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The effects of electron correlation are often of little importance in theoretldaNMR chemical shift
calculations. Indeed, the differences between uncorrelated and correlated values are typically ca. 0.2 ppm or
less for organic compounds. Here we demonstrate a very important case where this assumption breaks down;
protons involved in strong hydrogen bonds. We found that the isotropic shifts calculated with the gauge-
including atomic orbital (GIAO) approach at the RHF level overestimate the corresponding MP2 values by
well over 1 ppm and commonly by 2 ppm. This is true for minimum energy geometries as well as for the
transition states for proton transfer. In contrast, electron correlation effects are an order of magnitude smaller
for the non-hydrogen-bonding protons in the structures we studied. The systems treated theoretically were
FHF, N.H;*, H3O,™, the enol of 2,4-pentanedione, the monoanionisimaleic acid, and the monoanion of
dimethylmalonic acid. Geometries were calculated at either the MP2/6-BGt* or MP2/aug-cc-pVTZ

level of theory. The doneracceptor distances and other geometric parameters for most structures satisfy the
standard criteria for “strong” hydrogen bonds. A notable exception is the minimum energy structure for the
enol of 2,4-pentanedione, which is better classified as a “moderate” hydrogen bond on the basis of both
geometric and chemical shift criteria. The effect of electron correlation oHteemical shift in the latter

case was the smallest of any structure we considered.

importance of hydrogen bonding to these systems. It is desirable

to perform chemical shift calculations to obtain a direct link

tionA-13 The clearest examples of such bonds are from gas- between NMR experiments and these theoretical predictions of
: molecular structure. NMR shifts can be calculated with a variety

23?;%5’:\%‘1'?&'Lrésct’rllunonbfgés'1?);320;03”2(;; t:r? dfg(r:rgstltcgrrlsof of theoretical methods; we prefer to use the gauge-including
s P PIOTS,  atomic orbitals (GIAO) formalism324 GIAO calculations can

the charges of the donors and acceptors, and the d|electr|cbe done at the RHF level (GIAO-RHF) or with the inclusion of
constant Cleland and Krevoy have suggested that strong

hydrogen bonds play an important role in enzyme catalysis electron correlation via second-order perturbation theory (GIAO-
Tﬁi k? led t plivyl d bgfe” nd h I y rompted * MP2)25 GIAO-MP2 calculations are much more computation-

s has led 1o a lively de a as aiso prompted a ally demanding than GIAO-RHF calculations with the same
reexamination of potential surfaces for proton transfer, the

Introduction

Short, strong hydrogen bonds are under intense investiga-

relative contributions of electrostatic and covalent bonding, and basis set. Considering that many hydrogen-bonded systems of

the origin and significance of spectroscopic signatures of
hydrogen bonding1® One of the most characteristic traits of
strong hydrogen bonds is théii NMR isotropic chemical shift.
Protons in hydrogen bonds resonate downfield of essentially
all other typical organic functional groups, and values in the
range 18-22 ppm are observed for the protons central to many
of the strongest hydrogen bont<°

While the existence and significance of short, strong hydrogen
bonds in enzymic catalysis is controversiat;16.18it is certain

that such bonding is important for many reactants adsorbed on

inorganic solid acid catalys®:?2 For example, we have
observed large downfieltH isotropic chemical shifts for the
Brgnsted acid site hydrogens of zeolite catalysts upon adsorptio
of ketones or other basic hydrogen bond acceptors. Theoretical
studies modeling the experimental observations verify the central
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interest are large from a computational point of view, one would
hope to be able to neglect electron correlation. Indeed, a
common assumptidris that electron correlation contributions
to 1H shifts are negligible (0.2 ppm or less), except in unusual
cases such as fluorine-containing molecédfesnd can thus be
ignored.

To lay a foundation for chemical shift calculations of hydro-
gen-bonded complexes on solid acids, we sought to better
understand the significance of correlation in proton shift cal-
culations by carrying out theoretical studies of a set of more
conventional hydrogen bonding systems. The systems we
studied included, for generality, anion, cation, and neutral cases
as well as O, N, and F as the dor@cceptor atoms. Our
Istructural calculations used both correlated methods and large
basis sets. Both of these traits have recently been shown to be
needed for reliable structural determinations for hydrogen-
bonded system¥.Geometries were calculated at the MP2/aug-
cc-pVTZ level of theory for FHF, NoH7*, H:O,™, or the MP2/
6-311++G** level for the enol form of 2,4-pentanedione, the
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TABLE 1: Parameters Used To Classify Hydrogen Bonds TABLE 2: Absolute Chemical Shieldings (in ppm) for H in
TMS

bond classification

property strong moderate weak basis MP2/6-31H+G** Opt MP2/aug-cc-pVTZ Opt
for shifts GIAO-RHF GIAO-MP2 GIAO-RHF GIAO-MP2
Ru.e A 1.2-1.5 1.5-2.2 2232
Ra.g A 2.2-25 2532 3.2-4.0 tz2p 32.069 31.707 32.189 31.825
OAHB, deg 175-180 130-180 90-150 tzplarge 32.201 31.896 32.322 32.015
bond energy, kcal/mol 1440 4-15 <4 tzp 32.184 31.883 32.306 32.003
1H shift, ppm 14-22 <14 dzp 32.002 31.643 32.121 31.760

