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Abstract: We report a molecular dynamics study of the dynamics and energetic of the [H,Si(Cp).ZrMe*]-
[MeB(CsFs)s7], IP1, and [Me,Si(Cp).ZrMe*][B(CsFs)a], IP2, ion pairs in benzene. The metrical parameters
obtained for the IP1 ion pair are in excellent agreement with the NMR data reported for the strictly related
[Me;Si(Cp)2ZrMe*|[MeB(CsFs)s ] ion pair (J. Am. Chem. Soc. 2004, 126, 1448). This validates the molecular
modeling protocol we developed. Simulation of the IP2 ion pair suggests that the counterion oscillates
between two geometries characterized by a different coordination pattern of the F atoms to the Zr cation.
In one case the B(CsFs),~ coordinates to the metal with two F atoms of the same aryl ring, whereas in the
other case two F atoms of different aryl rings are involved in the coordination. Strong solvent reorganization
occurs around IP1 and IP2, as well as around the two isolated cations. In the case of the two ion pairs
solvent is never coordinated directly to the metal, whereas in the absence of the counterion one benzene
molecule is coordinated to the metal through a cation— interaction. Free energy calculations result in ion
pair free energies of separation of 36.8 and 23.3 kcal/mol for IP1 and IP2, respectively. Simulations with
the Zr—B distance fixed at values > 7 A have been also performed. This mimics the situation occurring
after counterion displacement by an inserting monomer molecule during olefin polymerization by the title
catalysts.
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by well-defined organic molecules such as MeBH§)s~ or explicitly included the anionic counterion. To the best of our
B(CsFs)s~ derived from boranes and borate salts, respec- knowledge the first modeling of the “ion pair model” appeared
tively*?-49). Nevertheless, this very simple “cationic model” has in 199776 Although in a simplified way, the counterion was
been (and still is) used by experimentalists and theoreticians toexplicitly included to model the chain growth reaction. The ion
rationalize and even predict a huge amount of experimental datapair model was subsequently given full credit by several
The correlation between the symmetry of the group 4 complex quantum mechanics calculations that investigated in detail
and the tacticity of the resulting polymer is an achievement of different approaches of the monomer to the tightly bound ion
the cationic model?~23:50-52 Regioselectivity of the various  pair/7-8 These studies clearly indicated that the major contri-
catalysts and, in many cases, molecular masses of the resultindpution to the overall energy barrier for chain growth originates
polymers have been also rationalized by the cationic from counterion displacement from the cationic center. Of
model23-28:53-55 Nevertheless, in recent years several weak- course, excellent experimental activity fundamentally contrib-
nesses of the cationic model indicated that a step forward haduted to the development of the ion pair moéfets-88 Kinetic

to be made. As an example, the energy barrier for chain growth studies evidenced that the chain growth reaction cannot be
predicted by the cationic model underestimates by far the deeply understood without considering a more or less tightly
experimental valué’-28 More importantly, a growing body of  bound ion pair as the propagating specéfes®6+70 The
experimental studies clearly indicated the limits of the cationic microstructure of syndiotactic polypropylenes produced with
model. For instance, the activity of the same group 4 complex someCssymmetric catalysts could be rationalized only con-

is highly dependent on the specific counterion u¥ed

sidering competitive isomerization/propagation reactions con-

Similarly, it was shown that the tacticity of polypropylenes trolled by the specific counteridti.

produced withC;- or Cs-symmetric catalysts can be highly tuned
by changing the counterid®."* The behavior of the oscillating
unbridged metallocené&s’3was shown to be strictly related to

Thus, it is no surprise that many studies have focused on
detailed structural and dynamic characterization of ion pairs in
solution57-86-92|n particular, NMR techniques were effectively

the specific counterion uséd. >

As common in science, the failure of a simple model (the
still extremely useful cationic model) urged the development
of new and more sophisticated models that, in this case,

used to investigate several ion pairs containing some typical
metallocenes with a family of different counterions. In the case
of the [M&Si(CprZrMet][MeB(CeFs)37] ion pair it was shown
that the tightly bound MeB(gFs)s~ counterion steadily points
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the Me group toward the Zr atof.Addition of a Lewis base
such as THF to the ion pair solution (to mimic olefin
coordination) was also investigated. THF was shown to displace
MeB(CsFs)s~ quickly, and the NMR data suggest that after
dissociation from the metal MeB§Es);~ no longer points the
B—Me bond toward the met&l.Far more difficult proved the
NMR characterization of the [M&i(Cp)ZrMe™][B(CsFs)47]

