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Abstract: The low-temperature *H, °F, and N NMR spectra of mixtures of collidine-**>N (2,4,6-
trimethylpyridine-1°N, Col) with HF have been measured using CDF3/CDF,Cl as a solvent in the temperature
range 94—170 K. Below 140 K, the slow proton and hydrogen bond exchange regime is reached where
four hydrogen-bonded complexes between collidine and HF with the compositions 1:1, 2:3, 1:2, and 1:3
could be observed and assigned. For these complexes, chemical shifts and scalar coupling constants across
the ®FIHF and °F'HN hydrogen bridges have been measured which allowed us to determine the
chemical composition of the complexes. The simplest complex, collidine hydrofluoride ColHF, is characterized
at low temperatures by a structure intermediate between a molecular and a zwitterionic complex. Ilts NMR
parameters depend strongly on temperature and the polarity of the solvent. The 2:3 complex
[ColHFHCOI]"[FHF]~ is a contact ion pair. Collidinium hydrogen difluoride [ColH]*[FHF]~ is an ionic salt
exhibiting a strong hydrogen bond between collidinium and the [FHF]~ anion. In this complex, the anion
[FHF]~ is subject to a fast reorientation rendering both fluorine atoms equivalent in the NMR time scale
with an activation energy of about 5 kcal mol~* for the reorientation. Finally, collidinium dihydrogen trifluoride
[ColH]*[F(HF)2]~ is an ionic pair exhibiting one FHN and two FHF hydrogen bonds. Together with the
[F(HF),]~ clusters studied previously (Shenderovich et al., Phys. Chem. Chem. Phys. 2002, 4, 5488), the
new complexes represent an interesting model system where the evolution of scalar couplings between
the heavy atoms and between the proton and the heavy atoms of hydrogen bonds can be studied. As in
the related FHF case, we observe also for the FHN case a sign change of the coupling constant *Je when
the F---H distance is increased and the proton shifted to nitrogen. When the sign change occurs, that is,
1Jmm = 0, the heavy atom coupling constant 2Jey remains very large, of the order of 95 Hz. Using the
valence bond order model and hydrogen bond correlations, we describe the dependence of the hydrogen
bond coupling constants, of hydrogen bond chemical shifts, and of some H/D isotope effects on the latter
as a function of the hydrogen bond geometries.

Introduction multitude of protonation states or hydrogen bond geometries.

) ) ) By contrast, in aqueous solution, AH and B are separated,

In aprotic solvents or proteins, acids AH and bases B can ,yqy44en honded to water molecules, and can each exhibit only

form a number ff different hydrogfr; 3bon§ed complexes, for 4o protonation states. Unfortunately, the study of the hydrogen
example (AH)B," [AHA] ~ or [BHB]™,%* which can exhibita 4 geometries in a series of complexes of the type (BH)

; S atthe 10 : o . i is experimentally very difficult. In the solid state, several
Presented at the 101. Annual Meeting of the Deutsche Bunsengesell- FRE ; ;
schaft fir Physikalische Chemie on “Kern und Elektronenspins als dyna- Complexes of py_“dme W,Ith a \_/arym,g n,umber_Of HF molecules
mische und kinetische Sonden”, Potsdam, Germany, 9.5.-11.5.2002. have been describédn this series, with increasing the proton
glsntstguttﬂlr t?he”s"tetdeLrJF,rEIentUnlveréttBerlln- of the F~H---N hydrogen bond was gradually shifted from F
. Petersburg State University. - .
(1) (a) Davis, M. M.Acid—Base Behaior in Aprotic Organic Sadents, Natl. toward the hydrOgen bond center, accompanled by a Shortenmg

Bur. Standards Monograpi968 105 1. (b) Zeegers-Huyskens, Th.;  of the F--N distance. A similar phenomenon was observed
Sobczyk, L.J. Mol. Lig. 1990 46, 263. (c) Schreiber, V. M.; Kulbida, A.

I, Rospenk, M.. Sobczyk, L.. Rabold. A Zundel, @. Chem. Soc.,  fecently in a series of 1:1 complexes of collidine with carboxylic
Faraday Trans1996 92, 2555. (d) Barnes, A. J.; Larsson, E.; Nielsen, C.
J. J. Mol. Struct.1994 322, 165. (e) Borisenko, V. E.; Denisov, G. S.; (3) Schah-Mohammedi, P.; Shenderovich, I. G.; Detering, C.; Limbach, H.
Zavjalova, Y. A.; Furin, G. GJ. Mol. Struct.1994 322, 151. H.; Tolstoy, P. M.; Smirnov, S. N.; Denisov, G. S.; Golubev, NJSAm.

(2) (a) Golubev, N. S.; Denisov, G. S. Mol. Struct.1992 270, 263. (b) Chem. Soc200Q 122 12878.
lliczyszyn, M.; Ratajczak, Hl. Chem. Soc., Faraday Trark995 91, 1611; (4) (a) Gennick, I.; Harmon, K. M.; Potvin, M. Mnorg. Chem.1976 16,
ibid. 1995 91, 3859. (c) Szafran, MJ. Mol. Struct.1996 381, 39. 2033. (b) Boenigk, D.; Mootz, DJ. Am. Chem. S0d.988 110, 2135.
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acids of increasing acidity using X-rzdand solid-state NMRP almost vanished when temperature was decreased. This effect
On the other hand, when a 1:1 crystalline adichse complex  was tentatively attributed again to a sign changéJef; with

is dissolved in an aprotic solvent, a mixture of several complexes increasing F-H distance caused by the increase of the solvent
usually is formed which makes it difficult to assign their polarity at low temperatures which shifts the mean proton
individual spectroscopic features such as vibrational bands andlocation from F toward N. This interpretation was corroborated
NMR signals. The NMR problem has been overcome in the by the observation of H/D isotope effects on the chemical shifts.
past years with the synthesis and use of @OBF,Cl Freon If this interpretation was true, we expected thai; would be
mixtures which allow one to reach the slow proton and hydrogen again observable when the-FH distance is further increased.
bond exchange regime between 95 and 15#KThe polarity We tried, therefore, to reach this regime by addition of further
of these solvents strongly increases when temperature isFH molecules to the ColHF complex, leading to Col(k&hd
lowered®® Using this technique, various hydrogen bonded Col(HF). This strategy succeeded as shown by a series of low-
species of pyridine with various acki$band of fluoride with temperature multinuclear NMR experiments of collidit{elF),

HF%f have been characterized. Especially the latter series hasmixtures in CDE/CDF,CI described in this paper. We observed
obtained much attention because a novel property of strongin addition also the complex [ColHFHCOI] the remaining
hydrogen bonds was observed, that is, sq@pin couplings complex, that is, the homoconjugate cation [ColHCplhad
between heavy atoms and between H and an heavy atom acrosbeen observed previousiyin the following, after the Experi-

a hydrogen bonéd The two-bond spin coupling constaRigr, mental Section, the results of the experiments are described and
decreased rapidly with an increase of the IF distance, which discussed.

is itself affected by deuteratiditMoreover,2Jer was found to
be larger than the coupling constddtr across the hydrogen
bond at large H-F distances. This fact arises from a sign change  Materials. As a low-temperature NMR solvent, a mixture of two
of 1Jur when this distance is increased. The effect was modeled Freons, CDEFCDF:CI exhibiting the freezing point below 100 K was
by DFT ab initio calculatiorf§ and reproduced by accurate ab prepared as reported previoustjCollidine, enriched witH>N to about
initio CCSD calculationd? Scalar couplings have been observed 96%, was synthesized from trimethylpyrilium tetrafluoroborate and
recently across NHN hydrogen bonds of molecules of biological ammonium chloridé*N as described befof€ The NMR samples were

interest! and are studied intensively by ab initio calculatidfs. pr%pa;id S‘S ff(lallov_vs. C_""Jc‘ilgg/ed amounts O‘; Ct‘_)”'d'”A‘“;O:n_ dt:chloromTthar:je

