxidation state of X decreases by Py dynamic NMR techniques and (2) synthetic variations of
the metal, the transferred halogen, and the substituents on the
X=0+Y — X+ O0=Y (1) cyclopentadienyl ring are accessible. The rates of several of
) ) ) these reactions have been previously charactetiZédhcluding
2, while that of Y increases k_)y 2. Such reactions are central to gome temperature, pressure, solvent, and counterion depend-
many redox processes in oxidoreductase enzymes, fietat encies. From these previous studies, a number of key features
based oxidations of organic molecules, and other catalytic redoXof reaction 2 have been defined. (1) The reactions are inner-
systems. While several intermolecular multielectron/group sphere electron transfers based on the volumes of activAasién.
transfer reactions have been characterizéd,the critical (2) The reactions are overall second order and are first order in
TPermanent address: Department of Chemistry, University of Sri both CpM and [CpMX] +.9,10f),c (3) The rat.es of exchange Vary-
Jayawardenepura, Nugegoda, Sri Lanka, over several orde_rs of magnl_tud_e depending on the metal, halide,
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Table 1. Measured Self-Exchange Rates and Activation Parameters feMpJp/Cp,M Self-Exchange Reactions at 298 K in gIN

keX(M—l S—l) kex(M—l S—1)9,10
(EXSY) (line broadening) AH¥ (kd/mol) TAS (kJ/mol) AG¥ (kd/mol)

[CpzRUCITH/CpRU 16.54+0.1 a (66
[Cp.RUBI]*/Cp.Ru 1600 34.3t 0.4° —~19.64 0.4 53.94+ 0.08

1950+ 90 33+3 —22.0+0.2 54+ 3
[Cp.RUl]*/Cp:RU d 2.1x 10° 28.0+ 0.8 —1143° 394 4°
[Cp2OsCIT/Cp0s 1.64+ 0.02 a (72p
[Cp.0sBIT*/Cp:0s 23.8£ 0.5 (3¢ 4743 -18+1 65+ 4
[Cp:0sI]*/Cp.0s d 1.8x 10¢ 31.4+ 0.4 —17+£ 2 48+ 2¢

2Too slow for line broadening. Estimated from the rate at 298 K and the Eyring equatideference 10d! Coalesced at 298 . Estimated
(ref 9).

of the range of rates exhibited by reaction 2. From determi- detected (612 h, depending on X and Y). At equilibrium, the NMR
nation of halide substitution equilibria for the haloruthenoce- spectra showed the presence of {RpX]*, [Cp,RuY]", and small
niums, the relative free energies of the transition states for the @mounts of CgRu. Integration of the peaks provided the j&pY]*/

self-exchange reactions have been defined. [Cp:RuX]" ratios. The UV-vis spectra of the mixtures generally gave
evidence for several mixed trihalides in addition tg>and Ys~. The
Experimental Section spectra were fit to a sum of the spectra of the individual species

(typically [CpRuX]", [CpRUY]", Cp:RU, X537, XoY 7, XY, and Y37)
Materials. Ruthenocene and osmocene were obtained from Strem by nonlinear least-squares technigéesThe fitting results for the

Chemicals, Inc., and were sublimed prior to use. J@¥]PFs (M = mixtures are included in the Supporting Information. The resulting
Ru, Os; X= ClI, Br, I) were prepared by literature methddas were concentrations and standard deviations for the ahd Ys~ concentra-
(RaN)X2Y and (RIN)X3 (R = Me, Et,n-Bu; X, Y = ClI, Br, 1).1” CDs- tions were then used for the estimation of the equilibrium constants

CN for kinetic experiments was obtained from Cambridge Isotopes in for eq 3.

sealed glass ampules and contained less than 1% water as determined

by NMR. For th(_er experiments, _QDN from Aldrich or Car_nbndge 3[Cp2RuX]+ +Y, — 3[Cp2RuY]+ + Xy 3)
Isotopes was distilled over Cahprior to use. Other materials were
obtained commercially and used as received.