TABLE 3: Selected Hydrogen Bond Structural Parameters

monoanion oftissmaleic acid, and the monanion of dimethyl-
malonic acid. Minimum energy geometries and transition states_molecule  Ra-n, A Rs-u, A Ras, A [IAHB, deg

for proton transfer were calculated. Chemical shift calculations 1 1.144 1.144 2.288 180.0
were performed on all geometries at both GIAO-RHF and 2 1118 1.578 2.697 180.0
GIAO-MP2 with four different basis sets. Significantly, we find gts ii(l)(z) 1'ggg 3'283 138'8
Fhat elgctro_n correlation has_ a large gffect on the calcufdted 3ts 1991 1291 > 443 1798
isotropic shift for hydrogens mvglved in strong hydrogen bonds, 4 0.998 1.631 2.547 150.5
and GIAO-RHF values overestimate the GIAO-MP2 results by 4ts 1.197 1.197 2.354 159.3
up to 2.1 ppm. In contrast, the electron correlation contribution 5 1.107 1.299 2.406 179.3
was 0.2 ppm or less for protons not involved in hydrogen gts i-igi 1%(9)3 g-ggg %g-g
bonding, in agreement with previous findings. 6ts 1194 1194 2369 165.8

The availability of GIAO-MP2!H shifts for MP2 geometries
also allows us to assess the usefulness ottthshift criterion of hydrogen in tetramethylsilane (TMS), calculated at the same
for classification of hydrogen bonds. Table 1 summarizes one level of theory, thu®cac= orums — dcaie The absolute shieldings
popular scheme, from Jeffrey’s bodkfor the classification of of H in TMS are reported in Table 2. The isotropic chemical
hydrogen bonds based on structure, energyHbshift. For shift is the average of the three principal components, which
example, Table 1 classifies “strong” hydrogen bonds as having are sorted so that;; > 02 > 633 Thus,
donor-acceptor distanceR{_g) of 2.5 A or less andH shifts
of 14 ppm or more. “Moderate” hydrogen bonds are proposed Oigo = 1/3((31l + 0,, + 039
to have longer doneracceptor distances and low#t shifts.
While the demarcation between “strong” and “moderate” is The asymmetry factony) and chemical shift anisotropy (CSA)
necessarily arbitrary, we find that tiRa.. s and*H shift criteria ~ are defined by the following equations as presented in a
in Table 1 result irconsistentlassifications for all but one of ~ compilation of chemical shift anisotropy dafa.
the structures we examined. FOr [0, — O] = 100 — O

Methods CSA= 3/2(511 — Ois)

Initial geometry optimizations were done with density
functional theory, the B3LYP:30 exchange-correlation func- 7= (03— 039/(017 — Ois0)
tional, and the 6-3t+G** 31 basis set. The B3LYP/6-31+G**
level of theory was used to obtain the zero-point and thermal FOr 017 — Jisol < [033 = Oiggl,
energies. Frequency calculations were used to identify the

- . " CSA=¥,(035— i)
optimized geometries as ground or transition states. The thermal 2933 is
energies and frequency calculations used a temperature of 298.15

