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Abstract: The mechanism of intermolecular ligand exchange has been studied using transition path sampling
(TPS) based molecular dynamics (MD) simulations. Specifically, the exchange of solvent molecules bound
to unsaturated Cr(CO)s in methanol solution has been investigated. The results of the TPS simulations
have shown that there are multiple steps in the reaction mechanism. The first involves partial dissociation
of the coordinated solvent from the Cr metal center followed by association with a new methanol molecule
between the normally void first and second solvent layers. After diffusive motion of the exchanging ligands,
the last step involves the originally bound methanol molecule moving into the bath continuum followed by
solvation of the Cr metal fragment by the exchanging ligand. It has been found that the reaction center
(defined as the organometallic fragment and two exchanging ligands only) and the solvent bath have
favorable interactions. This is likely due to the adiabatic nature of the ligand exchange transition. The ability
to understand the microscopic molecular dynamics of a chemical process based on a free energy analysis
is also discussed.

. Introduction product is generally the rate limiting step in the reaction. While

The dynamics of coordinatively unsaturated organometallic intermolecular ligand exchange of coordinatively saturated
compounds have been the subject of intense study due to theispecies is described using associative, dissociative, or inter-
importance in many synthetic and catalytic proced$asearch change mechanismg,previous investigations concluded that
in this field has been aided by the advent of ultrafast laser unsaturated metal fragments form products in a neat solvent
spectroscopy, allowing for the unambiguous observation of the Via an intramolecular proces§.However, recent works have
formation of products from photogenerated reactants in solution. shown that unsaturated organometallic intermediates exchange
It has been established that a coordinatively unsaturated metaloosely bound “token ligands” via an intermolecular mechanism
center can bind to a nonreactive solvent molecule such as anas summarized in Scheme®%’ At present, there is no
alkane, which acts as a “token liganti’® These results are  agreement about whether this mechanism is best described as
consistent with time-resolved studies on Group 6 metal carbo- associative, dissociative, or interchange in nature. Mechanistic
nyls in neat RX (R= alkyl, X = CI, OH, etc.) solutions, in studies of these processes are inherently difficult with time
which the formation and subsequent dynamics of a loosely domain spectroscopies due to the lack of a well-defined initiation
bound alkyl-metal intermediate species following photolysis step. Theoretical methods, however, do not suffer from such

were characterizeti’~*” The rearrangement of a relatively |imitations because they are able to focus on specific, micro-
weakly bound alkyl-metal transient to a strongly solvated scopic, rare events.
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Scheme 1. Process of Ligand Exchange in the Present Scheme 2. DFT Optimized Structure for the Interaction of a
Investigation Single Methanol Molecule with a Cr(CO)s Fragment
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This technique is capable of characterizing rare molecular events
such as chemical transformation and has been used to study a
variety of physical phenomer#42> . .
y .p y P . . Table 1. Morse Potential Parameters for the Cr—Solvent Bonding
As an intermolecular mechanism appears to explain many neractions
observations of organometallic photochemistry in long chain

i Dy (kd/mol j (hm- Re

alcohol solvent$® we have modeled the rearrangement of a O/pca'r 6(6 8’“;; 0;':24: qz(n;ig
. r . . .

strongly bound Cr(CQ)(OH)CHs; complex with another solvent CHY/Cr 6.906 114211 5879

molecule in neat methanol to determine the degree of the

dissociative, interchange, or associative nature of the ligand )

exchange mechanism. The results of these simulations havqaab’e 2. Lennard—Jones and Coulomb Potentials for the
. . . olecular Dynamics Simulations

revealed many of the microscopic details of the exchange

mechanism as well as interesting energetic dynamics. Limiting site iad ofh cdko

forms of the proposed mechanism may account for previous H 0.435 0.00 0.0

observations made in similar systems. 8H3 _g:ggg g:gi 132_‘5

Il. Methods Cr —-0.928 N/A 0.0
The purpose of these simulations is to augment previous experimental gj: ggﬁg ggg ﬁé

conclusions concerning the mechanism of token ligand rearrangement. Oax —0.496 3.12 80.1