NMR Experiments. All NMR data were collected on a Varian
Gemini 300 MHz spectrometer, and all chemical shifts reported are
referenced to the solvent (GON; 6 = 1.93 ppm). Integrations of 1D
and 2D data were performed using routines supplied by Varian. A Results and Analysis
Hewlett-Packard 8451A diode array UWis spectrophotometer was
used for optical absorbance measurements. Self-Exchange Rates.In Table 1 are given the rates at 298

To obtain kinetic data, appropriate amounts of J@K]PFs and K for the self-exchange couples [@X]/CpM (M = Ru,

Cp,M were weighed into an NMR tube and GDN was added to give  Os; X= Cl, Br, I). The EXSY approach extends the accessible
final concentrations near 5 mM. The relative concentrations of the NMR dynamic time scale to on the order d% for the

two species were determined from a 1D NMR spectrum of the mixture. exchanging resonances. For both the oxidized and reduced
The absolute concentr:_:\tl_qns were obtalnefl from_optlcal absorpanc_e datefnetallocenes, values of; in deoxygenated solutions are
and the molar absorptivities of the [@pX] * species after the kinetic approximately 20 & Thus, the effective lower limit for the

data were collected. Thid chemical shifts and molar absorptivities . . .
of the metallocenes and metalloceniums are summarized in the exchange rate accessible by EXSY in these systemdio1

Supporting Information. A standard EXSY pulse sequéhoas used st The EXSY technique requires that two separate resonances
to acquire the two-dimensional exchange data. For each experimentPde Ob_serVed, and for the fast_er rates Standa_rd line-broadening
256 1024W FIDs of eight scans each over a sweep width of 1600 Hz techniques are more convenient. The data in Table 1 reflect
with a recycle delay of 0:34.0 s were collected in phase-sensitive both our EXSY results and the results of previous line-
mode. The integrated EXSY peak intensities were used to determine broadening studie3!® The only couples that have exchange
the exchange rate constant and variance as described pre##éd8ly  rates which are accessible by both dynamic NMR methods are
using the program MATWA4, which performs mathematical functions tne promide transfer exchanges. For JRpBI]t/Cp;Ru the
on general real and complex matriéésafter each EXSY experiment XSY rate is similar to the previously measured value from
the 1D spectrum was reacquired to ensure that no dec_:omposmon ha ine broadening. For the [GPSBI]H/Cp,0s exchange, the rate
occurred. A sample EXSY spectrum and a tabulation of the 2D . 4 . . .

is too slow for accurate determination using line broadening at

integrals are given in the Supporting Information. I~ .
Halide Substitution Equilibria. Equilibrium constants for the temperatures below the solvent boiling point, but the value has

halide substitution of haloruthenoceniums were obtained by mixing CD Peen estimated to be 3Ms™.° The EXSY experiment gives

CN solutions of [CBRUX]PF; with a substoichiometric amount-Q.1 a value of 23.8 M1 s™1,

molar ratio) of (RN)XY, or (R{N)Y3 at 298 K. The NMR spectrum Table 1 also gives activation parameters for the self-exchange

of the mixture was monitored periodically until no further change was reactions in CRCN. The data in Table 1 represent a compila-

tion of previously published resulf and values we have

(16) (a) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R. Rhem. Phys. determined from temperature-dependent EXSY measurements
LT3, o e 0 acua, & Emet L R0 (e Supporting Information). For [GRUBIT ICRARU the
Chem. Soc1986 108 169-173. (d) Abel, E. W.: Coston, T. P. J..  activation parameters determined by line broadening compare
Orrell, K. G ; Sik, V.; Stephenson, 0. Magn. Resorl.986 70, 34— well with those obtained by temperature-dependent EXSY. Each

an 5C3Ha(§é)lv'v3‘;';’/>"le:ﬂ g'-JH;OSE"'Ei %hf£egéggéégfgggg§f;§67' reaction has a large positive value SH* and a negative\s*

(18) Civitello, E. R.; Dragovich, P. S.; Karpishin, T. B.; Novick, S. G.; value. These parameters have been previously interpreted as

Bierach, G.; O'Connell, J. F.; Westmoreland, T.IBorg. Chem1993

[Cp.RUY'T[X; ]

K Py ST
([CpRUX]*,Y;57) [szRuX+]3[Y3_]

32, 237-241. (21) Program MRQMIN. Press, W. H.; Teukolsky, S. A.; Vetterling, W.
(19) Kuchel, P. W.; Bulliman, B. T.; Chapman, B. E.; Mendz, G.JL. T.; Flannery, B. PNumerical Recipes in Fortrar2nd ed.; Cambridge
Magn. Reson1988 76, 136—142. University Press: Cambridge, 1992; pp 67B83.