K. The geometries of the enol of 2,4-pentanedione, hydrogen 1= (02 = 01)/(035 — Ois0)

maleate, and hydrogen dimethyl malonate were then optimized
at the MP22 level with the 6-313%+G** basis sef3 The Results
smaller molecules studied, FHAN2H*, and QHs~, were also Geometries. Hydrogen bonds are commonly classified by
optimized at the MP2 level, but for these we were able to use several geometric parameteRs—n, Rs—H, Ra—s, and JAHB.
Dunning’s aug-cc-pVTZ basis set, which is considerably more R, g is probably the most useful structural parameter in studies
complete than 6-3H+G**. The core electrons were frozen  of hydrogen bonding; it has been determined with very high
in all MP2 optimizations and frequency calculations. All accuracy from a wealth of crystal structures. The other three
optimizations and frequency calculations were done with parameters are more challenging to obtain experimentally due
Gaussian94° to the difficulty of locating hydrogens on electron density maps.
We then calculated the chemical shift tensors for all MP2- The theoretical values of the four parameters for all of the
optimized structures at the RHF and MP2evels with the species studied are collected in Table 3. Most of the parameters
gauge-including atomic orbital (GIAO) formalisth24The basis reported are within the range of typical strong hydrogen béhds.
sets used included dZ®5111/311/}, tzp{51111/311/}, and Each of the structures is discussed in detail below.
tzplarge{511111/411/1.3% In addition, we also used the tz2p We start with the bifluoride anion, FHEFa commonly studied
(51111/311/11) basis set on the three atoms involved in the example of a strong hydrogen bond. Figure 1 reports the MP2/
hydrogen bond (i.e., AH-B), with tzp on all remaining aug-cc-pVTZ optimized structure of FHKL). Crystal structure
atoms?®® For simplicity, the tz2p/tzp scheme is designated tz2p determinations oRa_g (in this case the FF distance) range
throughout. We used ACES®lIfor all the NMR calculations.  from 2.25 A9to 2.29 A% depending on the counterion present.
The theoretical chemical shielding tensors were symmetrized We calculate an FF distance of 2.288 A, well within the range
and diagonalized in order to yield principal componé#fEhe of experimental values, and similar to a value of 2.283 A
values reported are referenced to tHdsotropic chemical shift previously obtained at the MP2/6-313G(2d,2p) level? The
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Figure 1. MP2/aug-cc-pVTZ optimized geometries of (a) the FHF
anion, (b) the ground state of;N;", and (c) the transition state of
N2H-*. Selected bond lengths (A) and angles (deg) are shown.
. . . . Figure 2. MP2/aug-cc-pVTZ optimized geometries of (a) theHe"
hydrogen atom is located exactly between the fluorines in this 4nion (b) the GH,~ anion transition state. Selected bond lengths (A)
linear anion, thus the AHB angle is 180.0 and angles (deg) are shown, as are side views of the anions to show
Figure 1 reports the MP2/aug-cc-pVTZ optimized geometries the torsional angle in each molecule.

for the ground and transition state for proton transfer along the

hydrogen bond coordinate fonN7" (2), a simplified theoretical 4 1.631 0998

model of a “proton sponge’® The minimum energy geometry

can be viewed as an ammonium cation hydrogen bonded to an

ammonia molecule. The minimum energy geometry hal.am 1.330

(N-N) of 2.697 A (cf. 2.816 A at MP2/6-31+G(2d,2p) in 1.247

ref 43), withRa—y = 1.578 A andRy_g = 1.118 A. The NN : oy
; o o . Q

distance here is in near-quantitative agreement with a recent

crystal structure determination of theHi¢* cation in the

monoammonia adduct of ammonium iodittein which it is

2.695 A. TheRa_g values for both2 and2ts are in the range

of the NN distances in crystal structures of protonated 1,8-

bis(dimethylamine) naphthalene, an established strong hydrogen

bond?8 The transition state for proton transféts) is symmetric

about the central hydrogen, haviRg-y andRy—g of 1.300 A

and anRa-g distance of 2.600 A. As found in other investiga- 4tS

tions of hydrogen bondindra—g is shorter in the transition state

than in the minimum energy geometry. In b@hnd2ts JAHB

is 18C.

Figure 2 reports the structures of the minimum energy
geometry of QHz~ (3) and the transition stat&t) for hydrogen
exchange. In the minimum energy geomey_y and Rg—y
are 1.112 and 1.365 A, respectively, whergs#HB is 177.9.

The O-O distance contracts from 2.477 A in the minimum
energy geometry to 2.443 A in the transition state. In the
transition staté JAHB becomes 1793 closer to 180.

The minimum energy and transition state geometries for the
enol of 2,4-pentanedionet (and 4ts) are shown in Figure 3. gjgyre 3. MP2/6-311++G** optimized geometries of (a) the 2,4-
The minimum energy geometry has two very different® pentanedione anion and (b) the transition state of 2,4-pentanedione.
bond lengthsRa—1 = 0.998 A andRs_ = 1.631 A. This latter Selected bond lengths (A) and angles (deg) are shown.
value is more consistent with a moderate hydrogen bond, as is
the AHB angle of 150.5 Ra_g is 2.547 A, in reasonable tend to be longer (and weaker) than in anions. The geometric
agreement with a gas-phase electron diffraction value of 2.512 parameters fo# are consistent with classifications of moderate
A.4 This O-O distance is significantly longer than those in the hydrogen bonds, while those for all other structures considered
other O-H—0O hydrogen bonds considered in this investigation. here (both ground and transition states) are consistent with strong
While the hydrogen bond id is undoubtedly constrained by hydrogen bonds (see below). In the transition sta#HB
its intramolecular nature, hydrogen bonds in neutral systemsincreases by almost’9
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Figure 5. MP2/6-31H-+G** optimized geometries of (a) the hydrogen
dimethylmalonate anion, (b) the transition state of the hydrogen
dimethylmalonate anion. Selected bond lengths (A) and angles (deg)
are shown. Side views of the anions are provided for clarity.

