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The nature of the €H---O hydrogen bond has caught the Table 1. Complexation Shifts Avcy, in cm™~2, Infrared Intensity
attention of theoreticians and experimentalists alikeb initio Rati0S €compiex/€monomer, and Complexation Energies AE, in kJ
. . . mol~?, for the Complexes of Acetone and Oxirane with HCFs3,
calculations on the weaker systems of this type have been consistentccir,, HCCI,F, and HCCls

in predicting a shortening of the-H bond length, accompanied

. iment? b initio ®
by a blue shift of the CH stretch fundamental, and a decrease of Sxperimen Bt
the infrared intensity of that mode. From the latter properties, the complex Avey eden Aven eden AE

blue shifting hydrogen bond derives its name. As compared to the CD3COCD;*HCCls° 0.6 58(4) 7.2 27383 17.9
vast amount of vibrational data on classical, red shifting hydrogen CDsCOCDsHCCLF 185 38(2)  19.2 6.35  16.3
bonds, extremely few experimental vibrational data on the blue CD:COCDHCCIF  24.1 0.61(4) 219 0.285  15.0
Lo X y . p . . X . CD3COCDs*HCR; 26.7 0.08 (1) 38.9 0.080 13.9
shifting variety are available. A systematic series in which the ¢c,p,0-HcCl; 1.3 69(7) _85 25227 18.0
phenomenon was recently observed is the one of the hydrogen C;D4O-HCCLF 14.2 4.5(2) 14.9 21.44 16.8
bonded complexes of the haloforms HG&L, (n = 0—3) with C2D4O-HCCIR, 207 048(2) 231 0.204 158
CoD4O°HCR 24.1 0.13 (1) 49.3 0.316 135

dimethyl ethe® These complexes were studied in cryosolutions in
liquid krypton, using infrared spectroscopy. It was found that from aSolutions in LKr, at 135 KP CP-corrected calculations performed using
fluoroform to chloroform the haloform CH stretch changes in a Gaussian 98. ¢ Previous results obtained for the complex between acetone
systematic way from blue shifting to red shifting, with its infrared and HCC} have been reviewed by Fell et%llhe results reported here
intensity changing from a decrease to an increase in Comparisonand the results described in ref 3 agree well with each other.

with that of the monomer haloform.

The present study of the infrared spectra of the complexes of increasing fluorination, albeit that the quantitative agreement leaves
the same haloforms with two further oxygen donors, acetone and to be desired. For the exception, chloroform/oxirane, a small blue
oxirane, serves to show that this type of hydrogen bonding is more shift of 1.3 cnt* has been observed, while a much more significant
common than usually assumed. The complexes were investigateded shift of —8.5 cn is predicted. In terms of absolute values of
in liquid krypton, under the same experimental conditions as used the shifts, this situation is analogous to the chloroform/acetone case,

for the d|methy| ether Comp|exégﬂorma| acetone and oxirane where the calculated shift overshadows the experimentaJ one by

region. To simplify the detection of the haloformay, therefore, tions at the present level, the more subtle intricacies of hydrogen
the fully deuterated versions of these electron donors were used.bonding are not accurately predicted. It is felt that the experimental
The complexation shiftsAven = Veomplex — Vmonomer OF the data reported in this communication may serve as benchmarks, not

haloform CH stretch have been summarized in Table 1. It can be ©nly for more sophisticated ab initio calculations, but also for other
seen that in all cases a blue shift is observed, which increases, fortheoretical models attempting to rationalize the blue shifting
either Lewis base, with the number of fluorine atoms in the Phenomenon.
haloform. This is similar to the behavior of the dimethyl ether ~ The ab initio calculations on the acetone complexes converge
complexes, with the exception that for the present bases also the@n structures in which a-€halogen bond of the haloform is eclipsed
chloroform complexes give a blue shift. The ratio of the infrared With @ C—H bond of acetone, while for the oxirane complexes, the
intensities of thevcy in complex and MONOMEEcompied€monomes converged struc_ture has a—@alogen pond that is staggered
has also been measured, in the same way as befiite. results between two adjacent €H bonds of oxirane. These structures
are also given in Table 1. For the tri- and dichloro haloforms, the Suggest that secondary halogen/hydrogen interactions influence the
intensity increases upon complexation, while for the other two, a stability of the complexes. However, the barriers hindering internal
decrease is found, which is the more pronounced for the fluoroform rotation of the haloform around its-€H bond in the complex are
complexes. These results confirm that there is no strict coupling ©" the order of 0.£0.3 kJ mot, so that, at least for the present
between the blue shift and the intensity decréase. complexes, the contributions of the secondary interactions to the
For the complexes described here, frozen core ab initio calcula- AE are small; that is, the stabilities of the complexes are largely
tions at the MP2/6-31G(d) level have been made. The predicted characteristic for the strength of the-€i---O hydrogen bond. The
complexation shifts and intensity ratios for the relevagt have data in Table 1 indicate that for each Lewis base, the blue shift
been collected in Table 1, together with the calculated complexation iNcréases with decreasing stability of the complex. This is remark-
energiesAE. It is clear that for all but one complex that a blue able, because straightforward extrapolation to complexes that are

shift is predicted. The shifts reproduce the experimental trend with Weaker than the present ones leads to the contradiction that the
larger shift should be observed for a complex with zero strength,

