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Ab initio EOM-CCSD calculations have been performed on 3:1 FH;Némplexes at their own optimized
MP2/6-31G(d,p) geometries and at the optimized geometries in the hydrogen-bonding regions of
corresponding 3:1 FH:collidine complexes. The isolated gas-phase equilibrium 3:1 FEoNtlex has an

open structure with a proton-shareg+HH,—N hydrogen bond, while the isolated equilibrium 3:1 FH:collidine
complex has a perpendicular structure with ari#,—N hydrogen bond that is on the ion-pair side of proton-
shared. The /N coupling constant{Jg_n) for the equilibrium 3:1 FH:NH complex is large and negative,
consistent with a proton-sharegHH.—N hydrogen bond?"Jg . is positive, reflecting a short,FF, distance

and partial proton transfer from,Ro F, across the f—Hy—F, hydrogen bond. In contrast/Js,_n has a
smaller absolute value aitlg, r, is greater for the 3:1 FH:Nitomplex at the equilibrium 3:1 FH:collidine
geometry, consistent with the structural characteristics of theHF—N and B—Hy,—F, hydrogen bonds.
Coupling constants computed at proton-transferred 3:1 FH:collidine perpendicular geometries are consistent
with experimental coupling constants for the 3:1 FH:collidine complex in solution and indicate that the role
of the solvent is to promote further proton transfer frogtd-N across the FH,—N hydrogen bond, and

from R, to F, across the two equivaleng+H,—F, hydrogen bonds. The best correlations between experimental
and computed coupling constants are found for complexes with perpendicular proton-transferred structures,
one having the optimized geometry of a 3:1 FH:collidine complex at.arHg distance of 1.80 A, and the

other at the optimized 3:1 FH:collidine geometry with distances derived from the experimental coupling
constants. These calculations provide support for the proposed perpendicular structure of the 3:1 FH:collidine
complex as the structure which exists in solution.

Introduction and two-bond spirrspin coupling constants and have related
these to hydrogen-bond ty§eOn the basis of our theoretical
studies, we have made generalizations about the signs of
Ky —v,? IKx—n,° and "Ky_y,1* where Ka_g is the reduced
spin—spin coupling constant,

In a series of landmark papers, Limbach et al. have reported
the results of experimental studies of one- and two-bond-spin
spin coupling constants across hydrogen bonds in Freon
solutions at low temperatufe® These investigators have
observed sign changes of one-bond coupling constants as a K 0J3. ./
function of temperature, and they have been able to relate their A-B = ~A-8/VaAVB
experimental values dfJx_v, 1x—n, andJy_y for X—H-Y ) )
hydrogen bonds to hydrogen-bond type and the degree of proton@nd ya andyg are the magnetogyric ratios of A and ge,
transfer. Recently, they have focused their efforts on complexes™F, and*H positive; N and 7O negative).
of FH with collidine (2,4,6-trimethylpyridine), presenting data  After a study of the 1:1 FH:collidine complex using FH:H
for 1:1, 2:1, 3:1, and 2:3 FH:collidine complexés. and FH:pyridine as modeldwe investigated the structures and

The studies of Limbach et al., as well as a microwave coupling constants associated with 2:1 FHz\#d FH:collidine
spectroscopic study of the trimer FH:FH:NHy Leopold et~ complexes® We have now expanded our study to the 3:1 FH:
al.” have led us to expand our own theoretical investigations collidine complexes, examining coupling acrossH—N and
of one- and two-bond coupling constants to hydrogen-bonded F—H—F hydrogen bonds. In this paper we present
systems with multiple hydrogen bonds. We have employed ab (1) computed structures for 3:1 FH:NHind FH:collidine
initio equation-of-motion coupled-cluster singles and doubles complexes;
theory to compute coupling constants in hydrogen-bonded (2) computed coupling constants for 3:1 FH:Nebmplexes
systems, and we have demonstrated that the computed couplin@t their own geometries and at the geometries of the corre-
constants obtained at this level of theory are reliable and in sponding 3:1 FH:collidine complexes;
agreement with available experimental data. We have also (3) comparisons of our computed coupling constants with
observed the effects of full and partial proton transfer on one- those measured experimentally; and
(4) relationships among the signs and magnitudes of coupling
* Corresponding author. E-mail: jedelbene@ysu.edu. constants, hydrogen-bond type, and the degree of proton transfer.
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Methods Fa—Ha—N hydrogen bond, and the-fFH—F hydrogen bonds