ion pair, due to the weakly coordinating Bf€s),~ counteriorf’
Theoretical characterization of ion pairs was also attempted,
and quantum mechanics approaches were shown to reproduce
well the X-ray structure and rationalized the energetics of ion
pair formation of several systems. However, due to the intrinsic
static nature of these calculations no dynamical insights could
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Chart 1 we use the same computational approach to investigate the
dynamic behavior of théP2 ion pair, whose characterization
in solution proved difficult. Then, we report on solvent
J reorganization around the ion pailBl and IP2, as well as
:‘B“ around the isolated cations,$i(CpyrZrMe™, C1, and MeSi-
H\ 1 2 uMe/ (Cp)xZrMe™, C2, and the isolated anions MeB{&)s~, Al, and
S Zr’|'3 % B(CsFs)4~, A2. In the final part we discuss th@1 and IP2
ion pair free energies of separation, as well as the structural
changes that occur when the distance between the cation and
IP1 the anion is increased. This is particularly relevant to understand
the possible ion pair reorganization when the counterion is
partially displaced by the incoming monomer molecule. The

R F structure of the ion pair after monomer coordination is one of

ﬂ the most intriguing and still unclear sides of the chain growth

F1 mechanism. Experimentally, efforts in this direction included

\ £ the investigation of counterion displacement by competitive

zr B, P ; :

’_<j\ coordination of Lewis bases such as phosphines or H.

Me,, F3 @ Here we try to contribute toward solving the general problem

sharply casted by Busico:fdr a monomer molecule to insert,

C2 F A2 it is assumed that the anion must be partly displaced, but to
P2 where exactly is hard to say®

) . Models and Methods
they are in the gas phase and are too short (a few picoseconds)

to provide a meaningful sampling of the configuration space. Simulation Details. All simulations were performed in a periodic
For this reason, in the context stated by Marks and Macchioni €uPi¢ box using the GROMACS (version 3.2.1) packéig&imulations

that “direct structural characterization of the catieranion were performed in the isothermal, isobaric (NPT) ensamble. A

interactions in solution (i.e., in the medium in which these Berendsen thermostat and a Berendsen barostat were applied to control

| Iy f . Id v facili he basi temperature and pressufé. The full system was coupled to a
catalysts actually function) would greatly facilitate the basic temperature bath at 300 K with a coupling time of 0.2 ps. The pressure

mechanistic understanding of these complex systeme was held at 1 atm, with a coupling time of 0.5 ps. Nonbonded
decided to develop a modeling protqcol to investigate .the interactions were evaluated using a twin-range cutoff. Interactions within
structure and dynamics of metallocenium ion pairs including the shorter-range cutoff, 15 A, were evaluated every step, whereas
explicit solvent. Classic molecular dynamics (MD) based on interactions up to the longer cutoff, 20 A, were updated every five
empirical force fields (largely used for the dynamic and energetic steps together with the nonbonded pair list. To correct for the neglect
characterization of ion paits % and of metals complexes with of the electrostatic interaction beyond the 20 A cutoff, a reaction field
organics molecules as calixareffs99 is of course the most ~ correction withe = 2.3, which is the dielectric constant of benzene at
appropriate tool, since it allows modelling“010P atoms for 220 ’E W‘ZS Pseff- _Progugtlon runts Werefperlfotrm?d with a t'mi Stﬁ;‘)f
simulation times on the order of 3010° ns. Indeed, the typical S. BoNds nvolving hydrogen atoms of solute (fon p.a"s) and at the

. L g . bonds of solvent (benzene) were constrained using the SHAKE
system we model in the following is composed of an ion pair

. . algorithm1% Benzene was described using the force field optimized
swollen in about 1000 benzene molecules. Quantum mechanlcsOy Milano and Miller-Plathelo?

invlestigations.eviFiencgd that the driving force for the gation/ System Setup and Equilibration. The gas-phase optimized geom-
anion interaction is mainly electrostatic in nature even in the egies of IP1, IP2, C1, C2, AL, and A2 were used as the starting
case of theuMe bridged MeB(GFs)s~ counterion’’:101 This structure for the molecular dynamics simulations. The solute molecule
allowed us to develop an empirical force field that is able to (ion pair or ion) was solvated in a box containirng200 molecules of
reproduce with enough accuracy the structure and the energeticbenzene (1091 molecules of benzene forlls C1, andAl systems;

of the ion pairs utilized her®2 The systems we investigated 1302 benzene molecules for tie2, C2, andA2 systems). At 1 atm

in this manuscript are the BS$i(CpyZrMe*][MeB(CeFs)s ], and 300 K these systems correspond to average box lengths of 54 and
IP1, and [MeSi(CpkZrMe™][B(CeFs)s], IP2, ion pairs shown 59 A, respectively. The systems were simulated for short intervals at
in éhart 1 T a time step that started from 0.01 fs and was increased to 2 fs. With