Again, a sign change ofJyny was observed when the-+HN and of hydrofiuoric act (48% aqueous solution, Aldric )\_Ner_epac_e

distance was increasé# into a Teflon flask. Then, water was removed by azeotropic distillation
a8 : . with dichloromethane. When the resulting oils were kept-ad °C,

In a recent paper; we have “_Ep_orted the multln_uclear NMR crystalline products were obtained. The low-temperature NMR spectra
spectra of the 1:1 complex collidirgdF (ColHF) dissolved in - of these products dissolved in the above-mentioned Freon mixture
CDFR/CDRCI, exhibiting an extremely strong low-barrier  showed a superposition of various complexes. Therefore, no attempts
hydrogen bond. An enormous two-bond spin coupling constant were made to isolate and characterize the crystalline salts, and for the
was found,2Jsy = 96 Hz, which did not change much with  measurements described below, the oily mixtures were placed in an
temperature. On the other harldgy decreased strongly and  NMR glass tube equipped with a Teflon needle valve (Wilmad, Buena,

(5) (a) Foces Foces, C.. Llamas-Saiz, A. L. Lorente, P.; Golubev, N. S.: USA) for vacuum operations, resisting a pressure up to 50 bar. The
Limbach, H. H. Acta Crystallogr. 1999 C55 377. (b) Lorente, P.. tube was then connected to a vacuum line, and the solvent was added
Shenderovich, I. G.; Buntkowsky, G.; Golubev, N. S.; Denisov, G. S.; by vacuum transfer.

Limbach, H. H.Magn. Reson. Chen2001, 39, S18.

(6) (a) Golubev, N. S.; Smirnov, S. N.; Gindin, V. A.; Denisov, G. S.; Benedict, NMR Spectra. Th,e NMR .SpeCtra W?re recorded on a B”j'ker AMX-

H.; Limbach, H. H.J. Am. Chem. Sod 994 116, 12055. (b) Smirnov, S. 500 instrument equipped with a special probe head allowing measure-

N.; Golubev, N. S.; Denisov, G. S.; Benedict, H.; Schah-Mohammedi, P.; 19 i ;

Limbach. H_ H.J. Am. Chem. S0d096 118 4094, (¢) Golubev. N. S.. me_nts down to 90 K. Th& and*°F chemical shifts were measure_d

Smirnov, S. N.: Schah-Mohammedi, P.; Shenderovich. I. G.; Denisov, G. Using the CHE peaks as internal references and then converted into

(Sd) (;ir?dir&, V. A.ELilmgacré, H. HRuzsiaNn JI.DGen. Chémg%GG?a_llS\C/). A the usual scales corresponding to TMS and GFOhe >N chemical
enderovich, I. G.; Smirnov, S. N.; Denisov, G. S.; Gindin, V. A, . e

Golubev, N. S.. Dunger, A.; Reibke, R.; Kirpekar, S.; Malkina, O. L.: shifts were referenced_ to the peak of free c\ollldlne. These data can be

Limbach, H. H.Ber. Bunsen-Ges. Phys. Chet98 102 422. (e) Benedict, converted into the soligPNH4CI scale where)(*>N-Col) = 268 ppm.

H.; Shenderovich, I. G.; Malkina, O. L.; Malkin, V. G.; Denisov, G. S.; To extract rate constants from temperature-dependent line shapes

Golubev, N. S.; Limbach, H. HI. Am. Chem. SoQ00Q 122, 1979. (f)
Shenderovich, I. G.; Limbach, H. H.; Smirov, S. N.; Tolstoy, P. M.;  of the Col(HF) complex, we used a homemade computer program

Experimental Section

(D?]si?noi\rlﬁcf/ g |\(|3-O||3uebr?e;/di<,:\lt' fhé%lucbhe%m'-\lcg?fgéﬁggfg ‘é 5}‘(‘2}%\/0 based on the procedure DNMR2 of Binsch etaThe system was

A M.: Schowen, R. L.; Limbach, H. HCan. J. Chem1999 77, 943, v treated as a system of five spins, with a mutual exchange of the two
©) Derisor, G. S.; Bureiko, S. Fk.; Golubeﬁ, NH S, Tokhadze,dK. G.hln fluorines. The spectra were characterized by the chemical shifts,

Molecular InteractionsRatajczak, H.; Orville-Thomas, W. J., Eds.; John ; : :

Wiley & Sons: Chichester- New York — Brisbane— Toronto, 1981; coupling ConSta,‘ntS,’ ,and the eﬁ,e,Ct,lve transverse relaxation fimes

Vol. 2, p 107. 1/7W,; of each individual transition.
(8) Shenderovich, I. G.; Burtsev, A. P.; Denisov, G. S.; Golubev, N. S;

Limbach, H. H.Magn. Res. Chen2001, 39, S91. Results

(9) Golubev, N. S.; Denisov, G. S.; Smirnov, S. N.; Shchepkin, D. N.; Limbach,
H. H. Z. Phys. Chem(Muenchen)1996 196, 73.

(10) Perera, S. A.; Bartlett, R. J. Am. Chem. So@00Q 122, 1231. ‘The results of all measurements are assembled in Table 1.
(1) éa) D,llngley, (?: ge.: G'rZESIEk‘ES'“FAm.kCI\r}Ienlz.‘SCC;G.QQBG 1&0_ 5(33293. (%) Figure 1 gives an overview over the low-temperattHeNMR
AOM: Bax, A 3.Am, Chem. 504993 121, 6275, (c) Pervushin, K. SPectra of solutions of collidine and HF, where the HF/collidine
Ono, A.; Ferfiadez, C.; Szyperski, T.; Kainosho, M.; Wich, K. Proc. ratio increases from the top to the bottom. The spectra show
Natl. Acad. Sci. U.S.AL998 95, 14147. (d) Pietrzak, M.; Limbach, H. H.; . .. . .
Perez-Torralba, M.; Sanz, D; Claramunt, R. M.; Eiguerdddgn. Reson.  Major spectral changes arising from the formation of various
Chem.2001, 39, S100. complexes assigned to the structures depicted in Figure 1. These

(12) (a) Del Bene, J. E.; Bartlett, R.J.Am. Chem. So200Q 112 10480. (b)
Del Bene, J. E.; Perera, S. A.; Bartlett, RMagn. Reson. Chen2001,