“To whom correspondence should be addressed.  E-mail that is, for th_e monomer. Th(e_ reason for the remarkable correlation
benjamin.vanderveken@ua.ac.be. between shift and stability in Table 1 reflects the fact that the

11854 m J. AM. CHEM. SOC. 2002, 124, 11854—11855 10.1021/ja027610e CCC: $22.00 © 2002 American Chemical Society



COMMUNICATIONS

observed shift is the result of a subtle interplay between contribu-
tions due to the attractive and the repulsive terms in the interaction
potential between Lewis acid and base, which has recently been
shown to be the casédThe above contradiction makes clear that
for the very weak complexes, the blue shifting trend must be
reversed. Ab initio calculations on the complexes of fluorinated
methanes with water appear to corroborate thighat series starts
with the haloform which gives rise to the weakest complex in our
series, and the stability decreases with decreasing fluorination of
the methane. Apart from the global minima of the potential
hypersurface, the authors also explicitly consider conformers of the
complex with linear hydrogen bonds, in which secondary fluorine/
hydrogen interactions are impossible. For these conformers, the
authors predict that the interaction energy decreases from fluoroform
to methane, while thecy blue shift increases from HGEo HCDFR,

but then systematically decreases for HEDand HCDR. Our
understanding of the blue shifting phenomenon would undoubtedly
benefit from an experimental verification of such a reversal.

Acknowledgment. S.N.D. thanks the FWO-Vlaanderen for an
appointment as Research Assistant. The authors thank the Flemish
Community for financial support through the Special Research Fund
(BOF). Financial support from RUCA, through RAFO Research
grants, is also acknowledged.

References

(1) (a) Li, X.; Liu, L.; Schlegel, H. BJ. Am. Chem. So2002 124, 9639~
9647. (b) Qian, W.; Krimm, SJ. Phys. Chem. 2002 106, 6628-6636.

(c) Kryachko, E. S.; Zeegers-Huyskens,JT Phys. Chem. 2002 106
6832-6838. (d) Hermansson, Kl. Phys. Chem. 2002 106, 4695~
4702. (e) Tatamitani, Y.; Liu, B.; Shimada, J.; Ogata, T.; Ottaviani, P.;
Maris, A.; Caminati, W.; Alonso, Jl. Am. Chem. So2002 124, 2739~
2743. (f) Sosa, G. L.; Peruchena, N. M.; Contreras, R. H.; Castro, E. A.
J. Mol. Struct. (THEOCHEM2002 577, 219-228. (g) Scheiner, S.; Kar,
T.J. Phys. ChemA 2002 106, 1784-1789. (h) Scheiner, S.; Grabowski,
S. J.; Kar, T.J. Phys. Chem. 2001, 105 1060710612. (i) Wetmore,

S. D.; Schofield, R.; Smith, D. M.; Radom, U. Phys. Chem. 2001,
105 8718-8726. (j) Masunov, A.; Dannenberg, J. J.; Contreras, R1.H.
Phys. Chem. 2001 105 4737-4740. (k) Kryachko, E. S.; Zeegers-
Huyskens, TJ. Phys. Chem. 2001, 105 7118-7125. (I) Reimann, B.;
Bochold, K.; Vaupel, S.; Butschy, B.; Havlas, Z.; Spirko, V.; Hobza, P.
J. Phys. Chem. 2001, 105 5560-5565. (m) Hobza, P.; Havlas, Zhem.
Rev. 200Q 100, 4253-4264.

(2) (a) van der Veken, B. J.; Herrebout, W. A.; Szostak, R.; Shchepkin, D.

N.; Havlas, Z.; Hobza, PJ. Am. Chem. So001, 123 12290-12293.
(b) Delanoye, S. N.; Herrebout, W. A.; van der Veken, B.JAm. Chem
S0c.2002 124, 7490-7498.

(3) (a) Fell, L. M.; Shurvell, H. FCan. J. Appl. Spectros&996 41, 90—95.

4

=

(b) Fell, L. M.; Shurvell, H. F.Can. J. Appl. Spectrosd.996 41, 96—
106.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.;
Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith,
T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C,;
Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M.
W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, Haussian
98, revision A.11; Gaussian, Inc.: Pittsburgh, PA, 2001.

JAO027610E

J. AM. CHEM. SOC. = VOL. 124, NO. 40, 2002 11855