In the first part of the manuscript we validate our methodol- the final time step, systems were equilibrated for 1.5 ns of MD
P P simulation at constant temperature (300 K) and pressure (1 atm). All

ogy by comparison of our dynamic metrical results|ft with simulations were monitored to check for good convergence in terms
the NMR data of the well chara_ctenze_d and stnc_tly _related of energy, temperature, and density, among other properties.
[MezSi(CppZrMe*][MeB(CeFs)s] ion pair. After validation, Free Energy Calculation. To investigate the ion pairs at different
Zr—B distances we calculated the free energy of the ion pair as a

(95) Wang, L.; Duan, Y.; Shortle, R.; Imperiali, B.; Kollman, P. Rrot. Sci.

1999 8, 1292.
(96) Meng, E. C.; Cieplak, P.; Caldwell, J. W.; Kollman, P. A.Am. Chem. (103) Beck, S.; Prosenc, M. H.; Brintzinger, H.-Bl. Mol. Catal. A: Chem.

Soc.1994 116 12061. 1998 128 41.
(97) Yang, Z.-Z.; Li, X.J. Phys. Chem. R005 109 3517. (104) Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A. E.;
(98) Smith, D. E.; Dang, L. XJ. Chem. Physl1994 100, 3757. Berendsen, H. J. Cl. Comput. Chem2005 26, 1701.
(99) Miyamoto, S.; Kollman, P. AJ. Am. Chem. S0d.992 114, 3668. (105) Berendsen, H. J. C.; Postma, J. P. M.; Van Gunsteren, W. F.; DiNola, A;
(100) Blas, J. R.; Marquez, M.; Sessler, J. L.; Luque, F. J.; Orozcd, Mm. Haak, J. RJ. Chem. Phys1984 81, 3684.

Chem. Soc2002 124, 12796. (106) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. JJ.GComput. Physl977,

(101) Lanza, G.; Fragala L.; Marks, T. J.J. Am. Chem. So200Q 122 12764. 23, 327.
(102) More details can be found in the Supporting Information. (107) Milano, G.; Mtier-Plathe, FJ. Phys. Chem. B004 108 7415.
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function of the ion pair separation, known as the potential of mean
force (pmf). The pmf was determined using the coupling parameter “°[ zr-B b) uMe-Zr 40
approach in conjunction with the thermodynamic integration (TI) 30} X-Ray d3o
formula08-110 = Y
Q f
s ﬁH(/l) 2 T
AG= ﬁA A QPT& ot @) 0r 110
In this approach the Hamiltonid# is made a function of a coupling 0 40 16 20 24 28 32 0
parametei. Thei-dependence defines a pathway which connects two r(A)
states, denoted by A & 0, initial state) and BA = 1, f_inal sFate). To Wk 0 uMe-H1 d) uMe-H2 440
solve eq 1, the ensemble average at a number of distigdints was
obtained by performing separate simulations for e&goint, and the 30 4 3_%
integral was determined numerically. In our simulatibnvas set as E— =
the Zr—B (boron) distance. At eachpoint the Zr-B distance is fixed 201 7120
and the average force along the-AB axis is calculated. This average NMR-_ NMR_
force is subsequently integrated to give the potential of mean force. 10 AL 1'°
For bothIP1 andIP2, A = 0 corresponds to a ZB distance of 4.0 A, 0 T v 4 Y . L 0
while 2 = 1, to a Zr-B distance of 10.0 A. At each pmf step the- 7B 32 36 (}5‘30 44 48 24 28 (/i')z 36 40
distance was increases by 0.25 A, and the systems were first equilibrated
for 400 ps and afterward sampled for 1.5 ns. _ o o) uMe-H3 f) uMe-H4 40
To approximate the free energy of ion pair separatid@P’s, we
used indirect pathways. In this case the coupling parameter approache B 7 3%
was used in conjunction with the slow-growth method ($G&3}*In Q =
the SG method it is assumed that the change in the system/frdm BF MR 120
Ag occurs reversibly, such that the system is in equilibrium throughout 19| > 410
the entire change. The coupling parameter is then made a function of 0
1 1 1 1 1 1 1

time, and the ensemble average of eq 1 is replaced by a derivative 0 32 36 40
evaluation ofAGP* at each point of MD simulation, according to the r(A)
formula of eq 2, which follows from the assumption of reversibility.

1 ) 1 1 1 1
4448 44 48 37 86 60
r(A)

Figure 1. Distribution function, DF, of several geometric parameters in
the IP1 system.

