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The energy profile of rare Ru carbide formation starting from an acetoxycarbene complex is studied
using DFT methods. Three distinctive reaction pathways that differ in their initiation step are investigated.
Two of the proposed reaction mechanisms have relatively similar activation barriers. Therefore, additional
calculations have been performed using large size ligands;\R€@gtching exactly the actual experimental
system. In addition, the corresponding kinetic isotope effect has been evaluated and compared to the
experimental measured value.

Introduction with Ru(CHPh)(PCy).Cl, (b) in CH.Cl,.1* As expected, the
acetoxycarbene complex Ru(CHTMe)(PCy).Cl, (c) was
formed by metathesis with vinyl acetate, releasing styrene as
the byproduct. However, intermediatelid not undergo further
productive metathesis, but instead underwent rapid and quantita-
tive conversion taa, concomitant with release of acetic acid.

Olefin metathesis has become a powerful tool for organic
synthesis, following significant advances in catalyst design over
the past 15 years.5 Ru-based complexes in particular tolerate
a wide variety of common functional group3Nevertheless, a
few key functional groups are not tolerated in cross-metathesis

(CM) reactions, but instead cause catalyst decomposition. In () © (2)
particular, given the importance of alkenyl halides as building PCy, o PCys PCys
blocks in transition-metal-catalyzed syntheéebe general a | /P" = I)'/ Cl\| P~cMe EN
inability to synthesize alkenyl halides via CM is a long-standing _ Ri=C_ —— _Ru=c¢C I ——— Ru=C
R - cl | N\, metathesis Cl \ O - HOAc a”
limitation 8" [In contrast, there are a handful of recent examples — H |

PCy; -Ph PCy; PCy;

describing ring-closing metathesis (RCM) involviaghalo-o.,w-
dienes? However, unlike cross-metathesis of alkenyl halides,
which requires the formation of halocarbene intermediates that . - . . TR

are very likely to be unstable, in these RCM reactions such CI:(ZJIe[r?é] f|;| Slr'r\:l??Su(EH%E)-?IZIIhI\%SL(;Eég-?gl(nEE)S :2’233%%?0;2'
intermediate halocarbene complexes are neither required nor ¥l

i i i 13
implicated in the process.] Another process leading to limitation effec.tlng the conversion db into a.* Furthermore as shown.
. 27 . - . by Piers, these carbide complexes can be converted back into
of metathesis catalysis is the formation of carbides from vinyl

esters. In addition, carbide species have recently been found toaCtIve metathesis catalysts in one step via rearrangement upon

play important roles as precursors to rapidly initiating olefin protonation with a suitable ac.i‘Q.Moreover, a bridging carbide

metathesis catalysi. species is also a decomposition product of .the RQM ca}talyst
Our recent studié$ of metathesis reactions reveal the RU(CHE)(HZlMes)(PCy”)CIZ'M These recent discoveries h'gh'_

formation of a rare terminal carbide complex under some light the importance of carbide species to Ru-based olefin

conditions. The carbide complex Ru(C)(PBLI» (a)1%12was metathesis catalysis.

. S ’ . In this study, computational tools are used to study possible
formed rapidly and quantitatively upon reaction of vinyl acetate reaction mechanisms of the Ru carbide formation reaction. Three

*To whom correspondence should be addressed. E-mail: mjaj@umich.edu; different mechanisms are considered. Two mechanisms involve

Vinyl carbonates similarly produce Ru(C){Nles)(PCy)-

bdunietz@umich.edu. o o the formation of a Ru chelating ring. These two pathways are
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: 3,15 i i i i
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Scheme 1. Relative Energies (kcal mol) Calculated for Reaction Path 1 Using B3LYP/LACVP**
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mechanism is comparable to the calculated activation barrier This agrees well with the structure of related Ru(CHOEt)-
for the second mechanism considered. The different mechanismgPCy).Cl,,2? except that the carbene fragment of the latter
are all compared below also by including solvation and entropy species lies approximately in the -€Ru—CI plane, probably
effects for the different intermediates and estimating their due to steric reasons. The ruthenium-containing product of the
corresponding kinetic isotope effect (KIE) for comparison to reaction closely resembles the reactant and differs mainly by