. . have increased proton-shared character. The perpendicular
iz Secon o MePlesat praton thory  VUEATe S e s N oger bnd ich opesrs 0
(MP2)1-4_17 with_the 6-3HG(d,p) ba}sis set 2 Inclu.d(.ad among Fa—N dist%mce of 5418 A and its longFH, distance of 1.104
these is a cyclic structure which is the global minimum on the Aa The open i za. structure 4 is tr%e Ie;st stable and has the
potential surface. The other 3:1 FH:NHomplexes were : P gzag

optimized under specific constraints and include a second cyclic'°N9est B—N and shortest £~H, distances.

structure, a perpendicular structure, and an open “zigzag” The situation is quite different for optimized perpendicular
structure. These complexes are designated.ds FHp:FaHa: and open 3:1 FH:collidine complexes, which are illustrated in
NHs, and are illustrated in Scheme 1. In all complexas; . Scheme 1 as structures 5 and 6, respectively. Shown in these
is hydrogen-bonded to N, and,FH,, is hydrogen-bonded to  two figures are the complexes in which the in-planetCbonds

F.. In cyclic and open structures,+FH. is hydrogen-bonded to  of the methyl groups in the 2 and 6 positions are “trans” to the
Fy, while in perpendicular structures,+H, and R—H; are hydrogen-bonding region. Structure 5 has two very low
equivalent and both are hydrogen-bonded {adderresponding imaginary frequencies corresponding to methyl rotations, which
3:1 FH:collidine complexes were also optimized at MP2/6- are essentially free. The “trans” structure shown is 1.1 kcal/
31+G(d,p). In addition, a set of proton-transferred 3:1 FH: mol more stable than the “cis” structure. The 3:1 FH:collidine

collidine complexes were optimized at fixeg-FH, distances, complexes are structurally and energetically distinct from the
beginning at 1.60 A and incrementing to 1.90 A in steps of corresponding 3:1 FH:Nficomplexes in several respects:
0.10 A. (1) The perpendicular 3:1 FH:collidine structure 5 is more

Ab initio equation-of-motion coupled-cluster singles and stable than the open structure 6 by 1.6 kcal/mol. This is in
doubles calculations (EOM-CCS8)?°in the Cl(configuration  contrast to the 3:1 FH:Nkcomplexes, where a cyclic structure
interaction)-like approximation with the AhlricHsqzp basis s favored due to a stabilizing interaction betweeqrafd the
set on F and N, gz2p on the hydrogen-bonded H atoms, andammonium hydrogens.

Dunning’s cc-pVDZ basf?® on other hydrogens have been (5) gince collidine is a stronger base than J\khere is a

carried out to 9bta'n, one- and two-bond SP8pIn coupling greater degree of proton transfer fromtb N in the perpen-
constants for 3:1 FH:Nficomplexes. Total coupling constants dicular 3:1 FH:collidine structure 5 compared to the corre-

were obtained as the sum of four contributions, namely, the : : o :

. . - . LT, ’ sponding structure 3 with NdThis is evident from the longer
paramagnetlc spinorbit (PSO),Idllamagnetlc spﬂvrblg(DSO), FE_Ha (%340 vs 1.104 A) and FN (2.457 vs 2.418 gA)
Ferml-c_ontact (FC). _and Sp |:|p.oIe (_SD) terms These_ distances in structure 5. That is, even in the gas phase, the 3:1
calculations were carried out on 3:1 FH:pébmplexes at their FH:collidine complex has an.FH,—N hydrogen bond that is
own geometries and on 3:1 FH:Nidomplexes at the optimized "/ jon-pair side of proto;-sh?;lred

eometries in the hydrogen-bonding regions obtained for '
g yered 9 'eg (3) In the perpendicular 3:1 FH:collidine structure, the two

corresponding 3:1 FH:collidine complexes. Geometry optimiza-
tions were carried out with the Gaussian 03 suite of progims, HF molecules hydrogen-bonded teténd to bend away from

and coupling constants were evaluated with ACES! IAl the collidine molecule. Theg=F.—N angles are 94 and 114

calculations were carried out on the Cray X1 or the Itanium reSpectively, for structures 3 and 5.