~1.0 kcal/mol lower for the transition states than the ground

Figure 4. MP2/6-31H+G** optimized geometries of (a) the hydrogen Etates.bTth, when we COI‘]SIfder elnr:halpr!e§,.we find lt'hﬁtzbnly
maleate anion and (b) the transition state of the hydrogen maleate anion/1aS & barrier to proton transfer, although it is very slight (0.07

Selected bond lengths (A) and angles (deg) are shown. kcal/mol). We can clearly classi® as a “low barrier” hydro-
gen bond. Molecule® and 3—6 are all single-well poten-
The minimum energy geometry of the monoanioncaf tials, with the transition-state geometry being lower in enthalpy

maleic acid (hydrogen maleatéj and the corresponding than the ground-state geometry byl.0 kcal/mol. It would
transition state structurgts are shown in Figure 4. The MP2/  thus be inappropriate to use the “low barrier” terminology for
6-31+G(d,p) geometry of the ground state was reported in a the hydrogen bonds in these molecules. Consideration of the
recent study.The earlier study reports an-O distance of 2.49 enthalpies is clearly important to the classification of hydrogen
A and anOAHB of 172.2. The larger basis set used in this bonds, especially when the differences in the calculated chemical
work results in a significantly shorter-@ distance (2.406 A) shift between the ground and transition states can be large (see
and a largefJAHB (179.3). A double-well energetic potential  below).

is reflected inRa_y = 1.107 A andRs_4 = 1.299 A. In the Chemical Shifts.One of the most distinctive characteristics
transition statdRa—g shortens to 2.385 A anBla—y = Rs—n = of the hydrogens involved in strong hydrogen bonds is their
1.193 A.OAHB is 179.8 in the transition state, essentially isotropic chemical shift. It is important to be aware of how
unchanged from the minimum energy geometry. correlation affects both the chemicadlieldingand the chemical

The structures of the ground and transition state of the shift Whereas theoretical predictions of the chemical shielding
hydrogen dimethylmalonate aniof énd6ts, respectively) are are obtained directly from the calculations and are referenced
reported in Figure 5. In the ground st&®g_a is 1.104 A Rs_y to the bare nucleus, the chemical shift is the difference between
is 1.307 A, Ra_g is 2.390 A, andJAHB is 164.9. In the the shielding of the selected nucleus in the molecule under study
transition state the AHB angle is 168,8vhereafka—z is 2.369 and that in a reference molecule, which in this castHisn
A. Ry—a andRy_g are both 1.194 A. The geometric parameters TMS. Theoretical shieldings are generally in poorer agreement
for the hydrogen bonds i and6ts (Table 3) are very similar  with experimental values (which have to be interpolated from
to those in the corresponding structuteand 5ts, despite the experimental shifts) than are theoretical shifts, as the errors that
differing carbon backbones. enter into the calculation (caused by lack of electron correlation,

Energetics.The electronic, zero-point, and thermal energies insufficient basis sets, etc.) tend to cancel in the determination
for all species are reported in Table 4. Also included are energiesof chemical shifts.
and enthalpies for each molecule reported relative to the Forthe hydrogen-bonded hydrogens in the molecules studied
minimum energy state. As would be implied from our earlier here we find the difference between the GIAO-RHF and GIAO-
discussion, five of the specie2-6) have transition states for ~ MP2 shieldings calculated with the dzp basis set to be as high
proton transfer, and thus are symmetric double-well potentials as 1.18. The differences were 1.31, 1.31, and 1.29 ppm for the
if we consider only the electronic energies. The barriers to proton tzp, tzplarge, and tz2p basis sets. In all of these cases, the GIAO-
transfer are small; with the exception 4fthe transition state ~ MP2 values were more positive than the GIAO-RHF values.
is less than 0.8 kcal/mol higher in energy than the ground state.For all four basis sets used this difference is greater than has
The zero-point and thermal energies behave oppositely, beingpreviously been suggested for correlation effectdifbchemical
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TABLE 4: Electronic, Zero-Point, and Thermal Energies for Molecules 1—-6ts