We have developed a model for the interaction of a coordinatively Oeq —0.456 3.12 80.l

unsaturated Cr(C@)fragment with a methyl alcohol solvent by

optimizing 15 structures of a methanol/metal complex using density ~

functional theory (DFT). These calculations were performed using the

B3LYP functional with the LACVP** basis set within the JAGUAR 6o | Cr-H

progran?®-31 |t can be seen from the globally optimized structure shown J _ gr'(C)H

in Scheme 2 that the strongest interaction is between the chromium 4] i

and oxygen sites. The usual Lennatibnes and Coulombic interactions % :

were thus augmented with bonding Morse functions between th€Cr i

and CrCHjz pairs, the parameters of which were optimized to fit the 21 :

calculated theoretical interaction energies. The parameters for the

potential are given in Tables 1 and 2. 0 s

g
o

The steady-state properties of a single Cr(€&dJute in a bath of
200 methanol molecules were calculated using classical MD techniques
within the microcanonical ensemb#&**These equilibrated simulations  Figure 1. Radial distribution functions between the Cr metal center and
the methanol solvent under equilibrium conditions. The metal is solvated

(19) Dellago, C.; Bolhuis, P.; Chandler, D. Chem. Phys1998 108 9236. by a single methanol molecule.
(20) Dellago, C.; Bolhuis, P.; Csaijka, F.; Chandler,.D Chem. Phys1998 .
108, 1964. were performed over 360 ps with an average temperature of 295 K.
gg geUaQIQ ('33-2 I‘?O'g%isy ;-; CBaf&dAef, Dﬁﬁhs%%gg)ﬁl%%%glﬂ 6617. Shown in Figure 1 are the equilibrium €H, Cr—0O, and CrCH;
elssler, P. L.; andiler, LJ. em. Y. . . . . . .
(23) Dellago, C.; Bolhuis, P.; Chandler, D.; GeisslerARnu. Re. Phys. Chem pair correla_hon functions. The first solven_t she_II mtegrat_es to exactly
2002 59, 291. one solvating methanol molecule, the identity of which was not
(24) Ramirez, J.; Laso, Ml. Chem. Phys2001, 115, 7285. i ; ;
(25) Geissler. P. L: Dellago, C.. Chandler, D.; Hutter, J.: ParinellaSblence observed to change over the course of the;e equilibrium S|mu[at|ons.
2001, 291, 2121. Consequently, the exchange of the solvent ligand/CréComplex is
8% EECK% A\-( DJ. (\5\76“};' Phéﬂgsﬁ 98yR 56‘1%-88 BaL 785 a rare event due to the strong interaction potential. The averages of
ee, C.; Yang, ., Parr, R. blhys. Re. . .
(28) Hehre. W. J.: Ditchfield, R.; Pople. J. A. Chem. PhysL972 56, 2257. the total reactant energy, bath/reactant coupling and reactant self-

(29) Francl, M. M.; Petro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; interaction energy, were calculated and compared to those observed in
Defrees, D. J.; Pople, J. A. Chem. Phys1982 77, 3654. ; :

(30) Hay, P. J.; Wadt, W. RI. Chem. Phys1985 82, 299. TPS simulations. . .

(31) Jaguar 3.5 Schrodinger Inc.: Portland, OR, 1998. To characterize the molecular dynamics of the ligand exchange

(32) é"en, Md Pf-: '(Ij'ilge_sley, % Jﬁ_onrlplﬂef %imlélél\tiggg;)f Liquidslarendon process with statistical significance, we have used the transition path
ress: XTOr clence Puplications: ristol, . . . e -
(33) The energy conservation of the steady-state and TPS microcanonical S8MPIing (TPS) method. First, artificial forces were added to an

simulations was generally on the order-00.03%. equilibrium simulation to create a reactive trajectory in which the
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identity of the methanol solvent molecule bound to the unsaturated 4.0
metal center is exchanged. Next, the artificial forces were removed,
and the trajectory was annealed for several thousand reactive simulations
within the transition path ensemble. This is accomplished by slightly
perturbing the velocities of a single randomly selected configuration
along the reactive trajectory and integrating the equations of motion
both forward and backward to create a complete new path. This trial
trajectory is accepted if the identity of the metal center solvating
molecule has changed between the first and the last step. Ast@ Cr
pair potential is strong, we use the-8D bonding distance distribution

