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Abstract

The formation of weak molecular complexes of cyclopentene with HCI ang @Bsolved in liquid argon is investigated using infrared
spectroscopy. Evidence is found for the formation of 1:1 complexes in which the Lewis acid under study bindst€tteu®le bond. At
higher concentrations of HCI, weak absorption bands due to 1:2 species are also observed. From spectra recorded at different temperature:
between 92 and 127 K, the complexation enthalpies foHCIPand CPBF; are determined to be9.5(3) and—16.1(9) kJ mat?, while for
CP.(HCI), a value of—17.0(6) kI mot? is obtained. For the 1:1 and 1:2 complexes, structural and spectral information is obtained from ab
initio calculations at the MP2/6-31+G(d) level. Using free energy perturbation Monte Carlo simulations to calculate the solvation enthalpies
and statistical thermodynamics to account for zero-point vibrational and thermal contributions, the complexation energietClcarcP
CP.(HCI), are estimated from the experimental complexation enthalpies-td@et(14) and-34.0(20) kJ mot!, while the value for CP.BF
was derived to be-23.4(22) kJ mott. The experimental complexation energies are compared with the theoretical values derived from the
MP2/6-31+G(d) potential energy surfaces and with single point energies calculated at the MP2/6-311++G(3df,2pd) level.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction complexes of cyclopentene (CP) with hydrogen chloride,
HCI, and boron trifluoride, BE; in liquid argon. The results
Ever since the formation of complexes between ethene of this study are reported below. It will be shown that for both
and hydrogen halides in argon matrices was first reported Lewis acids, the formation of a 1:1 complex is observed,
[1,2], van der Waals complexes afsystems and pseudo- while for the solutions containing hydrogen chloride, evi-
m-systems with typical Lewis acids such as, for example, dence is also found for the presence of a higher complex, with
hydrogen halides and boron halides, have been the subjectl:2 stoichiometry. For all complexes observed, experimental
of active experimental and theoretical reseaj@h21]. In data on their vibrational spectra, their stoichiometry and their
most studies, the Lewis bases under investigation are limitedrelative stability have been collected. In addition, theoretical
to those in which the (pseudersystem is part of a rigid  data have been obtained from ab initio calculations at the
structure in which no large amplitude motions occur. MP2/6-31+G(d) and the MP2/6-311++G(3df,2pd) level.
To obtain information on the properties of complexes
involving more flexible Lewis bases we have studied the

2. Experimental
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amounts by hydrolyzing Pglwith water, and was purified  between 88 and 138K, at a pressure of 28 bar. From these,

by pumping the reaction mixture through a 180K slush, the solvation entropies were determined using the expression

followed by fractionation on a low temperature, low pressure AgoS=—03d(As0G)/dT, while the solvation enthalpies were

fractionation column. The argon used was supplied by Air obtained asAggH=Ag0G+TAsS The solute—solvent

Liquide and had a stated purity of 99.9999%. interactions were modelled using a set of atom-—atom
The IR spectra were recorded on a Bruker IFS 66v Fourier Lennard—Jones pair potentials to account for the dispersion

transform spectrometer, using a Globar source in combina-and repulsion forces, and an additional term in which the

tion with a Ge/KBr beam splitter and a broadband MCT polarization of the solvent atoms by the solute is accounted

detector. The interferograms were averaged over 200 scansfor using a first-order approximatid@5,26}

Blackmann Harris apodized and Fourier transformed, using 1,2 2

a zero filling factor of 4, to yield spectra at a resolution of Epol = —5(E - E)

.0'5 cntt. The expe_rlmental setup c9n5|sts ofa pressure man-in which« is the polarizability of the argon atoms afdthe

ifold needed for filling and evacuating the cell and for mon- -

o ) . . electric field generated by the solute molecule.

itoring the amount of gas used in a particular experiment,

and the actual cell. The cell has a pathlength of 4cm and is

ipped with wedged Si wind .
equipped with wedged Si windows 4. Results

3. Computational details 4.1. abinitio calculations

Ab initio calculations were performed using Gaussian03 To gain insight into the structures and the relative sta-

[22]. During all calculations, corrections for BSSE were in- E'I't'es Ofct:r';e C(ijﬁclixes formed be_tw_een_ CP ancs Bﬁd q

cluded explicitly by using CP-corrected gradient techniques etw_een an ' geometry o.|o.t|m|zat|ons were |n|t|a_te

[23]. starting from different relative positions of t.he molecules in-
Because of the relatively weak interactions between the volved. For both HCI and Bf the calculations converged

monomers, the vibrations of the complexes can easily be sub-_to ‘V_VO minima, with G symmet_ry, in which the Le.W'S acid
divided into modes localized in the Lewis acid or Lewis base 'S 5|_tga'_[ed on theexq or end(_)3|de of the CP moiety. The
and into intermolecular van der Waals modes. The former can €auiliorium geometries o_btamed for the com__plexes, and the
easily be correlated with the modes of the monomers, and weStructural parameters of interest, are showRigs. 1 and 2

will describe them using the assignments of the monomer vi- It _ShOU|d be_ not_ed here that in monomer CP a Ia.rge
brations. To this end, the Herzberg numbering scheme of theamp"tUde motion is present due 1o the ring puckering

monomers is used, and the symbol of the monomer is addeomOd_e’ with a barrier ?eparating the two minima of ap-
as a superscript. proximately 3—-4kJmol* [27,28] In the complexes, this

Solvation Gibbs energies of monomers and complexes barrier separate_s thexo and theendo forms. Th? he|ght
were obtained from Monte Carlo perturbation calculations of the barrier evidently can affect the characteristics of the

using a modified version of BOSS 424]. All simulations
were run in the NPT ensemble, using periodic boundary con- {
ditions. The system consisted of one solute molecule sur- i 288!&' 1.289 A |

rounded by 256 solvent atoms. Preferential Metropolis sam- -~ J)l?l) 2o {)175_50

pling was used as described beff2B]. An attempt to move 2430 A ' 2462 A o

the solute molecule was made on every 50th configurationand ™ 195.4° %’*

a change in volume was tried on every 600th configuration. J_}‘ ‘/J Jw‘ d

The ranges for the attempted moves were the same in each ¥ b )
calculation, and provided-a40% acceptance probability for J

new configurations. The quantity calculated is the Gibbs en- exo - endo

ergyAsolGforthe process of introducing one solute molecule ?

into the box with solvent atoms via a coupling parameter 1288 A ~

The path fora =0 (pure argon) td. =1 (a solution with one ‘;‘l’lﬁ‘m"

solute molecule) was completed in 50 equidistant steps. Each 2438A 10 0

step consisted of an equilibrium phase for200° configu- 0\ j_‘/)

rations, followed by a production phase of 3.0 config- H_ !

urations. The Gibbs energy changes between the perturbed transition state g 9

and reference systems were always small enoagtT) to Fig. 1. MP2/6-31+G(d) equilibrium geometries and structural parameters

guarantee reliable results by the statistical pertut_)ation theo_ry'fortheexoand theendoconformation of cyclopenterdCl. The conformers
For the monomers and the complexes, the Gibbs energieSyre shown looking down to the bond. The transition state separating the

of solvation were calculated at 11 different temperatures two conformations, with a planar carbon-atom ring, is also shown.
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