species basis set for MP2 opt MP2(fc), hartrees ZR&trees thermalhartrees AE kcal/mol AH . kcal/mol
1 aug-cc-pvVTZ 200.157 783 0.010 592 0.002 537 0.00 0.00
2 aug-cc-pvTZ 113.299 265 0.086 114 0.005 019 0.00 0.00
2ts aug-cc-pvVTZ 113.298 112 0.083 678 0.004 724 0.72 0.99
3 aug-cc-pvTZ 152.074 583 0.030 381 0.004 255 0.00 0.00
3ts aug-cc-pvVTZ 152.074 451 0.028 952 0.003 904 0.08 1.03
4 6-311++G** 344.937 928 0.122 656 0.007 869 0.00 0.00
4ts 6-311++G** 344.933 705 0.118 940 0.007 473 2.65 0.07
5 6-311++G** 454.213 064 0.067 289 0.006 892 0.00 0.00
5ts 6-311++G** 454.212 991 0.065 634 0.006 590 0.05 1.18
6 6-311++G** 494.630 978 0.117 634 0.009 082 0.00 0.00
6ts 6-311++G** 494.630 901 0.116 291 0.008 746 0.05 1.01

aZero-point and thermal energies were determined at B3LYP/#&+33**//B3LYP/6-31++G**. Thermal energies determined at 298.15 K.
b Enthapies were determined at the sum of the electronic, zero-point, and thermal energies.

TABLE 5: GIAO-RHF and GIAO-MP2 Calculated H Chemical Shift Tensors

GIAO-MP2 GIAO-RHF
NMR basis 0ise, pPPM 011, PPM OG22, PPM 033, ppm  CSA, ppm 7 Oiso, PPM 011, PPM 022, PPM  O33 ppm  CSA, ppm 7
1 tz2p 18.8 37.3 37.3 18.1 55.5 0.00 20.5 39.0 39.0 16.6 55.6 0.00
tzplarge 18.0 35.9 35.9 17.9 53.8 0.00 19.7 37.7 37.7 16.3 54.0 0.00
tzp 18.4 36.5 36.5 17.9 54.3 0.00 19.9 38.0 38.0 16.4 54.4 0.00
dzp 185 36.7 36.7 18.0 54.8 0.00 19.9 38.1 38.1 16.5 54.6 0.00
2 tz2p 185 33.3 33.3 11.2 445 0.00 19.4 34.1 34.1 10.2 44.3 0.00
tzplarge 18.3 32.9 32.9 11.0 43.9 0.00 19.1 33.7 33.7 10.2 43.9 0.00
tzp 18.0 325 325 11.0 43.5 0.00 18.9 33.4 33.4 10.2 43.6 0.00
dzp 17.3 31.3 31.3 10.9 42.3 0.00 18.2 32.4 32.4 10.1 425 0.00
2ts  tz2p 23.6 40.7 40.7 10.7 51.4 0.00 25.1 42.3 42.3 9.5 51.8 0.00
tzplarge 23.3 40.2 40.2 10.5 50.7 0.00 24.7 41.8 41.8 9.4 51.2 0.00
tzp 23.0 39.8 39.8 10.5 50.3 0.00 24.5 41.5 41.5 9.5 51.0 0.00
dzp 22.0 38.2 38.2 10.5 48.7 0.00 23.6 40.1 40.1 9.4 49.6 0.00
3 tz2p 17.4 35.4 34.7 17.8 52.9 0.02 19.2 37.2 36.5 16.0 53.0 0.02
tzplarge 16.7 34.3 33.4 17.6 515 0.03 185 36.1 35.4 16.0 51.7 0.02
tzp 16.6 34.0 33.2 175 51.1 0.02 18.3 35.8 35.2 16.0 515 0.02
dzp 16.1 33.1 32.6 17.4 50.3 0.02 17.8 34.9 34.4 16.0 50.6 0.02
3ts  tz2p 19.2 37.6 37.6 17.7 55.3 0.00 21.2 39.7 39.7 15.9 55.6 0.00
tzplarge 185 36.5 36.4 175 54.0 0.00 20.5 38.6 38.5 15.7 54.3 0.00
tzp 18.3 36.2 36.1 17.4 53.5 0.00 20.3 38.3 38.3 15.8 54.1 0.00
dzp 17.8 35.4 35.2 17.3 52.6 0.01 19.7 37.5 37.3 15.8 53.1 0.00
4 tz2p 14.3 275 16.3 0.8 22.8 0.74 15.2 28.9 17.4 0.7 23.9 0.72
tzplarge 14.2 26.9 15.7 0.1 21.4 0.79 14.9 28.3 16.7 0.1 22.6 0.77
tzp 14.1 27.1 15.5 0.3 21.6 0.81 14.8 28.4 16.5 0.4 22.8 0.78
dzp 13.6 26.7 15.1 1.1 22.0 0.80 14.2 27.8 16.0 1.1 23.0 0.77
dts  tz2p 23.6 40.4 28.8 1.7 32.8 0.53 25.7 43.7 315 2.0 35.6 0.51
tzplarge 23.4 39.6 27.9 2.7 31.1 0.56 25.4 43.0 30.5 2.7 34.0 0.55
tzp 23.3 39.9 275 2.4 31.3 0.59 25.3 43.2 30.2 2.5 34.2 0.57
dzp 225 39.2 26.7 1.5 31.4 0.60 24.3 42.1 29.2 1.5 34.2 0.57
5 tz2p 215 37.0 29.5 2.1 35.3 0.32 23.3 39.4 32.3 1.9 37.7 0.28
tzplarge 21.3 36.4 28.7 1.2 33.7 0.34 23.0 38.9 31.3 1.2 36.3 0.31
tzp 21.2 36.5 28.4 1.4 33.9 0.35 22.8 38.8 31.2 1.5 36.5 0.32
dzp 20.7 36.1 28.2 2.1 34.2 0.35 22.3 38.3 30.8 2.1 36.7 0.31
5ts  tz2p 22.6 38.7 31.2 2.0 36.9 0.31 24.6 41.4 34.2 1.7 39.5 0.27
tzplarge 22.5 38.1 30.3 1.0 35.3 0.33 24.4 40.8 33.2 1.0 38.0 0.30
tzp 22.3 38.2 30.1 1.3 35.4 0.34 24.2 40.8 33.1 1.3 38.2 0.30
dzp 21.8 37.8 29.7 2.0 35.7 0.34 23.6 40.2 32.6 2.0 38.4 0.30
6 tzp.tz2p 21.3 38.2 26.4 0.8 33.1 0.53 23.1 40.2 29.4 0.4 35.2 0.46
tzplarge 21.0 37.5 25.6 0.2 31.8 0.56 22.7 39.6 28.5 0.1 33.9 0.49
tzp 20.9 37.8 25.1 0.3 31.7 0.60 22.6 39.8 28.1 0.0 33.9 0.52
dzp 20.2 37.0 24.5 0.7 31.5 0.59 21.9 38.8 27.5 0.5 33.7 0.50
6ts  tz2p 22.5 40.1 28.1 0.8 34.9 0.51 23.3 40.5 29.6 0.4 355 0.46
tzplarge 22.2 39.4 27.4 0.2 33.6 0.54 22.6 38.8 28.6 0.4 33.3 0.46
tzp 22.1 39.7 26.9 0.2 33.5 0.58 22.4 39.1 27.8 0.2 33.2 0.51
dzp 21.4 38.8 26.1 0.7 33.2 0.57 21.5 38.1 27.1 0.5 33.1 0.50