available experimental data. replacing the RerC double bond with a Rucarbide triple bond
and having an acetic acid species released. The carbi@esl
Computational Details its modelRu6) and compound (and its modeRu1l) are best

descried as (distorted) square pyramidal, diamagnetic, 16-

The different intermediates and transition states along the electron complexes. The assignment of the configuration to
identified reaction pathways were obtained by geometry optimiza- square pyramid is based on the VerscBbatefinition for

tions employing quantum mechanical methods. All models studied distinguishing between square pyramid and trigonal bypyramid

have neutral charge and a singlet spin state. The level of theory configurations. In this procedure a geometric parameter is

used is density functional theory with the widely used B3LYP  opyained from the difference of the two largest angles defined

functional® at the LACVP** basis séf level (the smaller LACVP . :
and LACVP* sets were used to generate ini(tial guesses). The Jaguagﬁ de]J_ I(I)g?grdrz'sgo\ﬂget g faoboufg rtrr?gsgr?gldsi:)c;/;ranigg{ it%::?ﬂ:led
5.5 packag® was used to implement the calculations. All transition ’ :

. . . ' For the complexes considered here, this geometric parameter
states were calculated without constraints and involve a single . found to be 0.40 and 0.39 f&Ru1 and RU6 tivel
negative frequency associated with the reaction mode unless's found to be ©.40-and ©. UL andkub, respectively,

otherwise stated. Furthermore, all TS geometries were verified by which are closer to th_e square.pyramid Rmit. The calculated
optimization in backward and forward directions along the associ- €ngth of the Ru-carbide bond is 1.655 A, which compares

. . . 2:
ated reaction coordinate to produce the relevant species. We haveéVell to that ofa.2* . ) )
also incorporated solvation effects by employing the widely used  Several possible reaction paths have been investigated. The

continuum solvation modé?. first two pathways examined involve the formation of a five-
| d Di . (16) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Vosko, S. H.;
Results and Discussion Wilk, L.; Nusair, M. Can. J. Phys198Q 58, 1200. (c) Lee, C.: Yang, W.;
. . . . . Parr, R. G.Phys. Re. B 1988 37, 785.
The first step in the conversion d&f into a (formation of (17) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985,82, 299.

compounct) involves double-bond metathesis; the mechanism ng;Jaguar 5.5 Schrodinger, L.L.c.:h Portland, OR, 2003. o

; ; ; ; 19) Tannor, D. J.; Marten, B.; Murphy, R.; Friesner, R. A.; Sitkoff, D.;
of this transformation r;las been well studied both experimentally Nicholls, A.: Ringnaida, M. Goddard, W. A.. lll: Honig. B. Am. Chem.
and computationall§?-?* Accordingly, we concentrate on the  goc.1994 116 11875,
second process, the conversion ofinto a. Most of the (20) Sanford, M. S.; Love, J. A.; Grubbs, R. 5.Am. Chem. So2001,
calculations reported here concentrate on a model system. Théz?z?)S?;ICa allo, L. Am, Chem, S0@002 124 8965. (b) Fomine, S

. . . . . vallo, LJ. . . , . ine, S.;

_model reaction |nvest|gat_ed |nvol\{es the transformation of an Vargas, S. M.; Tlenkopatchev, M. fOrganometallics2003 22, 93. (c)
isolated Fischer carbene intermediate, Ru(GERe)(PMe),- Suresh, C. H.; Baik, MDalton Trans 2005 2982. (d) Suresh, C. H.; Koga,
Cl; (Rul), into Ru(C)(PMg).Cl, (Ru6) and acetic acid (here N. Organometallic2004 23, 76. (e) Bernardi, F.; Bottoni, A.; Miscione,

; G. P.Organometallics1998 17, 16. (f) Vyboishchikov, S. F.; Bui, M.;
Cy groups inaandc are modeled by Me groups asful and Thiel, W. Chem.—Eur. J2002 8, 3962. (g) Costabile, C.; Cavallo, .