39, S109. (14) (a) Binsch, GJ. Am. Chem. S0d.969 91, 1304. (b) Binsch, G.; Kleier,
(13) Golubev, N. S.; Shenderovich, I. G.; Smirnov, S. N.; Denisov, G. S; D. A. Quantum Chemistry Program Exchandediana University: Bloom-
Limbach, H. H.Chem—Eur. J. 1999 5, 492. ington, IN; #140, http://gcpe.chem.indiana.edu/
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Table 1. Parameters of the FHF and NHF Hydrogen Bonds of [F(HF),]~ and Col(HF), Clusters in CDF3/CDF,CI

species BHA LgnlHz LyalHz 2],8/Hz Snlppm Ss/ppm Oxlppm TIK? renlA TualA au/A QA
FHF FHF 124 124 220 16.60 —155.4 - 130 1.148 1.148 0 2.299
F~(HF), FHF —24.5 354 146.5 14.015 —148.75 —-176.9 130 1.349 1.012 0.169 2.361
F(HF)3 FHF —45 430 94 11.79 —147.08 —185.5 130 1.451 0.979 0.236 2.430
F~(HF)4 FHF 483 10.2 —-191.4 130 1.540 0.961 0.290 2.501
ColHFHF FHF <10 280 155 15.76 —126.2 —166.2 97 1.30 1.04 -0.13 2.34
ColHF(HF) FHF —38 400 99 12.9 —-131 —180.3 130 1.46 0.98 —-0.24 2.44
ColHF NHF —39 88 19.4 —-121.5 180 1.24 1.17 —-0.04 2.41
ColHF NHF —42 75 —-96 19.6 —-118.5 170 1.23 1.18 —-0.03 2.41
ColHF NHF —43 66 —96 19.6 —118.05 170 1.22 1.18 —0.02 241
ColHF NHF —45 37 —-96 19.95 —63.47 155 1.20 1.21 0.01 2.41
ColHF NHF —45 45 —-96 19.88 —-114.9 150 1.21 1.20 0 2.41
ColHF NHF —48 34 —96 19.97 —114.18 145 1.20 1.21 0.01 241
ColHF NHF —-50 25 20.02 145 1.19 1.22 0.02 2.42
ColHF NHF —=50 22 19.98 135 1.19 1.23 0.02 2.42
ColHF NHF =51 15 —-96 20.10 —67.27 —111.5 130 1.18 1.24 0.03 2.42
ColHF NHF —48 14 20.02 125 1.18 1.24 0.03 2.42
ColHF NHF —=50 20.08 125 1.16 1.27 0.05 2.43
ColHF NHF —-51 20.09 —110.34 125 1.16 1.28 0.06 2.43
ColHF NHF —55 20.12 112 1.15 1.29 0.07 2.44
ColHF NHF - —96 20.22 —107.8 103 1.14 1.31 0.08 2.45
ColHFHCol NHF =75 =71 —64 18.4 —88.4 —89.2 120 1.08 1.46 0.19 2.54
ColHFHF NHF —86 —75 16.69 —-94.4 120 1.05 1.61 0.28 2.66
ColHF(HF) NHF —-90 —45 15.09 —-97.8 —-131 130 1.02 1.85 0.42 2.87
ColHF(HF) NHF —-92 14.02 —105.7 130 —

aDielectric constant of the CRFCDR,CI mixture is a function of temperature and solvent compositiddhemical shifts are measured with respect to
TMS (*H), CDF; (1%, converted into the CFgbcale), and free collidine{N, corresponds to 268 ppm in the sofiiNH4Cl scale) as internal standards.

coupling constants. For example, Shimidzu determined the sign
C THOEST ColHF of the coupling constarftyr in CHFChL.152 The theory of this
effect has been reviewed recentiylt occurs when the inverse
] \ T 130K correlation time of the molecular reorientation is of the order
of the Larmor frequency and when two relaxation mechanisms
H3 H3 [ColHFHCol] * with a common correlation time interfere, for example, dipelar
N dipolar or dipolar-chemical shift anisotropy (CSA) relaxation
= = "CHy mechanisms. The increase of the correlation time is caused here
by the increase of the solvent viscosity at low temperatures. A

120 K detailed discussion of how the signs of the couplings are
[FHF]- determined will be given below.

), o 1:1 Collidine—HF Complex ColHF. In Figure 2 are depicted
the multinuclear temperature-dependent signals of a collicine
c cH HF solution, containing an excess of the base. These spectra
Col(HF), \Nﬁ\H""F“"H,, have been reported previousf;we need to repeat their
description here for a better understanding of the spectral
changes at higher HF/collidine ratios.

At 200 K, the'H spectrum (Figure 2a) exhibits an exchange
broadened doublet around 18.2 ppm. When temperature is
lowered, the signal is shifted to low field and narrows into a

CH3 CH“F doublet of doublets by coupling wittfF and1>N. The larger
A N F) coupling is determined bydue, and the smaller, byJyn. The
130 K = S H absolute value ofJ.r decreases and that &k increases when
13 ColtHF)s s ﬂ F temperature is lowered; they are equal around 150 K giving
rise to a triplet. Around 110 KXJyr is smaller than the line
l l T l l w . l l w width of 10 Hz and is no longer resolved.
20 8 10 14 dppm In Figure 2b are depicted the corresponding changes of the

Figure 1. 'H NMR signals of the hydrogen bond protons of various  flyorine signal. At the higher temperatures, it consists also of a

complexes between collidiféN and HF in CDB/CDFR,CI. From parts ad, ‘. . . 15
the concentration of HF is increased. doublet of doublets arising from couplings withl and **N.

+H\‘F 'IH

130 K
1:2

[ColH]* [F(HF),l

o

i iti 15 i (15) (a) Shimidzu, HJ. Chem. Physl1964 40, 3357. (b) Rterjans, H.; Kaun,
structures were confirmed by additiot8F and>N experiments Rull W E.- Limbach. H- HNucleic Acids Res1983 10 7027, (¢)

described below. We observe almost in all cases first-order anfey R. H.: Poulter, C. D.; Yamaizumi, Z.; Nishimura, S.: Hurd, R. E.

it . indivi i i J. Am. Chem. S0d982 104, 5811. (d)Gueron M.; Leroy, J. L.; Griffey,
Sp|ltltll"19 patterng, howeyer, Fhe |nQ|V|duaI lines of a given pattern R.H.J. Am. Chem. Sod983 105 7262, (6) Farmar, T. G- Adams, B. B.:
exhibit often differential line widths. The phenomenon of Grey, G. C.; Quintero-Arcaya, R. A.; Zuo, Q. Am. Chem. Sod 986
; Al ; - ; 108 8190.
differential Icljne widths of scalar COUpIed NMR transmqns IS (16) Kumar, A.; Christy Rani Grace, R.; Madhu, P. Bross-correlations in
well-knowrf415 and can be used to determine the sign of NMRin Prog. in NMR Spectroscop00Q 37, 191.
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CHg
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T
AN N 19 18 17  d/ppm
R
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AN ™ 89 -895 8/ppm 1545 -155.0
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W= -75 Hz 2Jpy = -64 Hz
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Figure 2. (a) ™H NMR signals of the hydrogen bond proton of the 1:1
complex between collidiné®N and HF in CDR/CDRCI of a sample -80 -90 -80 S/Ppm g0

g - &/ppm
containing a 10-fold excess of collidine. (BF NMR spectra of the same ) X 19 15 )
sample. (C)!SN spectra with and without proton decoupling at 130 K of a  Figure 3. wa-tenlp_erature H (a), **F (b), and™N (c) signals of
sample containing a 7-fold excess of collidine. In this sample, additional [COIHFHCOI['[FHF]™ in CDR/CDFRCI at 120 K.
hydrogen bonded complexes are observetHbMMR. Adapted from ref

13. high-field component is a little bit narrower than the broad low-
) _ field component. This effect arises from an interference of the
Again, *Jur decreases and is no longer resolved at low gipolar with the CSA relaxation mechanism, a positive coupling
temperatures. By contrast, the couplifign = 96 Hz across  constanttdye and an axially symmetriéH CSA tensor with
the hydrogen bond remains fairly constant in the temperature o)—o— 0.5 A substantial differential line width, that is, a
range covered. broader low-field and a narrower high-field component are
The !N signal at 130 K is shifted by-67 ppm to high field  observed in the signals of ColHF around 130 K (Figure 2a),
with respect to the separate signal of free collidine absorbing indicating that!J. is still positive. As dipolar relaxation by

at 268 ppm referenced to solid ammonium chlofid&igure 15\ is less effective than b¥fF, the differential line widths of
2c). Again, the expected doublet of doublets is observed arisingthe doublet components arising from coupling WiN are less
from coupling with'H and **F. By *H decoupling,'Jnn is pronounced. However, largdH—15N couplings are always
removed and a doublet remains characterizedJpy. negative, where the sign is caused by the negative gyromagnetic