shieldings (0.2 ppm?® In contrast to these large differences, hydrogen-bonded hydrogens is 154.39 ppm. As the quality

we find that inclusion of electron correlation changes He of the basis set is improved, the difference between chemical
chemical shieldings in TMS by only about 0.4 ppm (Table 2). shifts calculated at the GIAO-MP2 and GIAO-RHF levels
For TMS the GIAO-MP2 values are predicted to be more generally increases by several tenths of a part per million (1.62
negative than the GIAO-RHF results. Thus, our calculated shifts & 0.42 ppm, 1.62+ 0.45 ppm, 1.68t 0.44 ppm with the tzp,

for the proton involved in the hydrogen bond have a correlation tzplarge, and tz2p basis sets, respectively). Thus, this difference
contribution of up to 2.12 ppm (Table 5). The average difference does not appear to be due to a deficiency in the basis set and
between the GIAO-MP2/dzp and GIAO-RHF/dzp shifts for the would not likely diminish if even larger basis sets were used.
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In contrast, on average the GIAO-RHF/dzp shifts of these  Of the molecules we have studied, the enol form of the 2,4-
other protons were only 0.14% 0.18 ppm more positive than  pentanedione anior shows the most dramatic change in the
the GIAO-MP2/dzp shifts. The larger basis sets yield values calculated'H NMR between the ground and transition states.
(in ppm) of 0.18+ 0.18, 0.22+ 0.19, and 0.22- 0.19 for the The GIAO-MP2 isotropic chemical shifts are 14.3 ppm for the
tzp, tzplarge, and tz2p basis sets, respectively. However, for minimum energy structure and 23.6 ppm for the transition state.
this group of hydrogens the GIAO-RHF shielding is not always The isotropic chemical shift of the ground state is typical of a
more positive than the GIAO-MP2 shielding. The effect of moderate hydrogen bond. In contrast, the chemical shift of the
correlation on the othefH isotropic shieldings in these transition state clearly indicates a strong hydrogen bond. The
molecules is such that the average absolute difference betweerBoltzmann-weighted average chemical shift is 17.2 ppm, which
GIAO-MP2 and GIAO-RHF values is only 0.28 0.12 ppm compares to the experimental solution phase chemical shift of
with the dzp basis set. For the larger basis sets the values arel5.40 ppnf8 It is possible that taking a temperature-weighted
0.214+ 0.14, 0.24+ 0.16, and 0.24: 0.15 for the tzp, tzplarge,  average over more points along the enthalpy surface for proton
and tz2p basis sets, respectively. It thus appears that calculatednovement might improve the agreement with experiment. The
NMR shieldings for hydrogens involved in strong hydrogen large change in chemical shift between the ground and transition
bonds are much more sensitive to electron correlation than thosestates is consistent with the large changeRiny andRa-g.
of hydrogens in more conventional environments. In the  The calculated GIAO-MP2 isotropic chemical shift (21.5
following we will focus on the tz2p data because this basis set ppm) of the hydrogen maleate ani) agrees reasonably well
is the highest quality that we have used. with the experimental value of 20.9 ppm. The Boltzman-