Ru6). Additional calculations where the actual reactant was am. chem. Soc2004 126, 9592.
studied have been employed as described below. (22) Louie, J.; Grubbs, R. Horganometallics2002 21, 2153.
The Ru=C bond length in the optimized structure of the _ (23) Addison, A. W.; Rao, T. N.; Reedik, J.; van Rijn, J.; Verschoor,
. . . . . G. C.J. Chem. Soc., Dalton Tran$984 1349.
intermediate Rul) is 1.826 A; the two substituents on the (24) Hejl, A.; Trnka, T. M.; Day, M. W.; Grubbs, R. KChem. Commun.

carbene are situated in the same plane as bothFRbonds. 2002 2524.
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Scheme 2. Relative Energies (kcal motl) Calculated for Reaction Path l1a
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membered chelating ring with the Ru atom. These reaction proton transfer step leading to the cleavage of the ring’$0C
pathways differ in the initiation step. In Scheme 1, the Ru atom bond. In this schemé[S1 denotes the transition state for this
is activated by dissociation of a PMbégand and is followed step. InRu4, the newly formed HOAc molecule is coordinated
by rebinding this group in a subsequent step. This may be to the Ru atom through the carbonyl oxygen atom. This
supported by the observation of small amounts of freesPCy intermediate is slightly stabilized by rebinding a phosphine
and Ru(CHOAC)(PCyCl, in the reaction mixtures at partial  ligand, formingRu5; in this structure, the HOAc ligand moves
conversion ofc to a. into a sitecis to both PMg ligands. Dissociation of the HOAc
This first considered reaction mechanism involves the endo- ligand follows, yielding the final carbide produ@®u6. All the
thermic dissociation of a phosphine ligand generaRu®, as steps following the formation ofS1 are exothermic.
illustrated in Scheme 1. Experimental evidence relating to the In this schemeTS1is the transition state defining the reaction
phosphine dissociation barrier in a closely related complex hasbarrier. InTS1, the Ru-O bond length is reduced to 2.096 A
been reported. In particular, the dissociative exchange o PCy from 2.253 A inRu3. The Ru+-O bond is changing from a
from b is found to have an activation barrier of 23:60.5 kcal donor-acceptor type to a covalent bond. In addition, the
mol~1 at 25 °C in toluenedg.?® The energy of the resulting  incipient Ru-carbide bond inTS1 is significantly shortened
species, intermediatRu2 and free PMg is 27.7 kcal mot! (1.669 A) and closely approaches that found in the product,
aboveRul. In Ru2, the carbenei-H atom and the OAc group  Ru6. TS1is characterized by a bridging H atom, which is shared
are still in the same plane and the-R&and Ru-C bond lengths by both carbon and oxygen atoms as illustrated (at 1.134 A
remain almost unchanged (2.243 and 1.817 A, respectively). distance from the C and 1.650 A from O; the-RD—H angle
An isomer ofRu2 was obtained by switching the sites occupied is 139.0). The structure off S1is very similar to that of Ru-
by the H atom and OAc group; this corresponds to°I&fation (C-p-CsHaMe)(PCy)l3, which is a stable, isolable specis.
about the Re=C bond. ThisRu2' species was found to be only The vibrational mode of S1that corresponds to the reaction
0.5 kcal mot? less stable thaRu2. coordinate involves the H atom oscillating between the C and
The phosphine dissociation leads to a reactive four-coordinate O atoms. The H atom is transferred to O and the OAc group
14-electron species, which corresponds to the intermediate thatmigrates toward the CGIRu—O plane, resulting in théku4
is required for olefin metathesis. Interestingly, excess vinyl configuration. This step introduces a 42 kcal moknergy
acetate does not appear to undergo metathesis in the presendearrier, which is higher than the barriers found for the alternative
of ¢; instead, the stable carbi@gs formed. The low coordina-  reaction mechanisms investigated (see below). Furthermore, the
tion number and electron density at the Ru atom underlie the activation energy predicted for this mechanism is about 60 kcal
formation of the chelating ring, where the carbonyl O atom mol~1. Therefore, this pathway is ruled out.
serves as a donor to the electrophilic Ru center. This processis An alternate progression of the mechanism illustrated in
exothermic, generating the intermedi&e3, which is more Scheme 1 starting from thRu3 intermediate was considered
stable thanRu2 by almost 11 kcal mol. The phosphine as well. In this scenario, illustrated in Scheme 2, a free
dissociation barrier is partially compensated by this spontaneousphosphine ligand binds directly to the C atom bonded to the
ring formation reaction. IntermediatRu3 is a 16-electron Ru center, generatinRu8. The phosphine group iRRu8 is
species involving a five-atom chelate ring configuration with a oriented perpendicular to the plane of the five-atom ring. This
long donor-acceptor G-Ru bond of 2.253 A. The RuC species is more stable th&u3 by only 3.8 kcal mot?. This
distance irRu3 is only slightly decreased to 1.811 A from 1.817 phosphine orientation facilitates the dissociation of theGC
A'in Ru2. bond, producindru9. Here both H and PMgroups are situated
From this point, the reaction path in Scheme 1 continues with in the CHRu—ClI plane. The following transition state in this
formation of the rutheniumcarbide triple bond irRu4 via a mechanism is denoted dSla
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Scheme 3. Relative Energies (kcal mol) Calculated for Reaction Path 2