Rcro)r

derived from the equilibrium pair correlation function as the criteria 2.0 — T
for the definition of a stable solvated state. If accepted, the trajectory 2 -1 0 1 2
is saved as the present working system and is analyzed for various Time (ps)

properties. Otherwise, the trial trajectory is discarded and the process g e 2 cr—0 distances during the exchange reaction. The dashed line
is repeated. The lengths of the trajectories were 3.9 ps, and the energiesepresents the incoming ligand, and the solid line represents the motion of
were constrained to a constant value as required within the micro- the originally bound methanol molecule.

canonical ensemble. In the language of the transition path method, these
“shooting” moves were accompanied with an equal number of “shifting”
steps to explore the phase space of the reactive trajectories. On average,
~40% of the trial shooting trajectories were accepted and were
subsequently analyzed to characterize the dynamics of the ligand
exchange process.

A second series of simulations were performed to determine the
nature of the potential energy surface. Approximately 4000 TPS
simulations were conducted in which the initial configuration of a stable
solvated state evolves into a region between the product and reactant
surfaces within 3.0 ps. A 2D histogram of the nearest versus next-
nearest neighbor €O distances was calculated from these trajectories.
Overall, there appears to be several local minima in the PES, two of 2 1 0 1 2
which are clearly associated with the product and the reactant basins
as discussed below.

E (kcal/mol)

Time (ps)

Figure 3. Averaged energy decomposition during the TPS simulations.
Shown are the total energy of the Cr(GQJnd exchanging methanol
molecules (solid line) as well as the reactive center self-energy (short dashed

The equilibrium radial distribution functions for the unsatur- line). The difference is the potential energy of the reaction center with the
, solvent (long dashed line).
ated Cr center and the solvent bath’s H, O, and; Gites are

shown in Figure 1. It can be seen that the metal fragment is gway from the metal center induces another solvent molecule
strongly solvated by a single methanol molecule due to the to enter the normally void~60 A%) volume between the first
strong Cr-OH interaction. The hydrogen site appears canted and second solvent shells. The system leaves this state when
toward the metal center compared to the DFT optimized the formally bound methanol molecule diffuses into the second
structure shown in Scheme 2, which is likely due to the solvent shell boundary, thus allowing the exchanging molecule
inaccuracies of the classical potential surface, solvent perturba-o fully coordinate to the metal center. This process occurs over
tions, and the presence of long-range forces. Given the fact thaty diffusive~1.3 ps time scafé but is a statistically rare event
the intermolecular substitution is a rare event due to the strongin the equilibrated ensemble. Consequently, the last step of the
Cr-solvent potential, the TPS method is needed to characterizesplvent exchange process is essentially the microscopic reverse
the exchange process with statistical accuracy. As the strongesbf the first.
bonding interaction of the solvent with the Cr atom occurs from The dynamics of the reactant and bath energies reveal many
the Cr-O bond, we define a steady-state reactant basin as havingnteresting properties of the exchange process. As traditional
a Cr-0 distance of<2.4 A with all other molecules in the  views on the mechanism of ligand exchange focus largely on
second shell and beyond. In the words of refS‘IQ, the C-O the reactive Subsystem (deﬂned as the Crmgment and
distance is the order parameter which defines our stable reactanthe two nearest exchanging solvent molecules), we define the
or product state. However, the order parameter should not betotal conserved energy as
confused with the true multidimensional reaction coordinate
which is very difficult to accurately characterize. The product E = EpanT Eeactant™ Vbathireactant (1)
basin has the same spatial structure as the reactant; however,
the identity of the solvating molecule at the end of the simulation WhereEreactanfepresents the internal metal fragment/exchanging
is not the same as that at the beginning. ligands energy, whil&ahis the sum of the potential and kinetic
Several properties of the molecular system were observed€énergies of bath molecules only. The last term is the potential

over the course of 2000 successful transitions. The results havefnergetic coupling between the reacting molecules and the bath.

been averaged over time with respect to the last spatial crossing>oWn in Figure 3 are the reactants’ total and internal energy
of the exchanging solvent molecules, which is defined to occur @5 well as the bath/reactant potential coupling. An interesting

at the center of the trajectory. The @D distances of the aspect of these data is that the bath/reactant interaction is

exchanging methanol mOIGqueS over tlme are shown in Figure (34) Simulations of a neat methanol liquid show that an O site may diffuse
2. It can be seen that the motion of the initially bound methanol ~1.5 A within 1.2 ps.