N faH(2) . )
AGP'S = — AL 2) Table 1. Comparison between Calculated and Experimental
& A i Geometrical Parameters of IP1; Distances in A, Angles in deg
o . . parameter MD NMR or X-ray
In our case the initial staté. corresponds to the tightly bound ion 00032 37
pairs, while the final statég corresponds to the isolated cations and ”mg::% 3'421 025 30
cou_nt_erigns. The fina_l state can b_e reached by_ combining _slow ZMe—H3 410+ 028 39
annihilation of the cation (or counterion) from the tightly bound ion uMe—H4 5.304 0.20
pair and from a solvent box with the isolated cation (or counterion). In Zr—-B 4.20+ 0.09 4.20
this case thé. parameter corresponds to the nonbonded parameters of Zr—uMe 2.50+0.09 2.58
solute (van der Waals parameters and point chardesps changed O'E::% g?gi igi i-;
with a rate of 5x 1077 for the time step (2 fs), for a total simulation g:F—HS 5214 0.97 5B
time of 4 ns for egch tra_nsformation. Further details can be found in Mey—H3 3.44+ 0.24 3P
the Results and Discussion secti§h. Mez—H4 3.14+ 0.11 3.2
Zr-Me-B 175+ 4 169

Results and Discussion

. . .. by._
Structural Characterization. The system containinP1 as *NMR value from ref 87" X-ray value from ref 112.

solute (see Chart 1) was equilibrated for 1.5 ns and then sampledyng the four hydrogen atoms of the Cp ligands, also reported
for 3 ns. The behavior of the ZB and Zr-uMe distances was  ip Figure 1, present one peak only as well. The ordemMoé—H
monitored over the sampling time, and the corresponding distancesuMe—H4 > uMe—H3 > uMe—H1 > uMe—H2,
distribution functions, DFs, are displayed in Figure 1a and in reproduces well the trend determined by NMR experiments both
Figure 1b, respectively. Both DFs show one peak only at 4.2 gualitatively and quantitatively. Noteworthy, tpéle—H4 DF

+ 0.1 and 2.5+ 0.1 A for Zr—B and Zr-uMe, respectively, s centered at quite a larger distance with respect to those
corresponding to the contact ion pair. These two values are in cgculated for the H1, H2, and H3 atoms, in agreement with
very good agreement with the values of the-Brand Zr- the absence of detectable NMR signals betweepkhe group
uMe distances, 4.20 and 2.55 A, respectively, observed in the gnd the H4 protof? Similar good agreement between the
X-ray structure of the strictly related [@rMe*][MeB(CeFs)s] calculated and the experimental values is obtained for several
systemt'? The DFs of the distances between fiide group  other metrical parameters; see Table 1. As regards the relative
(108) Kirkwood, J. G.J. Chem. Phys1935 3, 300. orientation of the HSi(Cp)ZrMe™ cation and the MeB(§Fs)3~

(109) van Gunsteren, W. F.; Beutler, T. C.; Fraternali, F.: King, P. M.; Mark, counterion, the average ZnMe—B angle from the MD

A. E.; Smith, P. EComput. Simul. Biomol. Syst., Vol.1893 315. i i o indi -
(110) King, P. M.Comput. Simui. Biomol. Syst., Vol.1993 267. simulation, 178 + 4° indicates that the MeB(Es)s
(111) Chipot, C.; Kollman, P. A.; Peariman, D. A.Comput. Chenl.996 17, counterion steadily points the Md&3 bond toward the Zr
1112. . ) .
(112) Guzei, I. A.; Dagorne, S.; Jordan, R.Atta Crystallogr., Sect. @001, atom, as found in the X-ray structure of the metallocenium

C57, 143. contact ion pair containing the MeB§Es)s~ counteriont12113
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Figure 2. Distribution function, DF, of several geometric parameters in
the IP2 system.

r(A)

and is in agreement with the dynamical NMR structure of
[Mezsi(Ckal’Me_'—][MGB(C5F5)37].87

ture is quite similar to the X-ray structure of the [(MGp),-
ThMe*][B(CeFs)47] ion pair (Th—o-F = 2.76 A, Th-m-F =
2.67 A)114The average persistence timelBR in each geome-

try is about 600 ps. Analysis of the ZF2 distance vs time in-
dicates that rearrangement betweendtteo-F and theo-F,m-F
structures does not require dissociation of F2 from the metal.

Solvent Structuration. To understand solvent reorganization
around the ion pairs as well as around the isolated ions, we
performed four additional MD simulations corresponding to the
isolated cations bBi(Cp)ZrMe™, C1, and MeSi(CprZrMe™,

C2, and isolated anions MeB§Es);~, Al, and B(GFs)4—, A2.