TSlainvolves the migration of H from the C toward the O electron configuration in its transition state, which leads to a
atom. This vibrational motion is associated with a single relatively lower lying transition state[S2.
imaginary frequency of 570.3 cth The H atom is located at This transition state is illustrated in Figure 1.T$2, the H
1.471 A from the C and 1.150 A from the O. Tli&1aatomic atom undergoing transfer is shared by both O and C atoms
configuration differs fronTS1 by the presence of the phosphine  (selected bond lengths and angles=11.348 A, C-H 1.246
group linked to the C atom. It features a more extendedHC A, Ru—C 1.693 A, Ru-C—H angle 127.5). The Ru-C—H
bond and a much reduced reaction barrier with about 16 kcal angle is less than 180 while the C atom hybridization is
mol~* energy reduction. The formation d?u4 follows by intermediate between sp andsp single imaginary frequency
relaxation of the H atom toward the oxygen and by rotation of has been identified with the value of 952.6 ¢mAs illustrated,
the carboxylic group toward the plane defined by the Ru and this vibration mode is associated with the oscillation of the

Cl atoms.Ru4 is the same as the intermediate following1 indicated H atom between the C atom of the incipient carbide
in Scheme 1. We note that while the activation energy®fa ligand and the O atom of the OAc group.

is lower thanT S1, other reaction mechanisms described below, The calculated activation energy is about 36 kcal Thol

however, exhibit even lower activation barriers. compared to 60 or 42 kcal mdi calculated in Schemes 1 and
The other reaction paths considered in this work are not 5 The ack of phosphine dissociation along this pathway implies
activated through a removal (and then rebinding) of a phosphinenat the conversion of to a should be unaffected by added
group, despite the observation that small quantities of freg PCy phosphine. Experimentally, we find that conversiorsafito 1
and Ru(CHQCMe)(PCy)Cl, (represented by model species s independent of PGyconcentratior? an observation that by
Ru2) exist in equilibrium withc in the actual systert?. Although itself rules out the mechanism of Scheme 1, but is consistent
both experiment and calculations permit the formation of species yith those in Schemes 3 and 4 (see below for details of the
such afku2, these are not productive intermediates on the direct latter). The reaction continues froffS2 to form Rus, where

pathway linking Rul to Ru6, but are formed in a side  {he carbide ligand is formed by completion of the H migration
equilibrium withRul. In addition, our observation that a closely {5 the O atom. Dissociation of the acetic acid ligand leads to
related compound, Ru(CHOOELt)(PCy).Cly, undergoes con-  he final productRu6 as with Scheme 1.

version toa in the solid stat® further indicates a mechanism

that does not involve phosphine dissociation. Therefore, the
actual mechanism may not involve any dissociation of £Cy
ligands. Instead, the alternative reaction path involves a less
complex mechanism of proton transfer.