(20) O’Connell, J. F. Unpublished. (22) Westmoreland, T. D. Unpublished results.
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A B 3AGECp2MX)‘.Y‘
3[Cp,MX]* + 3Y°

3[Cp,MY]H + 3X

2e | AG Y.y AGOX', Xy +2e”

X=1
.\ AGicpmxy, vy
X =Br 3[Cp,MX]* + Y3 3[CpoMYTY + X5
X =0l Figure 2. Thermochemical cycle relating reactions 3 and 4.
R TS P R TS P The relative reactant and transition state energetics, in terms

Figure 1. Limiting-case reaction coordinates for the [®IX] */Cp:M of Figure 1, can be defined by determining the relative reactant
self-exchange reaction as a function of X {Rreactant state, TS state energetics, which, following the approach of Haimay
transition state, P= product state): (A) differential reactant state be obtained from the equilibrium constants for the halide
stabilization; (B) differential transition state stabilization. substitution reaction, eq 4AG® for this reaction represents the

Table 2. Equilibrium Constants and Free Energies for Halide n _ n _
Substitution Reactions 3 and 4 and Differeniddb:° for [Cp,RuX]*™ [CpMX]"+ Y —[Cp,MY]" + X 4)
in CDsCN at 298 K

AGO e _RTIn K([CPZMX]JHY’)

AG%(coruxtyy  AAG )
X Y K([CpgRuX]*,Yg’) (kJ/moI)a (kJ/moI)’
Br I 18+ 6 25+ 5 63+ 8 difference in free energy of formation of the solvated f&x] *
Cl | 8+10 49+ 6 103+8 and [CpMY]* cations plus the relative free energies of the

solvated Y and X anions. From the known differences in
the energies of the solvated halides, the relative reactant state

an indication of significant desolvation of the transition state €€ €nergies can be obtained frdffcp,ux * v —).
relative to the reactant states! Direct measurement of these equilibria has proved to be

Equilibrium constants for the halide substitution reaction in MPOssible, however. Al+though the thermodynamic potentials
eq 3K cpsruxt*, vo) are included in Table 2 for X Br or Cl, for _reductlc_)n of [CpMX] T are not available, it |s_clear from
Y = 1. In each case, the iodo complex is thermodynamically the_|r chemistry that they are rea_sonably gooci oxidants. When
favored under the experimental conditions. These values dohalide salts were addeq _to_solutlons of WPQ ; only CpM
not, however, directly reflect the relative stabilities of thejCp ~ Was observed at equilibrium. The optical spectra of the
RuX]* cations since the formation of the trihalide products eqU|I|_br|um mixtures showed absqrpt_|ons characteristic ofml_xed
provides much of the driving force for these reactionislé trihalide aniong3 The_se resu_lts |nd_|cat_e tha_t the net reaction
infra). of the halometalloceniums with halide ions is

aFor reaction 4° Defined in eq 7.

Discussion [Cp,MX] T 4+ 2Y™ — Cp,M + [XY ]~ (5)

The data in Table 1 extend the range and precision of ) ) o
measured self-exchange rates in the J@)X] +/Cp:M series. Itis possible, however, to calculate the equilibrium constants

As noted above, there is a very pronounced dependence on thdor reaction 4 from the thermochemical cycle given in Figure
identity of the transferred atom. As has been previously 2: Inthe schemeAG®x-x, represents the standard free energy
recognized, the halide dependence of the rates in #heaad of the redox reaction X' + 2e” — 3X™. Thermodynamic data
other similar formal coupled two-electron/group transfers is o the X°/X3~ couples in CHCN are availablé?°and from
generally several orders of magnitude larger than for formal the measured standard potentials, the corresponding standard
one-electron transfers. The thermodynamic studies detailedT€€ energy changes can be comptited.

above have allowed us to address the origin of the halide The equilibrium constants for reaction 3 for M Ru,
dependence of the rates. K(cpruxitvs), in CDsCN were determined from the UWis