The radial distribution function of the benzene center of mass,
CMso), With respect to the B atom from the MD simulation of
IP1 and A1, gi,(r) and g&,(r), respectively, are shown in
Figure 4a, while the corresponding GMradial distribution
functions from the MD simulation ofP2 and A2, gﬁ,z(r) and
g,Ejz(r), respectively, are shown in Figure 4b. Visual inspection
of Figure 4 clearly indicates that rather similar solvent struc-
turation occurs around the ion paiRsl andIP2 and the isolated
counterionsAl andA2. Solvent structuration is slightly reduced
in the ion pairs relative to the isolated counterions, as expected
on going from a neutral ion pair to a charged counterion. Rather
different, instead, is the behavior of the radial distribution

These results are of relevance for two reasons. First, they fynction of CMso with respect to the Zr atom from the MD

support the NMR analysis. In fact, many geometrical par-
ameters obtained from analysis of the NMR spectra of
[Me,Si(CprZrMe*|[MeB(CeFs)s~] were derived on the as-
sumption that the averageF—uMe and Me,—H3 distances

in solution are substantially equal to the same distances in the

X-ray structure of the [(CpZrMe*][MeB(CsFs)3] ion pairl1?
Second, the consistency among the X-ray structure, the NMR
analysis, and the MD simulations strongly validates the MD
approach as a useful tool for the structural and dynamic
characterization of metallocenium ion pairs in solution. This
can be particularly useful where NMR experiments are of
difficult rationalization, as in the case of weakly coordinating
counterions such as the Bffg)s~ system we discuss next.

Since thelP2 ion pair (see Chart 1) is characterized by a
weaker catior-anion interaction with respect toP1l, we
extended the sampling time from 3 to 6 ns. This allowed a more
accurate sampling of the flexible dynamic behaviolRi. The
DF of the Zr-B distance (see Figure 2a) shows a bimodal be-
havior with a first peak around 5.0 A and a second peak around
5.7 A. Analysis of the ZrF distances indicates that bimodal
behavior is also presented by the DF of the-Bd and Zr-F3
distances (see Figure 2b and Figure 2d) that present a first pea
around 2.7 A and a second peak around 4.5 A. Alternatively,
the DF of the Zr-F2 distance presents unimodal behavior.

A plot of the Zr—F1 and ZrF3 distances vs time shows
almost perfect complementarity; see Figure 3. Thus, the bimodal
behavior of the DF of the ZB distance corresponds to oscilla-
tion of IP2 between two different geometries. The first maxi-
mum, around Z+B ~5 A, can be associated with a structure
in which coordination to the Zr atom occurs through tes&
atoms of different aryl rings (structuceF,o-F, Figure 3b). The
second maximum, around ZB ~5.7 A, can be associated with
a structure in which coordination to the Zr atom occurs throug
ano-F and an-F atom of the same aryl ring (structusd=m-F,
Figure 3c). The cationanion interaction of the-F,m-F struc-

h

(113) Yang, X.; Stern, C.; Marks, T. J. Am. Chem. S0d.994 116, 10015.
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simulation ofIP1 and C1, glzpfl(r) and gé’l(r), respectively, as

well as from the MD simulation ofP2 and C2, gi,(r) and
gérz(r), respectively; see Figure 4c and Figure 4d. The peak
around 3.0 A ingZy(r) and gZ,(r) clearly indicates that re-
markable solvent structuration occurs around the isolated cations.
This peak is completely absent gf,(r) and gip,(r). Integra-
tion of both g&y(r) and g&y(r) until the first minimum is the
average number of Zr-coordinated benzene molecules. In both
cases 1.1 benzene molecules coordinate to the metal in the
absence of the counterion. Of course, classical catiorerac-
tion is the driving force for this interactiol>118 Analysis of
the residence tiné%120 indicates that a benzene molecule
remains coordinated to the metal for about 70 ps, on the average,
before being displaced by another benzene molecule. Insight
into the average coordination geometry of the benzene to the
Zr cation can be obtained from the DF of the MeZr—CMsg
and Si-Zr—CMs, angles obtained from the benzene molecules
with the CMs within 3.5 A from the metal inC1; see Figure
5. While the Me,—Zr—CMsq angle is well centered at 98
10°, the Si-Zr—CMsg angle is spread in the range 22060,
which indicates a rather large mobility of the benzene and of
he Me; group in the equatorial belt of the uncrowdedSi
(Cp)xZr metallocene. The average structure @1 with a
coordinated benzene molecule is that reported in Figure 5c.
The peak at > 10 A in the radial distribution functions of
Figure 4 indicates that solvent structuration involves at least
two solvation spheres and occurs up to quite large distances
from the metal, which is consistent with the low polarity of the

(114) Jia, L.; Yang, X.; Stern, C. L.; Marks, T. @rganometallics1997, 16,
842

(115) Ma,. J. C.; Dougherty, D. AChem. Re. 1997, 97, 1303.

