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The widely known hydrogen bond-XH---Y between a proton Table 12

donor X—H and a proton acceptor Y commonly gives rise to a 2y’ (em™Y) Yo’ (cmY)
lengthening of the X-H bond with a consequent low energy shift cation anion Raman Av infrared Av
(“red shift”) of thev(X —H) frequencytaPRecently, great attention [FeCpl*t  [PR~ 3130 +10 3124 +14
has been given to the so-called “improper hydrogen bond”, which [BF4]~ 3126 +6 3103 -7

is characterized by a strengthening of thebXbond together with [FeCly]~ 3116 —6 3102 -8
an obvious high-energy shift (“blue shift”) of the(X—H) [SbClL]™ 3li4 -4 3103 —7
frequency. There has been considerable theoretical work on the [CoCp]* FC?’]o(CN)sP* gggg :rﬁ g?gg av ;ig av
interpretation of the improper borfdcompared with the number [PFe]~ 3134 +10 3128 +13
of theoretical studies, the experimental data are rather scarce and [Co(COY]~ 3128 +4 3119 +4
mainly concern proton donors with 4 bonds and proton [Brs]™ 3110 -14 3100 -15

acceptors such as-systemsor oxygen lone pair$. m- 3059 ~65 3057 58

The present communication reports the first experimental aThese data are shown more clearly by the selected spectra illustrated
example where the same metalloorganic species shows both then Figure 1.
proper and improper effects by interacting with different proton
acceptors. The metallocinium salts are a potential source of the a
improper H bond, for they may be associated with a variety of the
possible anions and a-€H---X bond is a fundamental motif of
the crystal architectureThe measurement of th¢C—H) shift is
the best, and perhaps the unique, experimental evidence; the bond
length variation is predicted to be much lower than the experimental
standard deviatioff-®

The vibrational pattern of metallocene complexes in theHC —v——"’
stretching region is well documentéd.he solution infrared and
Raman spectra are dominated by the highest-frequen@nd a,
modes, respectiveRz: Notwithstanding the possible effect of the
intermolecular coupling and of the reduced symmetry in the crystals,

the spectral pattern in the solid state does not show significant €
differences from the solution dat&¢ occasionally, a small splitting /\.\_ d
of the degenerate modes is observed. This behavior may equally —_—
well arise from a variety of different interactions between thetC ﬂh‘\/\n’L\,\___\" c
C—H bond is engaged in an identical interaction with the arfion. ,v.—-/\
However, the spectral pattern indicates that the possible different ’N-‘-/\\W b
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bonds and the anion. It is unlikely that for all the complexes each

effects are averaged over all the H atoms of the Cp ring. Thus, it M

is reasonable to consider the two dominant infrared and Raman . . ) : a
bands as pseudo {¢ and “ag’ v(CH) modes, respectively. 3150 3100 3050
Significantly, their frequencies are anion dependent, as reported in 1

cm
_Table 1_. The obwc_aus reference data are the corr_espoqd_lng spectre):igure 1. Infrared (upper) and Raman (lower) specira of the,{Qp]
in solution. By using solvents such as €EN, which minimize salts in solid state. The vertical bars correspond to the averagmeé ag
any catior-anion interferences$,very similar infrared spectra have  mode frequencies in solution, respectively. The blue spectra indicate the
been obtained. The average values of therequency (3110 1 presence of an improper H-bond (a: [Co(€JR), b: [PR]™, c: [Co(CO)"),

cmr! for [FeCp]™* salts and 3115 1 cnrt for [CoCp* salts) and red spectra, the proper H-bond (d: 4By e: [I]7).
have been taken as the reference frequency; that is;(eH)
without any H-bond interactiohThe value ofAv (v(solid state)
— v(solution)) indicates complexes having a proper H bond (red
shift, —Av) and those with an improper H bond (blue shiftAv).

Raman spectra should, in principle, be preferred as an experimental
test both because thesanode refers to the in-phase displacement
of all the C-H vibrators and the solid state Raman pattern is
stronger than the infrared (see Figure 1). Unfortunately, the solutions
t Universitadi Torino. usually give rise to a very low scattering. We were able to qbtain

¥ Universitadel Piemonte Orientale “A. Avogadro”. good Raman spectra of [Feflly and of [CoCp]Br3 dissolved in
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MeCN, and they have,gfrequencies of 3120 and 3124 ci References
respectively. Taking this value as a reference for [CHCand

+ i H i (1) (a) Schuster, P.; Zundel, Ghe Hydrogen Bond: Recent Beopments
[FeCp]* salts, the blue/red shift of thggamode is easily calculated in’ Theory and ExperimentsNorth-Holland: Amsterdam, 1976, (b)
(Table 1). Desirayu, G. R.; Steiner, Tthe Weak Hydrogen Bon®xford University