The signs of the coupling constants listed in Table 1 are ratio of 15N.

determined by analysis of the differential line width. As The sign of2Jey could not be determined by a differential
discussed previousRf,' the triplet of FHF (see an example line width analysis. However, up to date no negative coupling
later in Figure 3a) exhibits two broad outer components, constants across hydrogen bonds between heavy atom nuclei
associated to the fluorine spin states andff. The H-bond exhibiting the same sign of the gyromagnetic ratio have been
proton experiences the added dipolar coupling of both fluorines observed. Therefore, we can safely assume#hatis negative
leading to an enhanced transverse relaxation time, that is, linepecause of the negative gyromagnetic ratio 8. As a
broadening of these componefté The central componentis  consequence, for the remaining complexes described in the
associated with the fluorine spin statgs andfo. As FHF is following, which exhibit fairly large!H—1N couplings, we
linear, the two dipolar H-F couplings cancel each other, and assume that the signs &f-y andlJyy remain negative.
hence the line width is smaller as compared to the outer 2:3 Collidine—HF Complex [ColHFHCol] F[FHF] . In
components. In other words, there is an interference betweenrigure 3 are depicted the signals of the species which dominate
the F--H and the H--F dipolar relaxation mechanisms. Ac- at a baseacid ratio of 2:3. We assign this complex to the ionic
cording to the theory of the three spin systéfithis means that  pair [ColHFHCol}f[FHF]~. This salt contributes two triplets
the sign of 1Jur is positive, which is in agreement with  of equal intensities in the hydrogen bond region (Figure 3a).
theoretical calculation®1°Furthermore, we note that the broad The triplet atd = 16.6 ppm discussed already above is typical
. : . for [FHF]~, characterized by a coupling to fluorine Wy =
O o Sheco s on LSSkt BeEker, 124 HZ354.51n the fluorine spectrum, a corresponding doublet

1. exhibiting the same splitting is observed-at54.9 ppm. The

J. AM. CHEM. SOC. = VOL. 125, NO. 38, 2003 11713
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signal at6 = 18.4 ppm has the appearance of a triplet, but it
corresponds in reality to a nonresolved doublet of doublets, with
e = —75 Hz and|3Jry| = 71 Hz. This interpretation is
corroborated by the analysis of theN signal, exhibiting an
NF doublet splitting oIy = —64 Hz after'H decoupling,
and an additional doublet splitting &4y = —75 Hz (Figure
3c). Finally, the second fluorine signal a89.2 ppm corre-
sponds to a triplet of triplets, arising from coupling with the
two bridging protons and the two nitrogen nuclei. Similar values
of the Jry and 2Jyr constants lead to an apparent pentet
structure.

It is interesting to compare the differential line widths of the
transitions arising from th&H—1°F coupling in theH and the
19 signals of the NHFhydrogen bond of ColHF (Figure 2)
with the corresponding line widths of [ColHFHCOol[Figure
3). In the former, the low-field components are broader than
the high-field components, whereas the opposite is true for
[ColHFHCol]*. The effect is particularly well demonstrated by
comparison of the quasi-triplets in Figure 2a at 130 K and in
Figure 3a and by comparison of th# signals in Figure 2b at
150 K and in Figure 3b. Assuming that the CSA tensors did
not change sign, this finding means that the sign ofthe 1%
coupling has changed, that is, thélry = —71 Hz for
[ColHFHCol]".

1:2 Collidine—HF Complex [ColH]"[FHF]~. At a 1:2
base-acid ratio, a complex is formed which we assign to Col-
(HF).. The analysis of théH, 1%, and 5N NMR signals
depicted in Figures 4 and 5 indicates a zwitterionic structure of
the type [ColHT[FHF]~. The complex is fluxional and is subject
to a fast exchange between two degenerate fdrarsl2 (Figure
4). This process leads to an exchange of the two fluorine nuclei,
which we label as i) and R(i) in formi = 1,2.

At 97 K, thelH spectrum consists of a broad doublet fqy H
at 15.8 ppm, characterized by a coupling constant of about
nbr(1) &~ 280 Hz. The signal of kat 16.4 ppm exhibits two
couplings,3JnHa & —86 Hz andJnar{1) ~ —75 Hz, giving
rise to a distorted triplet. The correspondiig spectrum shows
two signals, Fand i at—126.2 and-166.2 ppm, which exhibit
a coupling of2Jearp &~ 155 Hz; the signal of fralso exhibits
the coupling Jupes(1) ~ 280 Hz. The couplingdJuped1) and
1Ine«1) are smaller than 10 Hz and are not resolved. Both
fluorine signals are coalesced at 115 K; the doublet splitting
corresponds to the averag€siprp = o[ Ihbr(1) + nbre(2)]
= 1-]HbFa= 1/2[1\]pr41) + lJpréz)] ~ 145 Hz

The same splitting is observed in the signal gfatithe same
temperature (Figure 4, top), consisting of a clear triplet as
expected. The couplings togkind N are not resolved in the
19 spectrum, butJearn can be observed. Most remarkable is
the splitting pattern of Hat 115 K. It consists of a doublet of
triplets, that is, H is coupled with nitrogen and both fluorine
nuclei. The value otJyna is similar to the value at 94 K. The
triplets arise from coupling with both fluorine nuclei, with the
average valuedlyara = Y2['hard1) + Hard2)] = harp =
Y[ hard1) + Ynard2)].

depicted in Figure 4; all parameters of the simulation can be
retrieved from the Supporting Information. The chemical shifts

cHz RO |¥
/ + M-
ColHF), [CH3\_N"H., Hp
CH3 Fb&
CHy k CHy
PR 0 — PO 0
R R L e € Ny HB’Fa
= 1 = 2
CH3 oy CH3 oMy

% 1JHaFa(1) H'_|1JNH3

—
2 ["oro(1)+ Jppra(1)]

5000 110K
1800 105 K
600 101 K

Yhoro(1)
T T T T T
17 d/ppm 16 15
Figure 4. Superposed experimental and calculated low-temperadtire
signals of [ColH}[FHF]~ in CDR/CDF,CI. For further explanation, see
text.

do not influence the rate constants obtained. The value of the
sumY,[Jhprd1) + Whpr(1)] could be extracted above 100 K
from the two narrow outer components of the signgl &t low
temperaturesiJypry(1) could be determined directly, where
Lnoed1) is not resolved. Unfortunately, this value is too small
to be extracted from the line shapes directly. However, as we
observed previously a correlation between the twe-FH
coupling constants in FHF hydrogen bonded syst&yfwe only
needed to varyJuprn(1). According to the correlation, when
horo(1) is of the order oft-280 Hz,"Jupe{1) is of the order of
+10 Hz, and this value was used throughout the simulation.
The Arrhenius plot for the dynamic process is depicted in the
Supporting Information. We obtain the Arrhenius parameters
A = 3 x 1013 s71 for the pre-exponential factor arfeh = 5

kcal mol? for the activation energy.