Ill. Results
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The solvent structure is redistributed beyond the first and
second solvent layers as can be seen from the difference between
the distribution functions at equilibrium and during the reaction,
which suggests that large scale solvent motion is involved in
the ligand exchange reaction. Overall, the results suggest that
the time scale for the ligand exchange reaction is due to a highly
complex multidimensional potential surface with several local
minima that connects the product to the reactant states. These
intermediate basins may be associated with bulk solvent
reorganization that assists the exchange process.

Cr-0 (A)

Due to the well defined order of solvent motions into long-
29 31 33 35 lived intermediate states, the finechanism observed in these
Cr-0 (A) simulations is best described using a two-step process. The

) . ) ) ) .. observed dynamics has dissociative character in that the
Figure 4. Histogram of Cr-O distances for TPS simulations that begin in . Lo
the product well and end between the first and second solvent shells. Therecc’c’rd'nalted solvent must initially detach from the metal center
appear to be two stable states that are associated with the product andand move between the first and second solvent layer. Only after
reactant basins as well as several intermediate states in between. the original solvating ligand moves out of the first solvent shell
can another solvent molecule diffuse into the same region. Thus

energetically favorable near the center of the trajectory, which While the first step has dissociative character, this second step
results in a greater internal energy for the unsaturated metalh@s an associative nature. Previous studies that suggested a

and exchanging methanol molecules due to energy conservatiorfPectrum of reaction dynamics are more likely limiting forms
within the microcanonical ensemble. of the generalized mechanism proposed below. Our observations

are also similar to those made in a recent report which proposed
IV. Discussion the possibility of associative and dissociative processes operating

i 7
A. Reaction Mechanism.It was initially believed that the S|multan_eou_sl)}. Thes_e workers also_conclgdgd that an |
ligand exchange reaction for this model would be dissociative mechanism is best suited to characterize their ligand exchange

in nature. In this case, the coordinating solvent species would StUd'eS_' Note that our qonclusm_)ns are ”f” ba_se_d upon the
break off from the metal center of Cr(C§&and enter into the averaging _Of the o!ynam_lcs _Of pll_sparate dlss_omatlve an_d as-
bath continuum before another methanol molecule moved to SOciative single trajectories; individual analysis of each single
solvate the unsaturated metal center. However, theGCr trajecFor.y does not conform to either of these mechanistic
distances for the nearest and next nearest solvent molecules Sho\gescrlptlons.

that the exchange of solvating ligands occurs midway between The ligand exchange dynamics may be summarized as
the normally void first and second solvent shells as seen in follows. The Cr(CO}MeOH complex is energized by a
Figure 2. An energy decomposition of the reaction center shows fluctuation in the local bath that allows for the removal of the
that the bonding interaction between the metal and solvating Solvating methanol molecule into the basins between the first
ligand is largely lost at the midpoint of the reaction. However, and second solvent shells. The presence of a solvate in this space
the metal center does gain some favorable interaction with the induces another to move into the same region. After diffusive
exchanging methanol molecule at the same time. These resultgnotion within this long-lived state, the rearrangement is
suggest thatgl(dissociative interchange) mechanism is respon- complete when the formally bound solvent molecule moves into
sible for the observed dynamics. In this scheme, the reaction isthe continuum, which leaves the other to bond to the metal
assisted by the simultaneous favorable potential energy contacfragment. While the present simulation suggestssanédcha-
between the incoming and outgoing token ligands with the metal Nism, the well defined order of the reactive steps shows mixed

center. There also exists an energetically benefieialkcal/ associative/dissociative dynamics occurring at the same reaction
mol interaction between the exchanging methanol molecules center. Thus, whether a particular ligand and metal fragment
during the exchange process. appear to rearrange according to a single traditional mechanism