There are two limiting cases for rationalizing the relative 21d NMR spectra of equilibrium mixtures of haloruthenoceni-
exchange rates with varying X, as illustrated in Figure 1. In YmS with trihalides as described in the Experimental Section.

case A, the reaction coordinate for each exchange proceedsThe results are given in Table 2 along with the calculated free

through transition states that are nearly isoenergetic and the€nergies for direct halide SUbSt't}rJt'on' eq 4. The two electron

differences in the activation barriers arise primarily from the reduction potentials for [GRuUX]™ have not been measured

Eﬁ!?tlve energ.leﬁt ct))f thet reacttagts. lnﬂthls scinarlo, thel rate(zs) Popov, A. |. InrHalogen Chemistry, Vol. Gutman, V., Ed.; Academic
ifferences might be interpreted as reflecting, for example, a Press: New York, 1967; p 256.

large MY —CI bond strength and a much weaketVMI bond (24) lwamoto, R. T.; Nelson, I. VJ. Electroanal. Chem1964 7, 218~

with a net decrease in the %X bond order in the transition 221. - Gesk o

state. For case B, the differences in reactant state energies ar€> g)sg o?kf)vi:’(‘;\[.)cl)l\’/ GAesl & gm,'f Aen'?'csr?éln? 5208&%24&

small compared to the overall energetics along the reaction 5346-5349. ’ ' '

coordinate and the activation parameters are dominated by(26) The standard potentialE{ vs SCE) and free‘:1 energy changes

differences in transition state energies. Case B would suggest (kgﬁnglefgpz?_zoggs*(\,'”ffég Eﬁ,;eoﬁzgoﬂ%wlsd S/l'+_28'38/¥leT7r?e

that the rate differences are related to a much larger affinity of standard deviation of each free energy was estimated to correspond

the transition state for iodide than for chloride. to half of the least significant digit dE° (+0.05 V= £9.5 kJ/mol).
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Table 3. Relative Two Electron Reduction Potentials for
[Cp:RUX]™ + 26 — CpRu + X~ at 298 K in CRRCN

[szRuX]* E° (V VS Eo[cszuc|]+)
[CpRuCIt 0
[Cp.RuBI]" +0.12
[CpzRull* +0.25

Table 4. Free Energiésof Formation of Solvated X at 298 K

AGyanster{ X~ (aQ)—
X7(CHsCN)}©

AGP{X~(aq}® AGP{ X~ (CHsCN)}¢

Cl —131.25 42.1 —89.2
Br —103.97 313 —72.7
I —51.59 16.8 —34.8

an kJ/mol.? Data from ref 28¢ Data from ref 299 Estimated error
of £0.06 kJ/mol.

directly by electrochemical methods due to the irreversibility
of the coupleg? The halide substitution equilibrium constants

in Table 2 do, however, provide a means of calculating the
relative potentials as shown in eq 6.

[Cp:RUX]™ + 26" — CpRu+ X~
CmpRuU+ Y™ — [Cp:RUY]™ + 2e~

E°[cpruxi+
—E °cpruvyr

[Cp:RUX]* + Y~ — [CpRUY]* + X~ E°cpruxtt — E’lcpruvys =

—AG(cp,Ruxt+y/NF (6)

The values of the relative reduction potentials obtained from
eq 6 are given in Table 3 and indicate that while the potentials
are all very similar, the iodo complex is the most oxidizing and

the chloro complex is the least oxidizing. Itis not yet possible

to directly relate the potentials of the ruthenoceniums to those
of the osmoceniums via a common reference couple. It has
been previously shown, however, that the haloruthenoceniums

will quantitatively oxidize osmocen®.Thus, the haloosmoce-
niums must have reduction potentials at least 120 mV lower
than those of the corresponding haloruthenoceniums.

Shea et al.
48 kJ/mol
X=1
63 kJ/mol 29 kJ/mol
X=Br __ {{Cp,RuX}*, Cp,Ru}*
41 kj/mol
X=Cl
{CpyRuX]* + CpsRu

Figure 3. Relative reaction coordinate energetics for the ruthenocenium
series at 298 K.

4G*

-4———2[-[“

A B Cc

Figure 4. |dealized potential surfaces for coupled multielectron/group
transfer: (A) initial energetics; (B) effect of increased electronic
coupling; (C) effect of decreased reorganizational energy.