cluster at the Ohio Supercomputer Center. Proton-transferred 3:1 FH:collidine complexes were obtained
at a set of fixed F—H, distances, and representative perpen-

Results and Discussion dicular and open complexes are shown as structures 7 and 8,

respectively. =N, N—H,, Fo—Fa, Fo—Hp, Fe—Fp, and BR—Hc
distances for these complexes are also reported in Table 1. The

for the 3:1 FH:NH complexes that are illustrated as structures long F.~N and short N-Ha dlstances_ are c_hara(_:tensnc of
1-4 in Scheme 1. The cyclic structure 1 in which the in-plane complexes that are hydrogen-bonded ion-pairs, with decreased

N—H of NHs is “cis” to F. and forms a distorted NH—F proton-shared character relative to structures 5 and 6. These
C [+ . .
hydrogen bond is the equilibrium structure on the potential differences are reflected in the computed one- and two-bond

surface. This structure is 1.1 kcal/mol more stable than structureSPIN—SPIn coupling constants for these complexes.
2 in which the in-plane N-H bond is “trans” to the hydrogen- One- and Two-Bond Coupling Constants™Jx -y, “Jx-,
bonding region. Structure 3 is the optimized perpendicular @nd *Ju-y across X-H—Y Hydrogen Bonds for 3:1 FH:
structure in which FHc and RHp, are equivalent, and both are  NHs Complexes at 3:1 FH:NH; Geometries.Fermi contact
proton donors to & This structure is 4.8 kcal/mol less stable terms and total spinspin coupling constants for complexes4
than structure 1. Structure 4 is a “zigzag” structure which is are reported in Table 2. The two-bongHN spin—spin coupling
5.3 kcal/mol higher in energy than structure 1. constant@'J-_y are large and negative, ranging fron84 Hz
There is significant cooperativity in the-fH—F and FH—N in structure 4 to approximatehy100 Hz in structures 1, 2, and
hydrogen bonds, as evident from the-iH, F—F, and F-N 3. Since the magnetogyric ratio 8 is positive while that of
distances. Thus, all of thefH—F hydrogen bonds have shorter *°N is negative, the signs of the reduced two-bong-%¥
F—F distances and longer—+H distances than the HF dimer coupling constants are positive, consistent with the generaliza-
which has F-F and hydrogen-bonded-H distances of 2.776  tion that reduced two-bond coupling constaft&x_v are
and 0.932 A, respectively, at MP2/6-86G(d,p). The E—N positive for X—~H—Y hydrogen bonds formed from second-
distance in structure 1 is 2.425 A, much shorter than th&lF  period elementd3C, 15N, 170, and'®F, except for?"Kg_ for
distances of 2.637 and 2.511 A, respectively, in 1:1 and 2:1 the equilibrium HF dimeP.The largest F~N coupling constants
FH:NH3 complexes. As expected, the-FH, distance of 1.095  are associated with structures 1, 2, and 3 which have hydrogen
A is longer than the distances of 0.963 and 1.004 A found in bonds with significant proton-shared character; the smallest is
the 1:1 and 2:1 FH:Nklcomplexes, respectively. Thus, even found for structure 4, which has the least proton-shared
in the gas phase, the 3:1 FH:NEomplex has a proton-shared character. The one-bond-FH, coupling constantyJg,—, are

Structures of 3:1 FH:NH3 and 3:1 FH:Collidine Com-
plexes.Table 1 reports FF, F—H, N—H,, and i—N distances
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positive, consistent with the generalization tHét—y is positive
in hydrogen-bonded complex&sHowever, values otJg,—p,