We again begin with FHF(1). Well-characterized as a strong ~ Weighted chemical shift is 22.3 ppm. The chemical shift tensor
hydrogen bond in the gas phase, the calculated isotropicfor the transition state is very similar to that of the ground state.
chemical shift of 18.8 ppm for the hydrogen is consistent with The isotropic chemical shift moves only 1.1 ppm downfield of
a strong hydrogen bond. The GIAO-RHF isotropic shift is 1.7 that in the ground state. As with, the chemical shift tensor
ppm downfield of the GIAO-MP2 result. The experimentally —agrees reasonably well with the measured tensor values, which
determined isotropic chemical shift of a single crystal of kHF  in this case aré:,=32.5,0,,=29.6, andd3:=0.7 ppm.
is 21.1 ppmf! That work also reports the chemical shift tensor, ~ The hydrogen dimethyl malonate anid),(like the hydrogen
for which 011 = 39.7, 02, = 32.4, anddsz = —8.8 ppm. The maleate above, shows little difference in chemical shift between
symmetry of the calculated anion requires that its chemical shift the ground and transition states. This is consistent with the smalll
tensor be axially symmetric (two principal components must difference in geometry between the two states. The minimum
be identical), but this was not observed in the single crystal €nergy geometry has an isotropic chemical shift of 21.3 ppm
study. The packing of the crystal could easily impose a whereas the transition state has an isotropic chemical shift of
symmetry upon the anion lower than that in the gas phase. The22.5 ppm. The Boltzmann averaged GAIO-MP2 value is 22.2
agreement between theoretical and experimental results isPPm. The calculated NMR values indicate that both states
nevertheless reasonable. We have seen in other work that th&orrespond to strong hydrogen bonds. Like all the other cases
calculated chemical shift tensor principa| Components often studied here, the isotropic chemical shift for the transition state
bracket the experimental principal components, possibly due is farther downfield than the minimum.

to thermal motion in the experimental determinatiétig/e find Tensor Orientation. An important benefit of chemical shift
the same here and thus expect our value-65.5 ppm to calculations is that they provide the orientation of the chemical
overestimate the measured chemical shift anisotropy4.9 shift tensor. The tensor orientations for several of the molecules

ppm. Here we find differences between corresponding principal here are sufficiently simple that they can be described without
components ranging from 2.3 to 9.3 ppm. In absolute terms, Visual representation. For examplelir?, and2ts the hydrogen-
this rivals the accuracy of a number’8€ chemical shift tensor ~ bonded hydrogen lies on an axis that has at I€gstymmetry,
calculations with the GIAO-MP2 approaéh?64”We should making the tensor for that proton axially symmetric. As a result,
note that NMR tensor values, and thus chemical shift anisotro- one component will lie along the symmetry axis; the other two
pies, are also known to be sensitive to the effects of neighboring (Which are equal in magnitude) will lie in a plane that is
atoms, which are ignored in the current wépk? perpendicular to that axis. Figure 6 reports the chemical shift
While structurally consistent with a moderate hydrogen bond, [€nsor orientation fo4 andats. In each case there is a plane of
the proton in the ground state of,M;* (2) has an isotropic symmetry cgquent with the page, thus requiring that one of
chemical shift of 18.5 ppm, typical of a strong hydrogen bond. the three principal components lie perp_endlcular to the plane
The chemical shift of the same proton in the transition state of the page. In both cases th_|sd§1. In Fl_gure 6a the angle
(2ts) is very far downfield at 23.6 ppm. The Boltzmann- betweerz; and the H-O bond is 82.5 In Figure 6b, the angle
weighted (based on the enthalpies) GIAO-MP2 chemical shift betweendss and the nearest HO bond is 10.4 The tensor
is 23.1 ppm. FoR the GIAO-RHF/tz2p shift overestimates the orientations for _the_ hydro_ge_n-bonded hydrogen§,|r5ts, 6,
GIAO-MP2 result by 0.9 ppm, one of the smallest discrepancies and6ts are qualitatively similar to those i and4ts.
we found. However, this difference increases to 1.5 ppm in the
transition state.