The thermodynamic data in Tables 1 and 2, as illustrated in

' The free energy change for reagtion 4'includes the diﬁerenge Figure 3, demonstrate that differences in transition state energies
in free energies of the solvated halide anions. The free energiesare significantly smaller than the differences in reactant state

of formation of X~ in acetonitrile may be obtained from the
free energies of formation of Xaqg) and the free energies of
transfer from water to acetonitrile, given in Table 4. The relative

energies. Such trends in the relative energies have been
previously interpreted in terms of net bond breaking in the
transition staté. In the context of the exchange reactions,

reactant state energies are then given by eq 7. The resultingcontributions to the net bonding character could arise both from

AAG° iy = AG{[Cp,RUY] (sOlV)} —
AG{ [szRUX]+(SO|V)} = AGO([CpZRuX]Jr,Y*) -
[AG°{Y (solv)}} — AG°{X (solv}}] (7)

differential free energies of formation of the solvated rutheno-
ceniums, AAG°y), are given in Table 2. These values

represent the differential reactant state energies for the self-

exchange reaction as well, since;Rp(solv) is common to each

exchanging couple. The quantitative relative energetics derived

from the data in Tables 1 and 2 are illustrated schematically in
Figure 3.

(27) McGill, A. D.; Westmoreland, T. D. Unpublished results.

(28) Dascent, W. Elnorganic Energetics Penguin Books: Victoria,
Australia, 1970; pp 132133.

(29) (a) Marcus, Y Pure Appl. Chem1983 55, 977-1021. (b) Sharpe,
A. G. J. Chem. Educ199Q 67, 309-315.

(30) Watanabe, M.; Motoyama, |.; Shimoi, M.; Sano, H.Organomet.
Chem.1996 517, 115-121.

(31) Choi, K. W.; Wan, W. C.; Shea, T. M.; Broderick, W. E.; West-
moreland, T. D. To be published.

(32) Sohn, Y. S.; Schlueter, A. W.; Hendrickson, D. N.; Gray, Hlri®rg.
Chem.1974 13, 301—-304.

weaker MY—X interactions in the transition state and from
differences in desolvation of the transition state based on the
identity of X. Such an interpretation would be consistent with
the observation that the x | transfer is more solvent dependent
than the X= Br transfert0d

For both ruthenium and osmium, the activation free energies
for the self-exchanges vary in the order€Br > I. In terms
of general theories of electron or group transférere are two
contributors to the energies of activation. As illustrated in
Figure 4, the energy of activation may be decreased by either
increasing the degree of electronic coupliblgg, between the
metal centers in the transition state or decreasing the reorga-
nizational energy required to reach the transition state.

The reorganizational energy associated with the reaction arises
from distortion of the system from its equilibrium geometry to
that of the transition state. This geometric distortion is related
to the differences in the geometries of the oxidized and reduced
forms of the species as well as the frequencies of the distorted
normal modes. For the group transfer reaction~&p-Cp
bending and M-X stretching in the transition state are the
principal intramolecular modes along which distortion would
be expected to occur. Table 5 summarizes the key parameters
for the relevant species which have been structurally character-
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Table 5. Selected Structural Parameters for jgX] * Salts N v *
salt ring tile (deg) r(M—=X) (A) ref [é’”‘ ‘“‘(% - [é‘“ﬁ“““/‘% ‘”’[@ "““4%}

[Cp.RUCI|BF, 345 2.417(2) 30
[Cp:RUBIPR; 36.7 2.534(2) 31
[Cp.Rul]l5 32.2 2.732(3) 32 N — Ty
[Cp.0sBrPR 38.2 2.531(2) 31 bily2) - — o b3

aThe ar_lgle between the least-squares planes of the carbon atoms of @ — W@
each Cp ring. —
| | N o 4 F it o A v
ized. From the data in the table, it is apparent that there are Y _H_ 4 @) - (@ + a(pyix 4 e
only small differences in CpM—Cp angles between the N B A B
metallocenium complexes and that the angles vary in magnitude 2Pusin 2
X X