Structure 8

are significantly smaller thatdg,—ny, andJr -, due to the longer
Fa—Ha distances. The computed coupling constafis,— are
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TABLE 1: Selected Distances (A) for Optimized 3:1
FH:NH 3 and 3:1 FH:Collidine Complexes

Optimized 3:1 FH:NH Complexes

Fo—N Fo—H, F—F F~—H, F—F F—H
structurel 2.425 1.095 2414 0981 2536 0.954
structure 2 2.437 1.074 2429 0.975 2555 0.950
structure3  2.418 1.104 2570 0.944 2570 0.944
structure4 2490 1.019 2488 0.959 2.658 0.938
Optimized 3:1 FH:Collidine Complexes
F—N Fo—H, F—F F—H, F—F F—H.
structure5 2.457 1.340 2.483 0.960 2.483  0.960
structure 6 2.410 1.235 2.367 0.999 2541 0.951
Optimized 3:1 FH:Collidine Proton-Transferred Compléxes
F—N N-H, FR—-F, F—H, F—F F—Hc
structures 7
F.—H,=1.60 2655 1.055 2434 0.971 2434 0.971
Fa—Ha=1.70 2743 1.043 2422 0.975 2422 0.975
Fo—H.=17C¢ 2743 1.043 2.414 0976 2414 0.976
F.—H,=180 2836 1.036 2412 0.978 2412 0.978
F.—Ha=190 2930 1.030 2.402 0.981 2402 0.981
F.—H.,=1.85" 2.87 1.02 2431 0.98 2431 0.98
structure 8
F.—H,=1.80 2789 1.036 2.282 1.112 2419 0.979

aThe hydrogen bonds are,#H,—N and Rk—Hy,—F; in the
perpendicular structures, the third hydrogen bond.isHe—F,, which
is equivalent to F—H,—F5; in open and cyclic structures, the third
hydrogen bond is &H.—F, (see Scheme 1, structures-4 for
labeling).? The R—H, distance was fixed during the optimizatiohs.
In this complex, the in-plane €H bond of the methyl groups in
positions 2 and 6 are “cis” to the hydrogen-bonding regfofra—H,,
N—Ha, F—Hs, and H—F. distances are taken from ref 6 and were
held fixed for the optimization of the 3:1 FH:collidine complex.

TABLE 2: Selected FC Terms and Spin-Spin Coupling
Constants (Hz) for 3:1 FH:NH3; Complexes at 3:1 FH:NH;
Geometries

structure 4
FC J

structure 3
FC J

structure 2
FC J

structure 1
FC J

Fa—N —102.3 —100.0 —100.6 —98.4 —101.7 —99.6 —86.0 —84.1
Ho—N —-19.0 —-19.3 -154 -157 -21.2 -21.6 —-54 —-57
Fa—Ha 119.3 1418 1542 183.8 101.6 121.3 262.2 316.9
Fo—Fa 191.0 101.1 168.1 83.7 37.620.2 132.7 69.0
Fo—Hp 353.3 4359 359.1 447.0 354.1 486.2 387.5 492.3
Hp—Fa —554 —52.9 —-56.0 —-53.4 —45.3 —42.8 —56.6 —53.7
Fe—Fo 73.4 13.5 55.7 —-0.5 18.5-17.1
Fe—Hc 3735 489.0 369.6 491.7 356.2 499.0
Hc—Fy —47.1 —44.2 —452 —42.3 —43.9 —41.1

negative and mak&Ky__n positive, which is indicative of the
proton-shared character of thg-fH,—N hydrogen bond&!