In the second considered path, illustrated in Scheme 3, the
reactant is activated following an increase in the coordination
number of Ru. In this scheme, the activation is achieved by
coordination of the carbonyl O atom to the Ru center, resulting
in a six-coordinate intermediateu?. This intermediate contains
a five-membered chelate ring that lies in the-®u—Cl plane.
Ru7, the new intermediate, which has an 18-electron configu-
ration, is found to be very close in energy Rul (only 1.9
kcal mol?! higher in energy). The ©Ru bond length irRu7
is 2.213 A, consistent with doneacceptor character, whereas
the Ru=C bond length is 1.842 A, only marginally longer than
the 1.826 A value oRul. This mechanism is calculated to have
a lower activation barrier, as indicated in Scheme 3 and
discussed next.

The reaction path 2 continues by transformiRg7 to the
identical six-coordinate intermediate as in Schemieus. This
transformation involves a proton transfer within the ring similar
to that in Scheme 1. However, in this reaction mechanism the
Ru atom maintains a high coordination number with an 18- Figure 1. Transition state geometry for reaction path 2.

Next, an additional mechanism that lacks the dissociation of
the phosphine group is investigated. In this mechanism, which
is found to possess energetics similar to that in Scheme 3, a
proton transfer within the EOAc (OAc = O-acetyl) ligand is
involved. In this mechanism, the Ru center remains five-
coordinate at all times, undergoing neither dissociation nor
association of a ligand. Scheme 4 illustrates this reaction
mechanism, which involves a single step along a complex
reaction coordinate. This reaction coordinate first involves the
activation of the C-O ester bond. In the identified TS §3),
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Scheme 4. Relative Energies (kcal motl) Calculated for
Reaction Path 3
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Figure 3. The calculated geometry farS3 using PCy ligands.
Note the shift of the carboxyl plane away from the plane defined
by the P-Ru—P atoms.

Table 1. KIE, C—H Bond Variations, and Energy Barriers
for Different Reaction Mechanismg

activation energy Gibbs
(kcal mol?) (kcal mol?)
TS model KIE Ac-n(A) wl/osolvent withsolvent with solvent
TS1 nc 0.040 59.2(3.9) 54.8(4.2) 34.8
TSla 3.1 0.377  42.942.7) 35.0¢2.1) 334
TS2 2.9 0.152 36.0€2.9) 33.2(3.3) 27.7
TS3 24 0.096 34.0€2.7) 34.5(2.6) 30.9

anc = not calculated; (ZPE) values relative to reactant.

confirmed to lead to the reactant and products by following
geometry optimizations in the forward and backward directions

complex. The arrows indicate the major displacement of atoms of the reaction coordinate.

along the reaction coordinate.

The presence of the bulkier P€groups has caused the plane
of the chelate ring to shift away from thedRu—P plane. The

the C-0 bond is elongated at 2.139 A versus the 1.372 A bond smaller model calculation placed the ring in the same plane as

length in the reactant. ITS3 the C-H bond length is only
slightly increased to 1.190 A from the stable 1.094 A bond
length in the reactant. The measureet® distance infTS3is
1.472 A. In addition, the R&C bond length inTS3 is
considerably shortened from 1.826 A in Rul to 1.702 A, which

the P-Ru—P plane. However, with the larger model, the tilt
angle of the ring is found to be close to “4Eelative to the
P—Ru—P plane. All other geometrical features (i.e., the bond
lengths) reported above fdiS3 remain almost unaltered. The
structure of ther' S3with the larger model is depicted in Figure

is almost three-quarters of the way to the carbide bond length 3-

in the productRu6 (1.655 A).

The reaction coordinate then proceeds via a direct proton

transfer within the ligating Fischer carbene moiety from the
ligating C atom to the terminal O atom.