(116) Dougherty, D. ASciencel996 271, 163.

(117) Gapeev, A.; Dunbar, R. @. Am. Chem. So001, 123 8360.

(118) Gokel, G. W.; De Wall, S. L.; Meadows, E. Bur. J. Org. Chem200Q
2967.

(119) Lounnas, V.; Pettitt, B. MProteins: Struct., Funct., Genet994 18,
148

(120) De Simone, A.; Dodson, G. G.; Verma, C. S.; Zagari, A.; Fraternali, F.
Proc. Natl. Acad. Sci. U.S.£2005 102, 7535.
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Figure 3. Plot vs time of the ZrF1 and Zr-F3 distances. The two low-energy structures from MD simulatiotP@fare also shown.
2.0 2.0 ]
a)  ..gh® b) gh(n) 0.04+ a) Me,-Zr-CMsq, b) Si-Zr-CMso| g 04
,_\1.5- —gin :2 41.5 — Y
= 1 —ghaAr) Q o L 1=
S0 ;i o - i
l ‘ 0.02¢ H0.02
0.5} L of
0 0 X ) , N X N X N X 000 1 1 1 1 1 1 1 1 1 1 1 1 1 000
02 4 6 81012 141618 50 60 70 80 90100110120 110120130 140150160 170 180
r(A) 0 (degree) ¢ (degree)
2.0 .
C - g&(r ¢
15F 4 ) _gf.'() 115 c) O
= gin(r) —gidn | Q CMsa,
5 S . 4
1.0l N .0 -
Rl W () Meg,
05} »
ooliy o oo o i oo
0246 81012141618 0 2 4 6 8 101214161820

r(A) r(A)

Figure 4. Radial distribution functions of the benzene center of mass with _. o .
respect to the following: (a) the B atom ##1 andA1; (b) the B atom of Z/gure 5 tDF tOf th]? MQB Zr—CMsai I(a) elmd ngr %\SJSIOI (b) angles.

IP2 and A2; (c) the Zr atom oflP1 andC1; (d) the Zr atom ofiP2 and "e'aQe structure for 6_‘ en.zene molecule coordina ).

c2. of this approach lies in the fact that on a computer also

nonchemical processes, such as the annihilation of a molecule

solvent. Integration of&;(r) until r ~ 8 A and untilr ~ 11 A or group of molecules, may be performed in order to obtain
indicates that 15.0 and 24.3 benzene molecules, respectivelyAG of a certain proces¥?

participate to the first and second coordination spher€Df Specifically, in our case step 1 corresponds to annihilation
Similar results were obtained f@2. Finally, it is noteworthy of the metallocene frontP1 (i.e., IP1 — Al mutation), and it
that in the MD simulations oflP1 and IP2 no sign of is followed by step 2 which corresponds to annihilatiorCdf

substitution/displacement of the counterion by a solvent mol- in a solvent box (i.e.,C1 — Solvent-box mutation). The
ecule was observed. While this is expected for the tightly bound difference in the free energy values calculated for the two steps
IP1 ion pair, it was less predictable in the case of the weakly is one approximation toAG,[éli. The latter path, instead, is
boundIP2 ion pair. associated with counterion annihilation (il®1 — C1 mutation
Dynamics and Energetic of lon Pair DissociationThe free followed by A1 — Solvent-box mutation), and a different
energy of dissociation (or separation) Iéf1, AGﬁ’Ji, can be estimate ofAGPP'i is obtained. A similar procedure can be
approximated following either of the two thermodynamic paths applied to evaluate the free energy of dissociationiR2,
shown in Scheme 1. Both paths are two-step paths. The formerAGp;. The values oAG; and AGp; obtained following the
path is associated with metallocene annihilation. The basis of paths of Scheme 1 are reported in Table 2.
this approach rests in the fact that the free ene®ys a It is clear that for botHP1 andIP2 the free energies of ion
thermodynamic state function. This mean that as long as apair separation obtained following either of the two alternative
system in equilibrium is changed in a reversible way the change ;51 v, «.; Chan, M. S. W.; Pye, C. C.; Ziegler Qiganometallic2000
in free energyAG, will be independent of the path. The power 19, 1841.
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Scheme 1
Cation annihilation
step 1: [A Clgy—>[Algy +AGS

step2: [Ctlgy —[ lso +AGS

Step 1 - Step 2 l

[A Clgotl lso—=[A Tgo+IC 15y

Dis
IP1

C

AG 5

= AGY -AG
Table 2. Free Energies of lon pair Separation and Hysteresis, in
kcal/mol, for the Processes Shown in Scheme 1

system process AGﬁ,‘f‘, hysteresis
IP1 metallocene annihilation 35.1 1.2
counterion annihilation 38.5 1.8
1P2 metallocene annihilation 22.6 2.1
counterion annihilation 23.9 1.1

paths are very similar, which supports the validity of the
procedure. Moreover, the paths of Scheme 1 can be also trace