For O:H3™ (3) the GIAO-MP2 isotropic shifts of 17.4 and We will now discuss the differences in geometrical features
19.2 ppm for the ground3j and transition state${s) suggest of the ground and transition states of the molecules studied and
strong hydrogen bonds, consistent with thedDdistances. The  the relation to their calculated chemical shifts. With the
Boltzmann-weighted chemical shift is 18.8 ppm. The difference exception of the ground state férthe geometries for all species
of only 1.8 ppm between théH NMR of the ground and studied here are consistent with the expected structural param-
transition states is consistent with the similarity of the geom- eters of strong hydrogen bonéfsin all casesRa-g decreases
etries. Here again the GIAO-RHF shifts overestimate the in the transition state. In additionjAHB increases from the
corresponding GIAO-MP2 results by 1.8 and 2.0 ppm, respec- ground to the transition state, except fostN*, in which the
tively. angle is 180 in both states. All the transition states have

Discussion
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appears then that GIAO-RHF level calculations may not be
sufficient for accurate calculations of hydrogen-bonded systems
not only because the correlation contribution is reasonably large,
but because it also varies from molecule to molecule by up to
1.4 ppm. Whereas it is well-known that the MP2 level of theory
tends to somewhat overestimate correlation effects, the MP2
values likely represent the maximum effect of electron correla-
tion. On the'H chemical shift scale, even an extended one that
considers isotropic shifts as far downfield as 24 ppm, a 1.4 ppm
correlation effect is significant. Most pertinent to our own
interests, the significant and variable correlation effects observed
here for conventional hydrogen bonding cases suggests that
correlation needs to be included il shift calculations for
hydrogen-bonded complexes in zeolites. While a similar conclu-
sion was not unexpected féfC shifts of adsorbates in these
same zeolite complexes, we had hoped tHdt shifts of
complexes formed on solid acids would generally be tractable
at GIAO-RHF. Unfortunately, compared to the RHF level, the
increased computational cost, memory, and disk requirements
of MP2 shift calculations, similar to those of MP2 frequency
calculations, make the MP2 treatment tractable for only
relatively small systems, such as those studied here The present
study then suggests the cautious application df shift
calculations to problems in acid catalysis and underscores the
need to develop computationally more efficient methods, such
as DFT, for correlated chemical shift calculatioPss.

Figure 6. GIAO-MP2/tz2p chemical shift tensor orientation #band .
4ts. Each molecule has at least a symmetry plane and thus the relativeSUmmary and Conclusion
orientation of the tensor is determined by symmetry. One component We calculated the minimum ener dt ition-stat
(611 in each case here) lies perpendicular to the page, the other two lie ) gy and fransition-state
in the plane of the page, and the angle between one component ande€ometries for several archetypal examples of hydrogen bonds,

the O—H bond vector is shown. including structures with different charge and donacceptor
atoms. We have calculated the chemical shift tensors at both
chemical shifts which are downfield (more positive) of the the GIAO-RHF and GIAO-MP2 levels of theory. The donor
minimum energy structures. In most cases, the difference acceptor distand@a—g contracts in the transition state. Chemical
between the shift for the transition state and that for the ground shift calculations at the GIAO-RHF level consistently overes-
state is only +2 ppm (for2 it is 5.1 ppm). In4, the one case  timate the GIAO-MP2 isotropic shift of the proton involved in
in this work in which the ground state might be considered a the hydrogen bond. The discrepancy was ca. 1 ppm for moderate
moderate rather than a strong hydrogen bond, the chemical shifthydrogen bonds and ca. 2.0 ppm for strong hydrogen bonds.

of the transition state is 9.3 ppm farther downfield than the Electron correlation therefore has a strong effect on ‘e
proton shift for the ground state. In agreement with other chemical shifts of hydrogen bonds and must be included in order

workers, we find that hydrogen atoms in strong hydrogen to obtain accurate results. Our chemical shift calculations are
bonding environments have unusually downfield chemical inreasonable agreement with experimental chemical shift tensor
shifts3# In the predicted structures of transition states for proton measurements. The proton shift for the transition states were
transfer, we find that théH chemical shift is downfield of the  invariably downfield of those for the corresponding minima.
corresponding ground statdn addition, the CSA is always  The chemical shift anisotropy, as well as the isotropic proton
larger for the predicted transition state than for the corresponding shift, changes with hydrogen bond strength.
ground state. This difference in CSA values, combined with
the fact that the chemical shift for the transition states is  Acknowledgment. J.F.H. is supported by the National
consistently downfield of the associated ground state, supportsScience Foundation (CHE-9996109) and the U.S. Department
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the same result. However, for hydrogens that are in moderateSupercomputing Applications (NCSA). The MSCF is operated
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