The calculated S3 geometry is illustrated in Figure 2, where

the atoms that define the reaction coordinate with their move-

ment are highlighted by arrows. The activation energy corre-
sponding to this scheme is 34 kcal mbl It is important,
however, to note that this calculaté&3involves two imaginary
frequencies. The first frequency at 474 This the recognized

The calculated activation energy using this larger model is
slightly reduced to 33.5 kcal mdl. This is only a 0.5 kcal mott
difference from the results involving the smaller models. We
note that all our attempts to calculat&2 with the larger model
have failed. The geometries dfS2 and TS3 differ by the
position and number of atoms involved in the chelate ring. In
TS2 one O atom from the carbonyl group is linked to the Ru
center, generating a six-atom ring, whileTi$3 the Ru center
is not incorporated in the ring. We suggest that the additional
intramolecular repulsions due to the bulkier ligands do not allow
the O atom to bind to the Ru center, making &2 geometry

reaction coordinate described above. The additional very flat less feasible. This leads us to suggest that the presence of the

frequency (at only 8.5 cri) is found to be associated with the
tendency of the OAc moiety to be shifted away from the
P—Ru—P plane. Our attempts to eliminate this frequency upon
further optimization ofTS3 have all failed. We ascribe this to

a combination of numerical instabilities and model truncation
associated with long-range intramolecular dispersion forces.

Therefore we have employed calculations involving nontrun-
cated models where Pgis used instead of PMeThe use of
the bulkier ligand leads to a more realistic orientation of the
HOAc group and therefore to the cleanup of the spurious
imaginary frequency. The resulting geometry indeed involves
a single imaginary frequency at 352.6 chywhich corresponds
to the mode described above fo83. This structure also was

bulkier ligands (PCy may favor theTS3 instead of TS2
geometry.

To further analyze the different mechanisms, we have also
modeled the solvation effect. The continuum solvent mé¥el,
despite its coarse representation, is found to perform quite well
for similar specieg® The solvent (CHCIl,), as shown in the
Table 1, lowers the energetical barrier for all mechanisms. The
activation energies of the considered mechanisms with the
solvent effect included are also shown to be relatively similar
to each other. Activation barriers between 33 and 35 kcaf ol
are now predicted for mechanisms 2, 3, and la. However,

(25) Benitez, D.; Goddard, W. A., lIJ. Am. Chem. SoQ005 127,
12218.
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it is possible that models employing several explicit solvent TS2 and 3.1 forTS1a follow the same trends relative to bond
molecules located strategically within the first solvation shell variations and energy barriers. Therefore, the reaction mecha-
would provide an even better description of the solvent effect nism illustrated in Scheme 4 features the best agreement with
and allow a better discrimination of a specific mechanism. Itis available experimental data of all mechanisms considered in
also important to note that with solvent effect included all this study with respect to the isotope effect.

geometries inClUding the transition states show additional The calculated mechanisms predict activation energies that

imaginary frequencies. The vibration modes corresponding 10 gre less than 10 kcal mdi above the experimental value of
these new frequencies are associated with rotation of the methylAGg* = 20.6 kcal mot? for the spontaneous conversion of

groups or other motions irrelevant to the reaction coordiffate. jnio a, with concomitant release of MeGB.13 We note, in

We estimate that fully optimized geometries with the solvent gqgition, that experimentally, solvent effects are known to be
would decrease the energy by-2 kcal mof* for all species.  gtrong: theAH?* value quoted above pertains to the reaction in
Therefore, these spurious frequencies have a limited to no effeadichloromethane, which is complete within 20 min at°5 In
on the calculated activation barrier. In the table we also include ¢ontrast, in benzene the intermediaie sufficiently long-lived
the correction for the energy barriers by including the zero- 44 pe isolable in pure form. Future computational studies of

point energy (ZPE) due to the molecular vibrations. We find his system may require explicit solvent models to properly
that the ZPE further lowers the barriers by about 3 kcal ™ol yopresent the important effect of the solvent on the reaction

for the d?ffere_nt considered routes. The ZPE correction values mechanism.
are provided in parentheses.