Anion annihilation

Step 1: [A” C'lgy —IC* gy +AG'1°‘
Step2: [Alsy —I

Step 1 - Step zl

[A Clgotl Tso—[ATgo+IC 15

]Sol +AG§

Dis
1P1

A

AG A

= AGY -AG
analysis of theg,,,z(r) at increasing Z+B distances, reported in
Figure 7. For the sake of consistency a similar analysis was
performed for theP1 ion pair.

Up to Zr—B distances equal to 6 A, the overall shape of both
gy (r) and gii(r) is very similar to that for the tightly bound
ion pairsIP1 andIP2 of Figure 4. At a Zr-B distance equal to
6.25 A a small shoulder appears in bcgfg{l(r) and glpz(r).

This shoulder evolves into a peak when increasing theBzZr

&hstance to 7.0 A. At ZrB = 7.25 A the overall shape of both

backward (i.e., creating the metallocene or the counterion). TheY Giea(r) and gig,(r) is very similar to that ofgg(r) and gey(r)

free energy difference between the values obtained from forward
and backward tracing of the paths of Scheme 1 is known as

hysteresis, and it is an estimate of the error associated with the
transformation considered. The low hysteresis values reported

in Table 2 again support the procedure we followed. Moreover,
the average\Gp; and AG; we obtained, 36.8 and 23.3 kcal/
mol, respectively, are in good agreement with the enthalpy of
ion pair separation in toluene, 38.0 and 22.1 kcal/mol, calculated
by Ziegler and co-workers for the (1,2-[(M&p)ZrMe*]|[MeB-
(CsFs)s7] and [(1,2-MeCp)ZrMet][B(CeFs)47] ion pairs, re-
spectively, using a DFT approatH.Although MD free energies

and DFT enthalpies are compared, the good agreement betwee

the ion pair separation energies obtained with totally different

computational approaches is a remarkable cross-validation of
both approaches and, on the other hand, suggests that the

entropic contribution is small. Of course, in the framework that
the main energy barrier to chain growth is counterion displace-
ment from the tightly bound ion paff,’8-8083the highAGR;
we calculated is in agreement with the low activity experimen-
tally shown by metallocene systems when activated by borane
cocatalysts such as B¢E:)s.>" Consistently, the quite lower
AGI%'Z we calculated is in agreement with the higher activity
experimentally shown by the same metallocene when borate
salts such as [RET][B(CeFs)47] are used as activato?s.

To investigate the dynamics and energetic$Rif and IP2
at larger catior-anion distances, we performed a potential o

mean force (pmf) calculation along the ZB distance; see

f

Models and Methods. The corresponding curves are sketched

in Figure 6. The pmf ofP1 exhibits a very steep behavior with
only one minimum arouh 4 A that corresponds to the tightly
bound ion pair. Instead, the pmf dP2 shows smoother
behavior. The two minima around 5.0 and 5.7 A correspond to
the o-F,0-F, ando-Fm-F structures of Figure 3, respectively.

These two minima are separated by a free energy barrier of 0.0

about 1 kcal/mol only. Furthermore, the pmf I6f2 shows a
very shallow minimum around 7-53.0 A that corresponds to
the outer sphere ion pair. This conclusion is supported by

10958 J. AM. CHEM. SOC. = VOL. 128, NO. 33, 2006

reported for the naked catio@l andC2 in Figure 4, with the
newly formed peak around 3 A. Integration of the new peak
corresponds to a coordination number of 1.1 benzene molecules.
This clearly indicates that at 2B > 7 A a benzene molecule
replaces the anion in the first coordination sphere of Zr. Forma-
tion of the outer sphere ion pair at-ZB distances just longer
than 7 A is inexcellent agreement with the average-Brdis-
tance of 7.2-7.3 A determined by NMR experiments for the
[Me;Si(CprzZrMe*t][MeB(CsFs)37] ion pair after addition of
THF 87 Interestingly, only a rather short elongation of the-Br
distance (from 4.2 to 6.75 A fdP1, and from 5-5.5 to 6.75