A differential line width analysis for the determination of
the sign of the coupling constants reveals the following. The
low-field component of the triplet of lis always broader than
the high-field component, dominated by the positive large
average'H—1% coupling and an interference between dipolar

%nd CSA relaxation. By contrast, the central line in the triplet

is broader than the outer line components because the outer lines
do not experience the exchange broadening, which is different

are slightly dependent on temperature; however, their valuesg. .., e gifferential transverse relaxation processesisN

(18) (a) Fujiwara, F. Y.; Martin, J. SI. Am. Chem. Sod 974 96, 7625. (b)
Christe, K. O.; Wilson, W. WJ. Fluorine Chem199Q 46, 339.
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coupling does not produce differential line width of the signal
components of g in contrast to théH—1°F coupling: the high-



Spectral Studies of Acid—Base Complexes of HF with Collidine ARTICLES
CHs _k’ CHy Ha with 1Jypa = — 90 Hz. The same coupling is found in the
FNeHs FET N foHy e signal of H, which is coupled in addition todwith 1Jrana= —
CHI NN 1 CHI N, 2 @ 45 Hz. We assume the negative sign because we do not thlnk
s 3 that a second sign change has occurred, although the low-field
. ) components of théH—1°F doublets are again broader than the
72 (e + Jrors (2)] high-field components. This effect may perhaps arise from a
- sign change of the CSA of H
o 115K Hp, is split by the coupling$Jrapp = —38 Hz and3Jgphp =
l : l . 400 Hz. The latter coupling reappears in the signalpihere
-147 148 149 3lppm also2Jer = 99 Hz is resolved. fFcontributes only a broad signal,
which is not surprising because of the coupling with three
F,(1) Fo(1) protons, two fluorines, and one nitrogen. These values point to
— e 2, a strongly asymmetric position of two protons in the F...HF
fragments, like in the crystalline salt potassium dihydrogen
AK ‘/Ejé(y)\jﬂ( trifluoride *® We note that coupling constants and chemical shifts
. . . : HoFe . are slightly dependent on temperature.
-125 126 -127 §/ppm -165  -166  -167 1:4 Collidine—HF Complex [ColH] T[F(HF)3]~. When we
Unia 1 added a large excess of aqueous hydrofluoric acid solution to
collidine dissolved in acetone and subsequently removed water
U\dﬂﬁ&t by azeotropic distillation, we obtained a white polycrystalline
powder. Elemental analysis indicated the presence of a complex
with the composition Col(HR) This species showed in the low-
{"H}'*N temperature’H NMR spectrum a doublet at 14.02 ppm,
; ; ; exhibiting a coupling constant dflyy = —92 Hz, similar to
d/ppm  -90 -100 the peak in Figure 1c. The correspondifily doublet peak was

Figure 5. 1°F and*N signals of [ColH] [FHF]~ in CDF/CDFR,CI.

120K Col(HF),
oF
CHj3 Hr b
7\ J
CHBTQ\I"H;“%,— [E— HbFb
= H
H, JHbFa
1

a
T | | |
15 3/ppm 14 13 12
12JHbe —
19F F Jeary, ™ — F,
b v})/‘\‘\a M
T 1 T T T
-130 d/ppm  -132 -179 d/ppm  -181
5N nha {'H}'5N
-90 -100 o/ppm -90 -100 &/ppm
Figure 6. Low-temperatureH (a), 1% (b), and 13N (c) signals of

[ColH]*[F(HF);]~ in CDF5/CDF.CI.

field components of the triplets are again broader than the low-
field components indicating a negative sign Ofi.r{1) as
assumed above.

1:3 Collidine—HF Complex [ColH] T[F(HF) 2] ~. ThelH, 19F,
and!®N signals of the 1:3 collidineHF complex Col(HF) are
depicted in Figure 6. Two signals assigned tpaAd H, of the
intensity ratio of 1:2 are well resolved. In tH&N signal a
coupling to K cannot be resolved; howevérN is coupled to

observed at-105.7 ppm (not shown). However, we did not
manage to assign th#H and 1°F signals of the [F(HR]~

component of this cluster. Probably, this anion is involved in
fast hydrogen bond exchange processes with other species.

Discussion

We have succeeded in characterizing by multinuclear low-
temperature NMR spectroscopy novel hydrogen bonded com-
plexes between collidine and HF. Their chemical structures
which are depicted in Figure 1 are corroborated by the analysis
of the scalat®F—1H, IH—15N, and!°F—15N couplings across
the hydrogen bonds because the slow hydrogen bond exchange
regime could be reached. These complexes not are only
interesting in themselves but also present an important series
of snapshots of the pathway of H from fluorine to nitrogen: in
the series of NHF hydrogen bonds in ColHF, [ColHFHCol]
Col(HF),, and Col(HF), the coupling constantdyy between
IH and N increases monotonically indicating a gradual
displacement of the proton toward nitrogen. During this
displacement, the absolute value'afr first decreases, becomes
negative, goes through a minimum, and eventually disappears.
Even in the region whertlyr ~ 0, a large heavy atom coupling
2Jen is observed. A similar effect was observed previously for
Jan and 2Jag in AHB hydrogen bonded systems such as
F~(HF), cluster§? and intramolecular NHN hydrogen borés
where strong evidence for a sign changéqf; was obtained
when H was shifted from A to B.

In the following, we will first discuss the properties of the
individual complexes observed and then discuss correlations of
the hydrogen bond NMR parameters with the hydrogen bond
geometries.

Properties of Collidine—(HF), Complexes.In the presence
of an excess of collidine, the 1:1 complex ColHF dominates.

(19) (a) Mahjoub, A. R.; Leopold, D.; Seppelt, Eur. J. Solid State Inorg.
Chem.1992 29, 635. (b) Chandler, W. D.; Johnson, K. E.; Campbell, J.
L. E. Inorg. Chem 1995 34, 4943.
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The NMR parameters indicate a very strong hydrogen bond, Scheme 1

No+.-H--F*~ which geometry is strongly dependent on tem- — 490«

perature. At higher temperatures, the proton is closer to F than A-@----B I“ ,

to N, but at the lowest temperature, the proton is close to the r r 7
hydrogen bond center. The reasons for temperature-dependent A q=% (r- 1)
H-bond geometries have been discussed previdtfsi§iWhen a, G=riH,

temperature is lowered, the dielectric constardand hence the
local electric fields are increased by solvent ordering and induce
in a molecular complex AH---B an additional dipole moment.
In a first step, the induced dipole moment is created by charge

transfer from B to A, leading to a displacement of H toward ; . .
the hydrogen bond center and to a contraction of the A..B fluorine and the terminal fluorines has become slow as compared
"~ to Col(HF), and the FHF units are more asymmetric.

distance. After H has crossed the hydrogen bond center, the . ) L .
. - . . - Hydrogen Bond Correlations. To find empirical relations
dipole moment is increased by increasing the A..B distance, ; . .
: : between NMR chemical shifts, coupling constants, and hydrogen
accompanied by a further displacement of H toward B. For the o . -
- . . bond geometries in the series of collidindF complexes
complex ColHF, more quantitative conclusions can be obtained - o . . .
after correlating the NMR parameters with the hydrogen bond studied in this paper, we exploit geometric hydrogen bond
Y correlations which have been established by neutron diffrac-

eometries. . ) A . .
g tion,2 dipolar NMR, and ab initio calculations in the case of

_The structure [ColHFHCoff proposed In Figures 1_and 3 various hydrogen bonded syste®ig3 The parameters in these
directly follows from the coupling of F with two equivalent . . s »
correlations refer to the geometries of the “limiting structures”,

protons and two equivalerN nuclei. [ColHFHCol" and that is, the non-hydrogen bonded or “free” proton donors and

[FHF]" form either a contact ion pair or a solvent separated acceptors and the configuration with the shortest heavy atom
ion pair. The reorientational mobility of [FHFJis not substan- ceep Y . vy
distance. These parameters have been established empirically

tially reduced by the cationanion interaction. The NMR by crystallography or computational chemist??3In a similar
parameters are not particularly dependent on temperature. As y ey grapny P '

compared to ColHF, the H-bond protons are displaced across. Y We have proposm_ad to cpnstruct NMQeometry correla-
. tions using the chemical shifts or coupling constants of the
the hydrogen bond center toward nitrogens.