in the order Br> Cl > |. The vibrational assignments of
ruthenocene and osmocene also show that the principal distortin
modes have very similar frequencf@sThus, large differences
in intramolecular reorganizational energy contributions to the
differences in transition state energies can arise only from the
asymmetric M-X—M stretch. While detailed assignments have as the indicated irreducible representations. The only orbitals
not been made for the metalloceniums, large differences in theseon the bridging halide which can mix the @rbitals of the two
frequencies are not expect&dWhile differences in the solvent  metals and provide a pathway for electron transfer are those of
reorganizational energies also contribute to the differences in g, symmetry, i.e., the halide valence gnd s orbitals.
activation barriers, the solvent dependencies of several of these The model in Figure 5 suggests an electronic basis for the
reaction&’ indicate that such effects are modest relative to the strong halide dependence of the exchange rates. For iodide,
halide and metal dependencies. Thus, changes in reorganizathe p orbital is more diffuse than that of chloride, and the
tional energies (Figure 4C) are unlikely to be the source of the overlap with the metal £ orbitals is better. Furthermore, the
strong halide dependence of the rates of self-exchange. iodide valence orbitals are closer in energy than those of chloride
Another major source of the differential energies of activation to the metal valence orbitals. These effects lead to stronger
is the electronic coupling of the metals in the transition state. mixing of the orbitals and an enhanced electron transfer
Figure 5 presents a proposed reaction coordinate and orbitalpathway. The kinetic effects of electronic coupling should be
correlation for the coupled two-electron/halide transfer reaction. reflected in theASF values. The data in Table 1 indicate that
This proposal seems to be the most reasonable based on thene difference in free energies of activation between the bromo-
evidence for an inner-sphere mechaninin the reaction, two  and iodoruthenocenium exchanges lies primarily in the entropic
electrons in a g orbital of R must be transferred to thezd  contributions. In this respect, it is curious that the free energies
orbital of Rus". As the [CpRU'aX]* ion approaches GRuU's of activation for the corresponding osmocenium exchanges are
and the (R —X)—Rug" interaction begins to occur, the €0 almost isoentropic. These results suggest that differences in
Ru—Cp angle of Ry"Cp, decreases, leading to the qualitative reorganizational energies may be more important for the
ordering of the orbitals given in the figu?é. In the pointgroup  osmocene series, but the structure of {OgI]™ has not yet been
S ——— o reported. Studies to further probe the nature of electronic effects
oKsnin, b. V.; Aleksanian, V. I.; Rusach, e.Jdb.0Organomet. em. i
(33) T o e s et 9 in these complexes are currently underway.

(34) The ratiov /v is typically ~0.65 for terminal halide complexes and Acknowledgment. The donors of the Petroleum Research

~0.5 for bridging halides. This ratio and the relative masses of the Fund, administered by the American Chemical Society, are
halides suggest that the intramolecular reorganization energy for iodide : ’

may, in fact, be as much as 1.5 times that for chloride. (a) Clark, R. 9ratefully acknowledged for support of this work.

gFigure 5. Orbital correlation diagram for [GRuX]*/Cp,Ru exchange
based on the proposed linear bridged transition state.

of the transition state, approximatdDgg, the orbitals transform

f(- I—:.;fWiIIigms,g:.RSInorg. ghe”t‘l%? ‘I‘ 350-357. (%) Iéakag)otc:_, Supporting Information Available: Spectroscopic data (NMR,
Cbmnpgahrr? d Sm e d‘aJngﬁg Wﬁ:; ;an doS or;\(;rgra\lr(]el\?v $rc])rk 109(2;6'”"" fon UV —vis) for the complexes, representative EXSY spectrum, tables of
(35) Since there is curréntly no evidence for & MX—M" intérmediate, 2D integrals and S/N ratios, tabulations and plots of temperature

we have assumed that there are no minima along the reaction dependentrates, 1D integrals for reaction 3, and fits of-Wig spectra
coordinate other than the reactant and product states. If an intermediatefor reaction 3 (6 pages). Ordering information is given on any current
does exist, it is only weakly stabilized relative to the transition state. masthead page.

Further, we cannot at this point completely rule out a metadtal-

bonded dimeric transition state with bridging halide, but this possibility 1C961000W

seems unlikely on the basis of steric constraints and the net decrease
in bond order in the transition state. (36) Lauher, J. W.; Hoffman, R.. Am. Chem. Sod976 98, 1729-1742.