for IP2) is needed to allow a solvent molecule to be inserted

etween the cation and the anion to form an outer sphere ion

T
\
\
\
\
\
\

pmf
kcal/mol

_____

&
N
~ -
ok

10

r(A)
Figure 6. IP1 andIP2 potential of mean force in benzene as a function of
the Zr—B distance. The minima of the curves have been shifted to the
averageAGP's values from the slow growth simulations.
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Figure 7. Radial distribution function (at various ZB distances) of the
solvent around the Zr atom ®P1 andIP2.
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pair. The pmf's of Figure 6 indicate that this small counterion
displacement is less favored fi*1 compared tdP2.
Finally, structural analysis ofP1 and IP2 at large Z-B

involves two F atoms of different perfluorinated aryl rings.
Moreover, we could investigate in detail the severe solvent
reorganization that occurs around the tightly bound ion pairs
as well as around the naked cation and anions. The analysis
also indicated that in the case of the isolated cations one benzene
molecule coordinates strongly to the metal through a typical
cation—u interaction. The coordinated benzene molecule shows
a residence time of about 70 ps on the average, before being
displaced by another solvent molecule.

Finally, we shed light on the energetics and dynamics of outer
sphere ion pair formation. Our analysis clearly indicates that a
rather short elongation of the ZB distance is needed (about
2—3 A) in order for a solvent molecule to snake between the
cation and the anion to form an outer sphere ion pair. In the

distances, when the outer sphere ion pair is formed, can alsocase of the MeB(gFs)s~ counterion, formation of the outer

contribute to rationalization of the position assumed by the

sphere ion pair results in a severe rearrangement of the cation/

counterion during the chain growth step (i.e., after displacement counterion geometry. In fact, the-Bvie bond no more points

by the inserting monomer molecule). This is one of the still
unsolved questions of this kind of catalysis. DF of the-Zr
uMe—B angle ofIP1 at various ZrB distances, reported in
Figure 8, indicates that at increasing-B distances the
counterion rotates considerably. At-ZB distances> 7 A, i.e.,

in the outer sphere ion pair, the counterion is completely
rearranged. The BMe bond points away from the metal @Zr
uMe—B ~ 0°), while the three @Fs groups face the metal-
locene. Thus, our results support the “hat-like” orientation of
the cation-anion pair that Zuccaccia et al. suggested to be
adopted by the [MgSi(CprZrMe*][MeB(CgFs)s~] ion pair after
addition of THF8”

Conclusions

In this manuscript we reported on the structure, dynamics,
and energetics of the P3i(CppZrMe’][MeB(CsFs)s~] and
[Me,Si(CprZrMeT][MeB(CsFs)47] ion pairs. In the case of the
former ion pair we obtained excellent agreement with NMR
dynamic and X-ray static structural data of the very strictly
related [HSi(CppZrMe*]|[MeB(CsFs)s] and [(1,2-MeCp),-
ZrMe™][MeB(C¢Fs)37] ion pairs. We further investigated the
free energy of ion pair dissociation, and in quantitative agree-

toward the Zr atom. We believe it is not hazardous to speculate
that a similar behavior could be exhibited in the chain growth
step, when a monomer molecule has to displace the counterion.

Finally, we believe that the very good agreement between
our simulations and the available experimental data indicates
that the approach we developed can be safely extended to
investigate the dynamics and energetics of ion pairs with
nonmetallocene-based catalysts and, more in general, of any
metallorganic ion pair. Moreover, it can be also used as a
complementary tool in the NMR characterization of metallor-
ganic ion pairs. In this respect, we recall that tightly bound ion
pairs are relevant intermediates in a large number of reactions
catalyzed by organometallic complexes. However, the first
extension of this approach will be the investigation of metal-
locenium ion pairs when the Me group bound to the Zr atom is
replaced by a much longer alkyl group (to simulate more reliably
the growing chain) and when the simpémsaCp, ligands
considered here are replaced by more complex systems such as
isospecific Co-symmetric and syndiospecifi€s-symmetric
metallocenes.
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is in qualitative agreement with the higher activity experimen-

tally exhibited by metallocenes when activated by borate salts,

compared to the same systems activated by borane.

These results strongly validate the simulation protocol and
support the predictive power of the methodology. Indeed, in
the case of the [M&Si(CpkZrMet][B(CeFs)4~] ion pair, where
experimental data are difficult to rationalize, our simulations
indicate that the tightly bound ion pair oscillates between (at
least) two geometries with a different Zr...F interaction pattern.

In one case coordination occurs with two F atoms of the same

perfluorinated aryl ring, while in the other case coordination
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