It was observed previously that although the FC term foFF
coupling in the HF dimer is positive"J-_¢ is negative but
becomes positive at shorter—IF distances and is strongly
dependent on the orientation of the hydrogen-bonded®péir.
is interesting to note that structures 1, 2, and 4 hayeFy
distances which vary from 2.414 to 2.488 A and are therefore
much shorter than the-FF distance of 2.776 A in (HE) For
these structures, both the FC terms &Rl ¢, are positive.
However, structure 3 has a longey—, distance of 2.570 A,

a positive FC term, but a negative total coupling constalaj r,
due to a large negative contribution from the PSO term. The
FC contributions to®Jr—r, are also positive, but"Jr—f, is
positive only in structure 1 which has the shortest-F,
distance?'Jr__r, is essentially 0 Hz in structure 2 and negative
in structure 4. The one-bond coupling constallis—n, and
Jr.—n, are very large and positive, varying from 436 to 499
Hz, while the corresponding one-bond coupling constants

J. Phys. Chem. A, Vol. 110, No. 3, 2006131

TABLE 3: Selected FC Terms and Spin-Spin Coupling
Constants (Hz) for 3:1 FH:NH3; Complexes at 3:1
FH:Collidine Geometries®

Fa—Ha=1.8A

structure 5 structure 6 structure 7 structure 8

FC J FC J FC J FC J
Fa—N —78.0 —77.8 —97.8 —95.1 —20.9 —20.2 —25.9 —25.0
N—Ha —54.1 —54.7 —41.0 —41.5 —75.9 —77.0 —73.4 —74.6
Ha—Fa —62.0 —67.4 —22.4 —225 —24.1 —25.2 —28.8 —30.0
Fo—Fa 109.1 27.0 312.1 208.7 194.8 83.2 472.1 311.8
Fo—H, 348.9 459.8 337.4 406.8 326.9 420.2 140.3 163.6
H,—F. —63.6 —60.9 —54.7 —51.6 —70.9 —68.5 58.5 70.1
Fe—Fp 748 171 187.7 89.2
Fe—He 360.8 482.2 342.1 430.6
He—Fo —55.3 —52.2 —60.5 —57.4

a Labels correspond to those shown in Scheme 1 for structurds 1

J,—F, and"dy _r, are negative, ranging from41 to—54 Hz.
Positive lKx_y and negativeé'™Ky_y indicate that F—Hp—Fa
and kR—H.—Fy are traditional hydrogen bonds.

One- and Two-Bond Coupling Constants for 3:1 FH:NH;
Complexes at 3:1 FH:Collidine GeometriesTable 3 reports
Fermi-contact terms and total coupling constants for 3:1 FH:
NH3 complexes at the geometries in the hydrogen-bonding
region taken from corresponding optimized 3:1 FH:collidine
complexes. Structures 5 and 6 are the optimized perpendicular
and open structures, respectively. The data given for structures
7 and 8 refer to complexes in which the-fH, distance is 1.80
A, and proton transfer has occurred.

The signs of the one- and two-bond coupling constants for
structures 58 indicate that the f~H,—N hydrogen bonds are
on the ion-pair side of proton-shared, having structural and
spectroscopic characteristics similar to those of traditional
hydrogen bonds with the roles of X and Y reversed. (When
Y—HT is the proton-donor to X, the Y—H bond is slightly
elongated relative to the isolated cation, the infrareetHy
stretching frequency is red-shifted relative to the monomer,
IKy_n is positive, and"Ky_yx is negative®) In these complexes
values of 'Ky—n, are positive andKy g, are negative,
indicating that the N-Hg-+-F4 hydrogen bonds are traditional,
ion-pair hydrogen bonds. Absolute values'iéf—, are greater
in structures 7 and 8, which have shorter N, distances. It is
difficult to judge the degree of proton-shared character from
Ky _F, in these complexes, since thg-fH, coupling constant
passes through zero along the proton-transfer coordinate and
exhibits a maximum negative value before asymptotically
approaching zero. HowevefKy-r, is much smaller in absolute
value in structures 7 and 8 compared to structures 5 and 6,
indicating that the latter two structures have greater proton-
shared character.