Addition of another HF molecule to ColHF displaces H limiting sbt;uzcéturgs as adaptable or directly measured pa
. . rameter$?%.23 This approach ensures that NMR parameters
further toward nitrogen, that is, to a hydrogen bonded contact .
. . _ - reach constant values when the distances between the proton
ion pair [ColH][FHF]~. The NHF hydrogen bond hinders now . ;
. . - - donors and acceptors are increased. A polynomial approach
a free reorientation of [FHF] The process involves the breaking . . .
: relating NMR parameters with hydrogen bond distances most
of the FHN hydrogen bond, a rotation of [FHF]and the S o . -
. . . . often does not exhibit this feature; it requires the definition of
formation of a new FHN hydrogen bond without dissociation

the range where the polynomial approach is valid.
of the complex. If the rearrangement were coupled to a The geometric hydrogen bond correlations imply that the two
dissociation, the coupling of the NH proton across the hydrogen 9 yarog Ply

bond to fluorine would be lost, in contrast to the experimental distances anql f2 _(_Sch_eme_ 1) of a hydrogen bond AHB_ are
findings. correlated. A justification is that the sum of the empirical

We note that it is normally very difficult by NMR to obtain distance-dependent Pauling valence bond orders corresponding

information on the stability of a particular hydrogen bond Lo ;?Oes:nzawo distances is unity for the bonds from and to

because of the lack of reference states. Therefore, there is a ydrogerr.

tendency to take the hydrogen chemical shift as an indicator p,= exp{ —(r, — r;°)/b;},

Lo; \jgﬁdr%(:g)gs;g;et;o;dhstrength. However, this approach may p, = exp{ —(r, — 1,°)/b,}, with p,+ p,= 1 (1)
ydrogen bonded complexes of the same

type but not for complexes of different types. For example, in |n eq 1,r;° corresponds to the distance in free AH, apd to

the complex [ColH][FHF]~, the proton of the FHN hydrogen  that in free HB.b; andb, can be interpreted as the parameters

bond resonates at lower field than the proton of the FHF describing the decrease of the valence bond order with increasing

hydrogen bond. On the other hand, the proton in the latter is distances. Instead of the average distamgesdr,, we use the

more centered than in the former, and the heavy atom distancecombinationsy; = Y/a(r1 — r2) andg, = ry + ra. In the case of

is smaller as commented already above. It is, therefore, |inear hydrogen bonds where the average hydrogen bond angle

surprising that [FHF] is subject to the fast hydrogen bond ¢ is about 180 (Scheme 1)g; corresponds to the deviation of

exchange in the contact ion pair. The pre-exponential factor of the hydrogen nucleus from the hydrogen bond center,qand

the rotation A ~ 3 x 108 s7%, is typical for an intramolecular  to the A...B distance. Equation 1 predicts that this distance

reaction. The activation energa ~ 5 kcal mol?, is unexpect-  decreases when the proton is shifted from A toward the
edly small. This means that the reorientation may not require a

(21) (a) Steiner, Th.; Saenger, Wcta Crystallogr.1994 B50, 348. (b) Steiner,
complete C.leavage .qf the hydroge.n. bond. and occurs, most Th. J. Chem. Soc., Chem. Commu®95 1331. (c) Gilli, P.; Bertolasi,
probably, via a transition state exhibiting a bifurcated hydrogen V. Ferretti, V.; Gilli, G. J. Am. Chem. S0d994 116 909. (d) Steiner,

bond. We note that Reynhardt et?&lobserved a reorientation Th. J. Phys. Chem. A998 102 7041.

The complexes Col(HE)and Col(HF) can be described in
terms of collidinium hydrogen bonded to the well-known anions
F~(HF), and F (HF)3.54¢The 13y couplings are- 90 and—92
Hz, typical for protonated collidine. The exchange of the central

. . _ o .. . . (22) Ramos, M.; Alkorta, I.; Elguero, J.; Golubev, N. S.; Denisov, G. S.;
of FHF™ in solid NHstFHF~ exhibiting a similar activation Benedict, H.; Limbach, H. HJ. Phys. Chem1997, A101, 9791.
energy of about 6 kcal mot. (23) Benedict, H.; Limbach, H. H.; Wehlan, M.; Fehlhammer, W. P.; Golubev,

N. S.; Janoschek, R.. Am. Chem. S0d.998 120, 2939.
(24) (a) Pauling, LJ. Am. Chem. Sod.947 69, 542. (b) Brown, |. D.Acta
(20) Reynhardt, E. C.; Watton, A.; Petch, H.HChem. Physl979 71, 4421. Cryst 1992 B48 553.
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[FHF] -

—0.2 0.0 0.2 0.4

Q=% (- 1)) 1 A
Figure 7. Hydrogen bond correlation for FHF hydrogen bonds. Plots of
the F...F distance, (a) and the experimental coupling constats, (b)

and?Jer (¢) as a function of the hydrogen coordinatgScheme 1). Open
circles refer to [F(HR)~, and filled circles, to collidine (HF), clusters.

—0.4

The solid lines are calculated according to the valence bond model as

described in the text.

hydrogen bond center and then increases again when the proton
has crossed the center. Taking this phenomenon into account

we can determine with the parametéisandb, together with
r1° andry® the value of the minimum A...B distance. Thus, eq

1 expands all hydrogen bond geometries in terms of the limiting
structures of the free species and the strongest hydrogen bonde

complex.

As has been discussed previou&ljn the case of symmetric
double well potentials or low-barrier hydrogen bonds, the
average value af; can be zero althougtp has not yet reached
the minimum value, and the correlation of eq 1 will be satisfied

only in approximation. Also, in the case of an asymmetric strong
hydrogen bond, particularly large anharmonic hydrogen zero-
point vibrations visualized schematically in Scheme 1 may lead

to large mean square displacemeiis? and Ag? along the
strongly anharmonic AH stretching mode and for the bending

mode. These quantities may influence also the NMR chemical 1
shifts and scalar coupling constants, an influence which is not “FH ™

explicitly taken into account in our treatment. However, a
polynomial fit of the NMR versus geometric data will exhibit
the same problem at present.

For the [F(HF)]~ clusters, the values @f andr; (i.e., of qu
andq) had been obtained by ab initio calculations at the MP2/
6-314+G(p,d) leveltd using the symmetrieBewn, Ca,, Dan, and
Ty for n = 1—4, in agreement with the symmetries observed
by NMR. These data were used to establish the following
parameters of the+H valence bond orders in eq 1, thatiig,
= ren® = 0.897 A andb; = by = 0.36 ASefFor B = nitrogen,
values ofr,° = ryy® = 0.992 A andb, = by = 0.385 A have
been propose#f?* These values were employed in the data

analysis described below. To create the solid lines in Figures
7—-10, first a set of data pointg; was generated and the
corresponding values @ were calculated using eq 1, leading
to the corresponding values @fandr, and hence of the valence
bond ordersp; and p,. The NMR parameters were then
calculated from the latter using equations described below.
Couplings in FHF and FHN Hydrogen Bonds.The graphs
of Figure 7 refer to the FHF units of [F(HE) and Col(HF),
whereqp, 1Jr, and2Jer are plotted as a function af. Open
circles refer to the [F(HF)~ clusters, and filled circles, to the
complexes of collidine with HF. The solid line in Figure 7b
was calculated using the following empirical equation proposed
previouslye ! for FHF hydrogen bonds; that is

Jen = JenPen — BATeHePerPue
e = 600 Hz,AJp e = 162.5 Hz (2)

where1Js4° is the coupling constant of hypothetical free HF
dissolved in the Freon mixture. If the HF distance were increased
in such a way that the valence bond order was reducég,to
as in [FHFJ, a value of%Jsy = 300 Hz would be obtained
from the first term in eq 2. The second term in eq 2 then
describes the excess decreaséJgfi in [FHF]~. We note that
the value predicted by eq 2 for [FHF]s 137.5 Hz, which is a
little bit larger than the experimental value included in Figure
7b. A perfect fit of the experimental data would require the
inclusion of additional parameters in eq 2.