In some cases the effect of the hydrogen bond was also shown Press: Oxford UK, 1999.
(2) (a) Hobza, P.; Havlas, ZChem. Re. 200Q 100, 4253-4264. (b)

by the vibrational pattern of the anions. For instance, the typical Hobza, P.; Havlas, ZTheor. Chem. Ac@002 108 325-334. (c) Li, X."
vibrational modes of [Pff~, [BF4]~, and [Co(CO)]~ are shifted giuﬁ L. Sclgegﬁl, H.T%.J.P,?]m. c(?ﬁm' s&%%%ZlIOZé f?gg_—f?gg. ((d))
. cheiner, S.; Kar, . ysS. em. . (e
to longer wavelengths as a consequence of the v_veak(_enlng Qf the Hermansson. KJ. Phys. Chem. 2002 106, 4695-4702. (f) Qian. W.:
P—F, B—F, and C-O bonds® The same effect is evident in Krimm, J. Phys. Chem. 2002 106, 6628-6636. (g) S. Alabugin, I. V.;
the complex [CoCgst[CO(CN)]3~. In this case, however, the g/'g""?r‘ao_hsegg?_' M.; Peabody, S.; Weinhold JFAM. Chem. S02003 125
C—H---NC interaction increases the CN stretching frequency (the  (3) Reimann, B.; Buchhold K.; Vaupel, S.; Brutschy, B.; Havlas, Birl®,
v(CN) ty, is shifted from 2129 cmt in K3[Co(CN)] to 2158 cnt?) @ & Hdobz\alt, II(D..J. PBh)f]s. ghemk_) ROO&vlia 2560—5k56§. Shehenkin. DN
. . . P van der Veken, B. J.; Herrebout, W. A.; Szostak, R.; Shchepkin, D. N.;
as is of_ten found_when moving from terminal to br_ldglng @N._ Havias, Z.- Hobza, PJ. Am. Chem. So@001 123 12290-12293:
Two interpretations have been proposed to explain the physical Delanoye, S. N.; Herrebout, W. A.; van der Veken, BJJAm. Chem.
: ; _ : f S0c.2002 124, 11854-11855; Blatchford, M. A.; Raveendran, P.; Wallen,
basis qf the |mproper H-bond. One conS|de.rs the improper bond L. S 3. Am. Chem, S08002 124, 14818-14819: Vaz, P. D.; Ribeiro-
as basically different from the proper bond, in that for the former Claro, J. A.J. Raman Spectros2003 34, 863-867.

a two-step mechanism is proposed, implying a charge transfer from (5) r%gglilci)gsi,lggacgazzzsgéb ?raper, S. M.; Scully, N.; Braga,@gano-
the proton acceptor to a remote part of the proton donor, followed (6) (a) Lippincott, E. R.. Nelson, R. DSpectrochim. Actd958 10, 307—

by a structural reorganization of the proton donor it8&€Fhe other 329. (b) Fritz, H. PAdv. Organomet. Cheni964 1, 239-316. (c) Diana,
B ; H P H E.; Rossetti, R.; Stanghellini, P. L.; Kettle, S. F. lhorg. Chem.1997,
interpretation considers the two bonds very similar in nature, 36 382-391. (d) Stanghellini, P. [ : Diana, E. Boccaleri, E.. Rosseti,

focusing attention on the quantitative difference between the various R J. Organomet. Chen200Q 593 36—43.

interactiong®"9 We are aware that a reliable interpretation of the  (7) E]ettailltla(;ihstrﬁc(tjural datat, when available (e-g-'leC%ﬂ';’.FG]f.’){ indi%ate
. at al € nyadrogen atoms experience nearly iaentical interactions.

examples we p_resented can be offered only by performlng relevant (8) Mareque Rivas, J. C.. Brammer, Coord. Chem. Re 1999 183 43—

qguantum chemical calculations. Nevertheless, the second interpreta- 80.

tion appears the most reasonable, as all th¢i®onds participate (9) The solubility of the salts and the spectral background of the solvents
. . . K . strongly limit the choice available. The best solvents §CN or acetone)
in the interaction with the proton acceptor, so that the entitésC are presumably noninnocent with respect to H-bonding. However, their

unit acts as proton donor, and a “remote part” which accepts charge effects are both very similar and very small, as illustrated in Figure S1 of
the Supporting Information, which shows spectra for some@op" salts

densny cannot be evidenced. in CH:CN or acetone. The frequency values of thgraode fall in the
o , . i . range 3114+ 4 cnrl.
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