Although two-bond FF coupling constants exhibit both
distance and orientation dependenci®&g,—r, for structures
5—8 are positive, most probably reflecting the shogt-F4
distances. The one-bond,-FHy coupling constants'Kr,—p,)
are also positive, as expectéiKy,—r, values are negative in
complexes 5, 6, and 7, indicating that these H,—F, hydrogen
bonds are traditional. In structure 8Ky, is positive and
2NJe k. has its maximum value, indicating that thg-H,—Fa
hydrogen bond in the open proton-transferred structure has
significant proton-shared character.

Comparison of Computed and Experimental Coupling
Constants.The open structures 6 and 8 have two distinguishable
two-bond F-F and four distinguishable one-bone-H coupling
constants associated with the nonequivalgnti,—F; and k—
H:.—Fy, hydrogen bonds. However, only one-F coupling
constant and three distinguishable lF coupling constants, one
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TABLE 4: Spin-Spin Coupling Constants (Hz) for 3:1
FH:NH ; Complexes at 3:1 FH:Collidine Geometries

Del Bene and Elguero

to experiment, but this is not unexpected since the computed
values refer to N-H coupling in ammonium, whereas the

Fa—Ha(A) Fs+—N N—-Hs H.sF. F—F. Fy—Hp Hy—Fa experimental value refers to collidiniuffh(The computed NH
structure 5 coupling constant for the ammonium ion+&'5 Hz, while that
1.340 -778 —-547 —67.4 27.0 459.8 —60.9 for pyridinium is —92 Hz.) In contrast!"Jy__¢, does vary with
structures 7 the R—H, distance, decreasing from49 to —17 Hz as this
1.60 —37.5 —725 -485 633 4343 -67.6 distance increases from 1.60 to 1.90 A. These computed values
1.70 —27.7 —752 —359 742 4269 684 sweep through the experimental value-65 Hz.2"Jy_r, also
1.80 —20.2 —77.0 —-252 83.2 420.2 —68.5 . .oa
1.90 147 -782 -169 919 4138 —682 decreases from38 to—15 Hz as the F—H, distance increases.
rof & _204 —78.6 —-220 761 4235 —63.0 Unfortunat(ilsy, coupling to £could not be resolved experimen-
tally in the >N NMR signal.
exptP c —90 —45 99 400 —38

aF,—Ha N—H, Fi—H, and R—H, distances estimated from
experimental data in ref 6. These distances were held fixed during the
optimization of a 3:1 FH:collidine comple®.Ref 6.¢ Coupling to &
could not be resolved in thEN NMR signal in ref 6.

corresponding to /~H, coupling in the N-H,—F, hydrogen
bond, were measured experimentally for a 3:1 FH:collidine
complex. Thus, coupling constants for optimized and proton-
transferred open structures are not compatible with experimenta
data. For example, the open structure 6 has twé Eoupling
constants of 209 and 17 Hz; the proton-transferred structure
with an R—H, distance of 1.80 A has two-FF coupling
constants of 312 and 89 Hz; the experimental value of thE F
coupling constant is 99 Hz.

On the basis of their experimental data, the authors of ref 6

The data of Table 4 show that as the-H, distance increases
from 1.60 to 1.90 A2"Jg ¢ increases from 63 to 92 Hz, and
Jr,-n, decreases from 434 to 414 Hz. The values of these
coupling constants at the longes+H, distances approach the
experimental values of 99 Hz fé#Jr ¢, and 400 Hz fofJr, —p,.
These comparisons indicate that the degree of proton transfer
from R, to F, increases as the,FH, distance increases, and
that the E—Hp—Fa hydrogen bonds in the optimized gas-phase
structures of these 3:1 FH:collidine complexes have too little
proton-shared character relative to the—Hp—F, hydrogen

8bonds which exist in solution. That is, the solvent induces proton

transfer across the,FHy,—F, hydrogen bond from ~to F..
thy, —r. is —68 Hz and does not change as the-H, distance
varies from 1.60 to 1.90 A, since the,HF, distance varies by
only 0.01 A. The computed values &1, _r, are too large
relative to the experimental coupling constant-38 Hz.