The effect of entropy is also considered. The Gibbs free

We have also considered additional variants of the above
< ; mechanism. In these alternative routes, two of the ligands are
energy values for the transition states relative to the reactanty|ioed to switch their positions on the Ru center. In this switch,
are provided in Table 1. We find that the entropy effect for ; ¢ ang a PMgligand exchange their positions on the Ru center

mechanisms 3 and la is minimal. However, the effect on g, inq the reaction coordinate. This has the effect of generating
mechanism 2 is to further reduce the barrier by an additional 2 oo \ars in which the two chloride ligands ais rather than

1 T . )
kcal mofL. This allows mechanism 2 to have the lowest reaction trans Cis—trans isomerism of this type is important in some

barrier, one that is only 7 kcal mol above the measured closely related systems that undergo olefin metatt¥@3&T his

egﬁ)qerlmehnta_l Val;’_el'q The mos:]d:camlagc gntrfopyh(_affect 'E found aspect was considered for all the above mechanisms. This leads
with mechanism 1; however, the final barrier for this mechanism e polarized versions of the different TSs and intermedi-

is still substantially the highest of all considered reaction routes. ates. The energies of the corresponding isomers have been

In the overall chemical process studied, the final carbide caiculated for all intermediates and transition states in the gas
product is obtained free of acetic acid. Therefore, the final phase and in the solvent. We find as expected that these
energetic comparison of the product must include the equivalent 5iternative species have a higher gas phase potential energy
dimerization energy of the acetic acid. This dimerization gsyrface and possess stronger stabilization due to the solvation
involves strong double hydrogen bonding and is calculated 10 effect than the original configurations. However, in the balance
be 20.4 kcal mot* at the LACVP™ basis set. Thus, the overall  of these two contradicting effects we find that all of the
reaction is calculated to be slightly endothermic with 8.8 kcal gjternative mechanisms feature higher reaction barriers even

mol~2, but is entropically favored. The overall reaction barrier \;nan entropy is considered as well. Therefore, we conclude
due to Gibbs free energy is slightly exothermic, with-8.7  ha¢ it is unlikely for these ligands to switch their locations
kcal mol! difference when the solvent effect is included. This during the reaction.

is in close agreement with our experimental measurements. . .
In conclusion, computational methods have been successfully

As a final point, we have also evaluated the kinetic iSotope seq o determine the more favorable reaction pathways. The
effect (KIE) values for the reaction schemes described abovefjg¢ considered mechanism is defined through related experi-
and contrast them to the experimentally measured value. Theyana| ghservations. However it was found to involve less

KIE values are calculated using frequencies of the reactant andg,, o apje energetics than other alternatives. The two alternative
the three most stable transition states obtained by replacing theyo chanisms are found to possess comparable energetics when
hydrogen with a deuterium atom. The formal expression is employing truncated models. In one mechanism (Scheme 3),

]E)rowded_ elst()a whe_r%?. V|¥e ha"?_ allso c?rre?ted all f?géﬂated the rate-determining step involves a proton transfer step within
requencies by using the empirical scaling factor of G:3bhe a chelating organic ring. In the alternate mechanism (Scheme

KIE values were calculated at standard temperature (298 K). 4) the activation step involves a direct proton transfer from the

The v_anatlon of the &H bond Iengt_h_ and the aC“Va“O!‘ igating C to the O within the Fischer carbene ligand. This is
energies from the reactant to the transition states are also liste oupled with cleavage of the-€0 ester bond. This mechanism
in Table 1. is also confirmed by results from using untruncated models. In
The smallest calculated KIE value of 2.4 corresponds to the aqgition, we note that the reaction mechanisms provide quite
mechanism illustrated in Scheme 4. This is the closest 10 the gjmjlar agreement with the available experimental data with
experimentally determined value of 1.5 measured in dichlo- yegpect to activation barriers and the KIE values. Additional

romethane solutiok? This also corresponds with the lowest  experimental and computational work may be required to further
change in the €H bond length and the smallest activation analyze this complex system.

electronic energy. The other two calculated KIE values, 2.9 for In future work, we will also address the high stability of the

terminal carbideRu6, focusing on analyzing the nature of the
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carbide bond. This may lead to procedures to interfere with the ~ Acknowledgment. We would like to acknowledge the
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bond is expected to be highly useful in bond-forming reactions. OM0603060



