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Introduction. A currently fascinating question pertains to the
magnitude of coupling constants between two electronegative
atoms through hydrogen bontsnd what this might say about
the covalent character of the hydrogen bond. In biological systems,
hydrogen bonds between N and O atoms are of great inferest,
but the first observed couplings of this type were reported by
Limbach and co-workers for hydrogen-bonded anionic clusters
of the type [F(HF)]~, n= 1—4, in aprotic medi& They observed

both one-bond couplings between the hydrogen-bonded proton

and the two heavy atoms of a hydrogen bridgg(HF)), as well

as the two-bond couplings between heavy atoM¥KF)). Prior
NMR experiments were successful only in resolving the one-
bond coupling of the typé"J(HF) for the most stable isomer
[FHF]~ .34 The @J(FF) is experimentally inaccessible because of
the magnetic equivalency of the coupled F nuclei, so only
predictive theory can provide the value. However, attempts to
calculate the coupling constants with the currently very popular
density functional theory (SOS-DFT) methods, or even multi-
configuration linear response (MCLR) (applicable only to the
smallest biflouride system), were unsuccessful. Here, we report
reliable equation-of-motion coupled-cluster (EOM-CC) results for
this MJ and @J coupling constant of [FHF] and its higher
homologues [F(HR]~, n = 1—4.

In previous work we have shown that EOM-E@ith good
basis sefstypically provide NMR coupling constants for a wide
range of different couplings to within about 10%Ve have used
this fact to predict the®J(CC) coupling for the previously
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Figure 1. The structures of the hydrogen bonded [F(HF)n = 1—4,
clusters. The FHF bond angles are 18&0d the FF distance is the sum
of the two HF distances given in Table 1.

gz2p basis set sét§(7s,2p)/[4s,2p] for H and (11s,7p,2d)/[6s,-
4p,2d] for F) which has been calibrated for this property. All
calculations were performed using the ACES Il program system.
The CCSD(T)/aug-cc-pVDZ geometries and EOM-CCSD/qz2p
coupling constants are presented in Table 1, and the optimized
structures are also presented in Figure 1. The MP(2)/6431G
(p,d) geometries, DFT (MCLR for [FHF), and experimentally
measured NMR spinaspin coupling constants from Limbach et
al? are also reported in Table 1 for comparison. The geometries,
to a large extent, are unaffected by the improved level of
correlation and the basis sets, meaning they are essentially
converged. The optimized gas-phase geometries and NMR results
confirm that the equilibrium structures of [F(HF), n = 14,
clusters in solution exhibiD.,, C,,, Dan, and Ty symmetry (see
Figure 1). As Limbach and co-workers indicated, the calculated

unobserved coupling constants for the pentacoordinate C in thegas-phase geometries compare well with the experimentally

nonclassical 2-norbornyl carbocati®nie also predicted the
coupling constants including that for the bridged H in the
experimentally unknown (nonclassical) ethyl carbenium®iam.
the case of [FHF], the @J(FF) coupling constant is also
inaccessible, but accurate EOM-CC provides its value. Further-
more, we address the higher homologues through [F{HFE
discuss the change of sign of the-H coupling constant with
increasing bond distance and size of theF~couplings.
Results.The geometries of [F(HE])~, n = 1—4, are optimized
at the CCSD(T)/aug-cc-pVDZ level ((5s,2p)/[3s,2p] for H and
(10s,5p,2d)/[4s,3p,2d] for RY:1* The NMR spinr-spin coupling
constants are calculated at the EOM-CCSD level using Ahlrichs
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measured geometries of the crystalline salts of [F(HFN =
1-4, clusters (see ref 1 in Limbach etZal.

Unlike the SOS-DFT results which frequently have the wrong
sign, the agreement of calculated EOM-CCSD sfspin cou-
plings with experiment is quite good. The EOM-CCSD results
for WJ(HF') (F indicates the central fluorine atom) of [FHFf
100 Hz compare well with the experimentally measured value of
124 + 3 Hz (see below for a discussion about error bars). We
predict the gas-phase result for the experimentally inaccessible
@J(FF) coupling constant of [FHF]to be 225 Hz. Based on
Figure 3 (solid line) in ré2 a value slightly larger that 200 Hz
can be extrapolated fé?J(FF) in [FHF]". This extrapolated value
compares well with 225 Hz presented here. Unlike the SOS-DFT,
the EOM-CCSD method accurately predicts the absolute sign of
all the couplings reported. The SOS-DFT results do show the
correct sign change of tH8J(HF) coupling. Flourine, of course,
is more difficult for some DFT methods than other atoms.

Consistent with our previous observatidrtipugh the Fermi-
contact (FC) term is the largest contribution, tH8(HF) and
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Table 1. Calculated Optimized Geometries at the CCSD(T)/aug-cc-pVDZ Level and Experimental and Calculated NMB@pi€@oupling
Constants of [F(HF]~, n = 1-4, Clusters

[FHF] [F(FH)l~ [F(FH)sl [F(FH)J

symmetrK Do Co D3n Ta

r(F—H), 1.1517 (1.1499 1.3705 (1.349 1.4604 (1.459) 1.5373 (1.549

r(F---H), A 1.1517 (1.1499 1.0037 (1.019 0.9704 (0.979 0.9577 (0.969)

a(H—F—H) linear 128.8 (1303 120.0 109.5

MCLR2 EOM-CCSD exp DFT® EOM-CCSD exp DFT®@ EOM-CCSD exp DFT® EOM-CCSD? exp

@OJHF), Hz 6,133 100 124-3 71 —45 —24+3 72 —57 —41+4 —634 —57 <10
@J(FF),Hz —133,385 225 —73 179 146+ 4 —100 101 92t5 144 11 <15
MJ(HF), Hz 6,133 100 1243 229 388 3543 300 426 430t 4 336 492 480t 5

aThe values are taken from ref 2Small spin-dipole contribution is not included.

@J(FF) coupling constants have large contributions from the observation that the calculated gas-phase geometries show very

paramagenatic spirorbit (PSO) and spindipole (SD) terms. little deviation from the geometries established from measure-
In particular, the absolute average PSO contributions can be asments on crystalline salfsAlso, the deviations of calculated
large as 23% of the total for th&@J(HF) and@J(FF) coupling results from experiment decrease as the cluster size increases.

constants. Relative to FC, SD, and PSO contributions the Presumably, with the large clusters being more compact, the
diamagnetic spirrorbit (DSO) contribution is insignificant for  vibrational motions are more restricted. Of course, consideration
the @J(FF) couplings. However, the absolute average of the DSO of vibrational effects could be added in future work, as has been
contribution is about 4% of the total for tH8J(HF) coupling done to some extent for SOS-DFT.

constants. The MCLR results reported for [FHRy Limbach We demonstrate that EOM-CCSD confirms the experimental
et al? are unrealistic and are inconsistent with MCLR results for assignments of FH—F couplings. Furthermore, we predict the
small moleculed? experimentally unknow®J(FF) for [FHF]" to be 225 Hz. We

The absolute mean deviation of EOM-CCSD results from also show that the MCLR results for the [FHFbn are in error
experiment for the set of [F(HR))", n = 1—4, clusters is 25 Hz by 1—2 orders of magnitude!
or 23%. This is somewhat larger than our previously established
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