proposed a perpendicular proton-transferred structure for the 3:1 ) _ ! )
FH:collidine complex (structure 7). Table 4 presents computed On the basis of their experimentally measured coupling
values of coupling constants for proton-transferred complexes constants, Limbach et al. proposed a perpendicular structure for
with perpendicular structures, along with the experimentally the 3:1 FH:collidine complex in solution, with-NH, and R~
measured coupling constariti—, "n,—r., 2Ir—ro 2JF—He: H. distances of 1.02 and 1.85 A, respectively, apet, and
and My . It is significant that the signs and relative Fa—Hp distances of 0.98 and 1.46 A, respectivel.3:1 FH:
magnitudes of the computed coupling constants for perpendicu-collidine complex was optimized with these distances held fixed,
lar proton-tranferred complexes (structures 7) over a range of and the structural parameters from the optimized complex that
F.—Ha distances are consistent with experimental data. This describe the hydrogen-bonding region were used to construct a
implies that the characterization of the nature of these hydrogencorresponding 3:1 FH:N¥icomplex. The coupling constants
bonds on the basis of computed coupling constants is mostcomputed for this structure are also given in Table 4. Not
probably correct. surprisingly, the computed coupling constants associated with
Computed coupling constants for a perpendicular 3:1 FH: the N—Ha—F, hydrogen bond in this complex are similar to
NHs complex at the optimized gas-phase 3:1 FH:collidine those computed for the 3:1 FH:collidine complex at af i,
geometry are given for structure 5 in Table 4. It is interesting distance of 1.80 A, which has similar \H, and F—Ha
to note that the signs of coupling constants even for the gas-distances. At the experimental distances for the Hy—Fa
phase structure of the 3:1 complex are consistent with the signshydrogen bond, the computed values't, -, andJg,-n, are
determined experimentally. However, the—N, coupling 76 and 424 Hz, respectively, similar to those computed for a
constant is too small{55 Hz) compared to the experimental complex with the E—H, distance equal to 1.70 A. However,
value (-90 Hz) and the F-H, coupling constant is too large  2'Jr,—r, is too small and'Jg, 1, is too large relative to the
(—67 vs —45 Hz). Moreover, the computed,FF, coupling experimental values of 99 and 400 Hz, respectively, The
constant (27 Hz) is too small relative to experiment (99 Hz). computed coupling constahtly,-r, at the experimental geom-
These data suggest that the gas-phaseiN-F, hydrogen bond etry is —63 Hz, which is slightly closer to the experimental
has too much proton-shared character while theHp—F; value of—38 Hz. The only notable structural difference related
hydrogen bond has too little relative to the hydrogen bonds thatto the k—Hy,—F. hydrogen bond between the computed
exist in solution. Thus, the presence of the solvent promotes structure at an fH, distance of 1.70 A and the structure based
proton transfer from fFto N and from 5 to F.. on the experimental distances is the orientation of fheHp—
Table 4 also reports computed coupling constants for Fa moiety as described by the-NF,—F, angle, which is 109
perpendicular structures 7 in which proton transfer across thein the former and 103in the latter. Thus, coupling constants

Fa—Ha—N hydrogen bond was imposed by lengthening the F
Ha distance. The experimental -NH, and H—F, coupling

associated with the,~H,—F, hydrogen bond once again exhibit
both distance and orientation dependencies. A statistical analysis

constants are negative for these complexes, giving positiveusing a correlation matrix indicates that the best correlations

1Kn-H, and negativé"Ky ¢, , an indication that these ion-pair

between computed and experimental coupling constants are

hydrogen bonds have little proton-shared character. There isfound for the perpendicular structure 7 at ap-H, distance of

no significant change ify—p, as the E—H, distance increases

from 1.60 to 1.90 A in perpendicular proton-transferred
complexes, since the A\H, distance varies by less than 0.03
A. The computed N-H, coupling constants are too small relative

1.80 A and for the perpendicular structure with the experimen-
tally derived N-H,, Fa—H,, Fo—Hp, and —Hp, distances. This
same analysis predicts a value-e19 Hz for?\Jy_g,. Thus, the
computed coupling constants for perpendicular proton-trans-
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