The solid line in Figure 7c was calculated using the
equatiofef
“Iee = “Jee” APrPre)’ Jpe = 225 Hz 3)
The value oRJ° corresponds to the maximum value in FHF
calculated using CCSD ab initio methods by Perera & al.

To obtain the geometries of FHF hydrogen bonds in the
aollidine—(HF)n complexes [ColHi[FHF]~ and ColHF(HF),
we proceeded as follows. We varied for each complex the values
of g, until both experimental coupling constadfizy and2Jgr
(Table 1) fitted the solid lines of the graphs of Figure 7b and c.
Then, the corresponding values @p in Figure 7a were
calculated using egs 1 and 2. The estimated valuggs afidg,
obtained in this way are included in Table 1.

In Figure 8a, the FHN hydrogen bond correlation cugye
= f(qu) is plotted. The data points for the various complexes
were obtained as follows. First, we rewrote eq 2 for FHN
hydrogen bonds in the form

e P — BAIpnPEHPHN
L, = 600 Hz, Ay = 190 Hz (4)

where the parametédry° referring to free HF is the same as
in eq 2. The parameteAJ-yy needed to be adapted and
represents again the difference betwédamp, for the strongest
FHN—hydrogen bond withpey = ppn = Y2 and the diatomic
molecule FH with a bond length corresponding to a valence
bond ordempry = Ya.

We noticed that the values &f=y exhibit a minimum around
—75 Hz (Table 1), whereas the values &l decrease
monotonically. By setting the parametAdryy to a value of
190 Hz, we were able to reproduce this minimum value using
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Table 2. Primary Isotope Chemical Shift Effect PA(D/H) = 5 O+ I
5(F2HN) — 6(F'HN) in the NHF Hydrogen Bond of the q 32—DH“N F'HN P*HN
Collidine—HF Complex in CDF3/CDF,CI
3.0
species  PA(D/H)/ppm? I TIK2  rylA ruelA qu/A qlA <
~ | Col(HF
CoHF  —020 135 190 126 115 —005 241 o 28 s
ColHF 0.16 161 170 123 118 —0.02 241 o6 Col(HF)
N 2
ColHF 0.27 204 145 120 121 0 2.41 i X
ColHF 0.26 245 145 119 122 0.02 242 S 2.4 [ColHFHColl
ColHF 0.23 26.1 135 119 1.23 0.02 242 200 ColHF
ColHF 0.21 254 125 120 121 0 2.41 b '
ColHF 0.20 289 130 118 1.24 0.03 242
ColHF 0.20 286 125 119 1.23 0.02 242 N 1001
ColHF 0.19 300 125 119 1.23 0.02 242 I
ColHF 0.18 303 110 116 1.27 0.05 243 £
ColHF 0.10 377 103 117 1.26 0.04 243 > 0
2Data taken from ref 8 Dielectric constant of the CRFCDRCI 100
mixture is a function of temperature and solvent composition.
c
. - . 01
eq 4, leading to the solid line of Figure 8b. In the next step, we N
varied the values of; for all data points of Table 1 in such a -':-I
way that eq 4 was fulfilled for altJg values. The value of = 0
ColHFHCol was placed on the left side, and the values of
ColHFHF and ColHF(HF) on the right side of the minimum —1001
taking into account the large negative valuesJaf; of the latter q4 120
two complexes. Having obtained thevalues of all data points 1004
(Table 1), we could determine the valuesipfiepicted in Figure N 801
8a using the NHFhydrogen bond correlation (Table 1). In the ELL 60
next steps, we plotted in Figure 8c and d the experimental values = 40
of WJyn and of 2Jgy as a function ofg; and determined the 201
parameters of the corresponding correlation curves by adapting 01
the parameters in the equations e 02 A
£ 02
17 _17 o 2 o '»
Inn = Jun® Prn — BAINEPEHPN & S | _
1 = — = E T~ ~ I | -7 -
NN 100 Hz,Adyr = 12.5Hz (5) 3 SR
ZJ _ZJ ° 4 22J °=975H 6 5_02 \\, \,
en = e’ APenPun) s “Jen” = 97.5 Hz (6) . . . . .
o o o _ -0.8 -04 0 0.4 0.8
The results are indicated by the solid lines, and the fit is quite Q=Y (ry- 1) | A

satisfactory.
Figure 8. Hydrogen bond correlation for FHN hydrogen borgsas a
Let us come back to the effects of the changes of the hydrogeny i -iion of o (a). Plot of the experimental coupling constahlsy (b),

bond geometries of ColHF in CREEDR,CI in the temperature 13,y (c), and2Jen (d) and the primary isotope chemical shift effeéay(D/
range between 200 and 100 K. In this temperature range, theH) (e) as a function oty. The solid lines are calculated according to the
dielectric constant, of a 1:1 solvent mixture increases from Vvalence bond model as described in the text.
about 15 to 4%;these values depend also on the composition
of the solvent mixture. As was discussed befotlee dielectric of 1.2 A (Table 2). During the proton displacement the N..F
constant increase leads for ColHF to a displacement of the distance remains fairly constant around 2.42 A which is in
proton from F toward N, but this displacement could not be agreement with the finding that the coupling consfdpt also
quantified. In the same dielectric constant range, a sign changeremains constant.
of the primary isotope chemical shift effeéA(D/H) = The changes of the primary isotope chemical siifD/H)
O(FPHN) — S(F'HN) was observed,indicating that at low as a function ofg; are depicted in Figure 8e. Unfortunately,
temperatures a quasi-single well potential is reached where Donly a small part of this dependence was accessible experimen-
is confined more to the hydrogen bond center as compared totally. Therefore, we were not able to derive an empirical
H. By contrast, at higher temperatures, D is located closer to F equation for this dependence but added the dotted line as a guide
in comparison to H. for the eye, where the shape of the curve was adopted from
As Figure 8 provides a calibration of the NMR parameters calculations published previously for other strong hydrogen
in terms of hydrogen bond geometries, we are now able to bonded system®.Nevertheless, it is clear that the positive part
quantify the solvent induced geometric changes of ColHF. of PA(D/H) is restricted to a very narrow region of the geometric
According to Tables 1 and 2 and Figure 8a, the increasg of hydrogen bond correlation and points such as an arrow to the
from 13.5 to 37.7 leads for ColHF to an increase of theH- region where one assumes a quasi-symmetric single well
bond length from 1.15 A to about 1.3 A and to a decrease of potential for the proton stretching motion in hydrogen bonds.
the N—H bond length from 1.26 A to about 1.15 A. At values ~ Chemical Shifts of FHF and FHN Hydrogen Bonds.In
of ¢, between 20 and 25, the proton is almost located in the this section, we will use the valence bond order model to
hydrogen bond center, with two similar FH and NH distances describe the chemical shift of nuclei in a hydrogen bond AHB
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Figure 9. H (a) and'®F (b) chemical shifts of the FHF hydrogen bonds D 150 ColH(EHF)
of [F(HF)s]~ (open circles) and collidine(HF), clusters (filled circles) as 25
a function ofg;. The solid lines are calculated according to the valence —200;
bond model as described in the text. 08 —04 0 04 08
in terms of the following equation Q=% (r-r) A
Figure 10. H (a),*™N (b), and®F (c) chemical shifts of the FHN hydrogen
o = pAHé'(AH)o + pHBa_(HB)o + 2k2lA6-(AHB) pAHkaBl bonds of collidine-(HF), clusters as a function af;. The solid lines are
I | | |

calculated according to the valence bond model as described in the text.