Two possibilities exist to explain these observations. First, depends on whether the bottleneck of the reaction occurs in
one or more local potential minima may connect the product the first dissociative or second associative step. The reaction
and the symmetric reactant configurations. The existence of mechanism would appear to have a [metal fragment]-ligand
intermediate basin(s) is supported by the long time scale of bonding activatingAH* and a positive AS® if the first
ligand exchange observed in the reactive simulations. Alterna- dissociative process is the most important process in the
tively, this observation may be the result of a long, flat potential mechanism. Likewise, if molecular diffusion of an exchanging
energy surface that connects the stable product/reactant basindigand from the continuum into the normally void volume is
To address this issue, we have performed TPS simulations fromthe slow step, one would likely conclude that the mechanism is
the product basin into the intermediate region where no single more associative in nature. Systems in which both processes
solvent molecule is bound to the metal center as shown in Figurearé important would appear to undergo an interchange mech-
4. The results show existence of two stable basins associatec®NISM.
with the reactant and ligand exchanged product states along with The present proposed mechanism accounts for many of the
several intermediate states in between. Shown in Figure 5 arediscrepancies observed in the reaction dynamics of ligand
the radial distribution functions of the €X (X = H, O, CH) exchange in coordinatively unsaturated organometallic inter-
solvent sites calculated during the reactive simulations. mediates. While it may be true that every system of metal
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Figure 5. Radial distribution functions between the Cr metal center and the methanol solvent during the TPS simulations. Shown are the distribution
functions for the second shell and beyond. The solid lines represent the nonequilibrium calculations which should be compared to the (daslidilire) eq
results.

fragments and solvent molecules undergoes exchange from dast reaction is controlled by the instantaneous solvent config-
mechanism that is unique to those interacting speciesq an | uration near the transition state. In our case, the long time scale
process with well-defined dissociative/associative dynamics of the transformation results in an adiabatic reaction mechanism
unites many previous observations. Consequently, mechanisticin which the solvent has the time necessary to respond to the
and ultrafast experimental studies cannot capture the microscopicslow changes in the reactive basin. To test the generality of
details of the reaction dynamics because the process is moreghis phenomenon, theyd reaction of Ct with CHsCl has been
complicated than a simple traditional mechanistic view allows. simulated in the TPS ensemble. The initial results indicate that
Further investigations of ligand rearrangement will focus on the the fast displacement and charge switching result in unfavorable
nature of the transition states and rates of reaction from the stablebath/reagent energies as had been observed in previous studies.
to a possible metastable basin. Consequently, it is likely that our observations are representative
B. Energetics.Shown in Figure 3 is the total energy of the of reactive systems in which the molecular nature of the
reacting molecules which represents the sum of the kinetic andreactants is not highly perturbed during the course of the
potential energies of the two nearest exchanging methanolreaction. Further studies of other reactive systems will be
molecules and the organometallic fragment among themselvesperformed to ascertain the generality of these proposed dynam-
and with the remaining solvent bath. Also shown is the internal ics.
energy, which represents the sum of the kinetic energy andv. conclusion

potential interactions only among the Cr(G@nd two nearest The present proposed mechanism accounts for the reaction

methanol molecules. These data have been normalized such th : ; .
the zero of energy represents the equilibrium value. It can bea&ynamms of_hgand exc_hange Of- co_ordmatwely unsaturated
) .organometallic intermediates. While it may be true that every

seen that the reagtant species’ i'nte.r nal energy rises above the'EyStem of metal fragments and solvent molecules undergoes
total energy, the difference of which is the reactant/bath potential ligand exchange from processes that are unique to those species

energ_etic c_:oupling. The fact_Fha}t the reactantbath potential limiting forms of our proposed mechanism may account for a
coupling dips belo_w the equilibrium \_/alue suggests_ t_hat the variety of conflicting conclusions concerning the mechanism
solvent acts to assist the exchange of ligands by providing extra o ligand exchange. Consequently, traditional mechanistic and

internal energoy Into the reactive ceqter. This |nterlact|on ultrafast studies may not be able to capture the microscopic
represents~20% of the internal energetics of the reaction as details of the dynamics. The internal energy of the reacting

Sh°W_” in_ Figure 8. This can be explai_ned_ by dividing the species by the bath through a favorable reactant/bath coupling
Hamiltonian into reactant and bath contributions as expressed,cqicis the ligand exchange dynamics. This observation is likely

n €q 15IAS Itzhi tg)tilhener:gy IS _cotns;te}nt in the ;n;ﬁrocanc:nltztal due to the long time scale over which solvent exchange occurs
et?]setr\nN eqE = t), t?\c alnge Iln ola enedrgé/:o N reactan S as well as the fact that the molecular nature of the reacting
(the two nearest methanol molecules and Crifjgment) species is intact throughout the course of the simulation.

can be expressed as ) )
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