)
. L . = 11 ppm. The latter value was taken from the limiting
we h_ad alrgady used this equation in or_der to desc“be the colliginium value in the collidine-carboxylic acid series of ref
chemical shifts of the proton, but we realize here that it can gy

also be used for the heavy atorksaind| are parameters which 15\ Chemical Shifts. The dependence of tHéN chemical

need .to be. adaptedﬁi(All-!)° anSI 5i(':”3)°. are the limiting shifts of the FHN hydrogen bonds ep is illustrated in Figure
chemical shifts of nucleuisin the “free” residues AH and HB. 10b. The solid line corresponds to the equation

AOi(AHB) describes the deviation of the chemical shift of
nucleus from the average valuk,(0i(AH)° + 6;(HB)°) when o R
the valence bond orders are bt corresponding in the case On = On” P Onn® Pun + PraPnA0n(FHN) - (9)
of A = B to the strongest symmetric “proton shared” hydrogen
bond. Adi(AHB) will depend not only on both the chemistry, ~With Aon(FHN) = 90 ppm,on™ = 268 ppm, andnu® = 138
that is, the type of A and B, and their chemical surroundings PPM. The latter two values were measured previously for free
but also on the A...B distance in the symmetric complex. A collidine and for collidiniunt® using *NH4Cl as reference.
problem with the use of the above equations is that the limiting Thus, onlyAdn(FHN) needed to be adapted.
chemical shiftsdi(AH)° and ¢;(HB)° refer to the fictitious 19F Chemical Shifts.We come now to the discussion of the
limiting structures which cannot easily be determined experi- fluorine chemical shifts of the investigated complexes. In Figure
mentally. By contrast, the limiting coupling constants across 9b are depicted théF chemical shifts of the FHF hydrogen
an infinitely long hydrogen bond are zero by definition. bonds, of both the [F(HF)~ clusters (open circles) analyzed
H Chemical Shifts. In Figures 9 and 10, we have plotted previously® and the new data points for Col(HFand Col-
theH, 19F, and!N NMR chemical shifts of the FHF and NHF ~ (HF)z (closed circles). The data points with negative values of
hydrogen bonds of the species studied as a function of the valuegh correspond to terminal fluorines, whereas those with positive
of qu determined in the previous section. In Figure 9a are Values, to central fluorines. The latter are involved in two or
depicted the'H chemical shifts of the hydrogen bonds in the three hydrogen bonds and need, therefore, a different treatment
FHF fragments. We note that the paramelg{FH)° in eq 7, than the terminal fluorines which are involved only in a single
the IH chemical shift in the FH monomer, is of the order of 2 bond as it is shown by the three different curves.
ppm. In this case, the suitable data set in eql7=sk = 2 and The solid lines were calculated using the equation
AO(FHF) = 14.7 ppnff
The 'H chemical shifts of the FHN hydrogen bond are O = 10g° Prn T OF Pue (10)
illustrated in Figure 10a. The solid line was calculated using
with 6g* = —100 ppm anddgy® = —210 ppm determined
OH= PO (FH)°+ punOn(HN)® + 8AS,(FHN)P: P previously for [F(HF)]~ é¢andr = 1 for the terminal fluorines
(8) and for [FHF]". The values = 1.3 and 1.5 were adapted in
order to fit the chemical shifts of the central fluorines in
with ou(FH)° = 7.7 ppm,onu(HN)° = 7 ppm, andAdn(FHN) [F(HF),]~ and [F(HF)] .
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We note that the new data points of [ColiffHF]~ and shift of this fluorine is very low-field, even lower than that of
[ColH]T[F(HF);]~ are located only slightly above the line “free” fluoride.
calculated for [FHF] and for [F(HF}]~. In other words, the Finally, in Figure 10c are also included the chemical shift

chemical shifts of the central fluorines in these clusters are values of the central fluorine in [ColH]FHF]~ and [ColH]"-
almost determined by the hydrogen bond to HF rather than to [F(HF)]~, where the value ofy; is defined for the FHN
collidinium. This result is not surprising, as thg values of hydrogen bond. Naturally, these data points cannot fit the
the FHF bonds are substantially smaller than those of the FHN calculated lines because the contribution of the FHF bond
hydrogen bond; that is, the distance of the central fluorine to determines these chemical shifts as discussed above.

the H in the FHF hydrogen bond is smaller than that to H in conclusions

the FHN hydrogen bond. . . . .
. . . We have succeeded in measuring and analyzing the chemical
We come now to the fluorine chemical shifts of the FHN = ghifis and scalar coupling constants across hydrogen bonds of
hydrogen bonds. The data points are depicted in Figure 10¢. 5 series of novel collidine(HF), complexes in CDFCDF.CI
The solid line was calculated using the equation mixtures, exhibiting a high polarity at low temperatures. This
series represents a model system where the effects of proton
Or = Opy’ Pen T O Pun + SPEAPHNAOK(FHN) - (11) transfer from F to N and from F to F on the NMR parameters
can be studied. The dependence of the NMR parameters can
wheres = 1 for the single FHN hydrogen bonds ase= 1.5 be well described in terms of the valence bond ordsrdrogen
for the fluorine with two FHN hydrogen bondad(FHN) = bond correlation model.

150 ppm, and the same paramei@¢s = —100 ppm aney° Acknowledgment. This work has been supported by the
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fluorine chemical shifts in “free” HF and Fare independent  pasic Research, Grant 03-03-32272, and the Fonds der Che-
of the reaction partnerFor collidine. However, while the; mischen Industrie, Frankfurt.

value of [FHFT is zero and that of ColHF is close to zero, the

chemical shifts of the fluorines in both complexes are very hi
different (Table 1), that is;-155 and—115 ppm. The latter
value is almost already close to the vaié of free” fluoride. FH:--pyridine as a function of the F...H and F...N distances.

These differences are taken into account by the t&dp(FHN).
. They f hat th I h
The consequence is that once the proton has crossed the ey found that the values gl decreased and that |

. . . increased in the region of the strongH--N hydrogen bond,
Zﬁgngg bond center, the fluorine chemical shifts do not Ch"’mgewhereasz\lp,\, remained constant, in very good agreement with

. the experimental NMR data reported recehtfyand in this
It is understandable that we need the texdy(FHN): a look paper.

at Figures 7a and 8a shows that the shortest F...F distance in ) . . . _
[FHF]~ is about 2.3 A whereas the shortest F...N distance is Suppor_tmg In_formatlon Available: A d(_eta||ed description
2.4 A. Thus, a fluorine in the shortest FHN hydrogen bond _Of the s_|mulat|_on of the _spectr_a of Figure 5 and fL_thher
resonates at lower field than in the shortest FHF hydrogen bond.'lniorm"’}[t'otnht-trh'; ml;e\terlal Is available free of charge via the
Naturally, a detailed quantum-mechanical study would reveal nternet at lip:/ipubs.acs.org.

effects arising from electronic differences of fluorine and JA029183A

mtroge_n. The data point of [ColHFHCdljwas accommoda_teOI (25) Del Bene, J. E.; Bartlett, R. J.; ElgueroMagn. Reson. Cher2002, 40,

by a different value oA0g(FHN). We note that the chemical 767.

Note Added in Proof. J. Del Bene et &° have performed
gh quality ab initio EOM-CCSD calculations of the coupling
constantsdgy, Jun, andJey of the 1:1 complexes F+NH3z and
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