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Abstract

A complete set of NMR coupling constants (1JC_H, 2JC_H, 3JC_H, and 3JH_H) were calculated for the eight stereoisomers of quinic
acid, at the B3LYP/6-311G(d,p)/PCM(methanol) level of theory. The Fermi contact term of the coupling constants was computed
with a modified, uncontracted, version of the 6-311G(d,p) basis set, with additional tight polarization functions. "H and *C NMR
chemical shifts were determined at the same level using the gauge-invariant atomic orbital (GIAO) method. The magnitude of the
spin-spin coupling constants was found to be affected by the orientation (axial or equatorial) of the coupling proton and the
orientation of the hydroxy group on the coupling carbon, whereas the chemical shifts depend on the presence or absence of
electron-withdrawing hydroxy groups attached to the carbon atoms involved.

Keywords '*C-'H coupling constant - Quinic acid - Stereoisomers - Octulosonic acid - Relative stabilities - Density functional
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Introduction

Quinic acid (1,3,4,5-tetrahydroxycyclohexanecarboxylic
acid) is a widely occurring natural secondary metabolite, con-
sidered as a chiron store for the synthesis of a number of
natural products [1, 2]. Quinic acid has eight different stereo-
isomers, which differ in the stereochemistry of the chiral car-
bon atoms (C1, C3, C4, and C5) of the cyclohexane moiety
(see Fig. 1). Among these stereoisomers, there are two pairs of
enantiomers and four meso (i.e., optically inactive) forms. The
pairs of enantiomers are (—)- and (+)-quinic acid and (—)- and
(+)-epi-quinic acid, whereas the meso forms include cis-,
muco-, neo- and scyllo-quinic acid. All these isomers can be
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derived from (—)-quinic acid by inversion at one or two ste-
reogenic centers: inversion at C1 gives (—)-epi-quinic acid;
inversion at C3 yields muco-quinic acid; inversion at C5 gives
cis-quinic acid; inversion at both C3 and C4 gives neo-quinic
acid, and inversion at C4 and C5 yields scy/lo-quinic acid [3].
Among these possible stereoisomers, (—)-quinic acid is readily
found in a variety of diverse natural products [4]. Isolation of
quinic acid from plants by chromatographic techniques dates
back to the 1950s; in 1953, it was isolated as pure /-quinic acid
through column chromatography on anion exchange resin [5].
In 1989, four different tetragalloyl quinic acids were isolated
from commercial tannic acid. These were identified as a new
class of human immunodeficiency virus (HIV) reverse tran-
scriptase inhibitors [6]. Dicaffeoyl and tetragalloyl derivatives
of quinic acid possess great potential to combat various dis-
eases. Its caffeoyl derivatives [7] are reported as therapeutic
agents having cytotoxic, antioxidant [8, 9], anti-Alzheimer,
hepatoprotective [10], hepatotoxic [11], neuroprotective, and
neurotrophic effects [12].

All eight quinic acid stereoisomers occur in two different
chair conformations, which can be converted into each other
by a “chair flip” [13]. These two chair conformations have
opposite axial/equatorial positions of the carbonyl and hy-
droxyl groups. The prevalent conformer may vary depending
on factors such as the particular environment. For example,
Scholz—Béttcher et al. recorded NMR data on different quinic
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Fig. 1 Stereoisomers of quinic acid: QA1 = (—)-epi-quinic acid; QA2 = (—)-quinic acid; QA3 = (+)-gpi-quinic acid; QA4 = (+)-quinic acid; QA5 = cis-
quinic acid; QA6 = muco-quinic acid; QA7 = neo-quinic acid; QA8 = scyllo-quinic acid

acid stereoisomers, including the ammonium salt of epi-quinic
acid [14]. They concluded that the two possible chair confor-
mations for this stereoisomer are in equilibrium, with a pref-
erence for the stereoisomer that has the carboxyl group in the
axial position.

Nucleid magnetic resonance (NMR) has been one of the
most popular experimental techniques to study quinic acid de-
rivatives. In 1970, Corse and Lundin reported an experimental
NMR study on (+)- (—) and (&) epi-quinides as well as scyllo-
quinic acid [15]. The NMR spectrum of scyllo-quinic acid in-
dicated that all three hydroxy groups are in the equatorial posi-
tion. Neo-quinic acid was reported for the first time by Scholz—
Boéttcher et al. in 1991 [14]. They studied a mixture of six
stereoisomeric quinic acids, four y-quinides, and three -
quinides. In addition to neo-quinic acid, two meso-quinic acids
and several quinides were also reported for the first time [14].
Pauli et al. studied naturally occurring hydroxycinnamoylquinic
acids using NMR [4]. A full set of chemical shift values and
spin-spin coupling constants were obtained. Specific rules for
proton substituent chemical shifts were obtained, which
allowed to distinguishing between different position isomers
and single caffeoyl units in substituted quinic acids. Other ex-
perimental techniques have been employed as well. Deshpande
et al. synthesized four quinic acid isomers, namely epi-, muco-,
cis-, and scyllo-quinic acid, to develop a tandem liquid
chromatography-mass spectrometry (LC-MS) method to iden-
tify several quinic acid stereoisomers [3]. They reported that the
stereoisomers can be chromatographically resolved and identi-
fied by their behavior in tandem MS spectra.

Computational studies have been shown to be an invalu-
able tool in differentiating the conformers of natural products.
For example, Hértner and Reinscheid studied the diastereo-
mers of menthol using experimental NMR and DFT calcula-
tions [16]. Differences in the '*C chemical shifts allowed the
differentiation of the prochiral methyl groups of the isopropyl
substituent of menthol. In the present investigation, proton
and carbon NMR spectroscopic properties are calculated to
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aid structural assignment of natural quinic acid and its stereo-
isomers. Although the literature provides a number of reports
of quinic acid characterized on the basis of NMR spectroscop-
ic techniques, there are no unambiguous data available to elu-
cidate the structures of the eight possible stereoisomers of
quinic acid. Furthermore, the stereochemistry of the stereo
centers cannot be deduced from proton and carbon NMR
chemical shifts only. However, the "H-"H coupling constant
values of the axial and equatorial protons may vary enough
with the axial and equatorial arrangement of the COOH and
OH groups to elucidate the correct structure of the com-
pounds. The aim of the current study is to find correlations
between the computed NMR data and the structure of the
stereoisomers, such as the orientation (equatorial or axial) of
the substituents. These correlations can then be used to pro-
vide assignments of the positions of the hydroxy groups for
quinic acids and related compounds (such as octulosonic acid)
based on NMR data.

Methods

All calculations were performed using Gaussian 09 [17].
Geometries were fully optimized with the B3LYP [18-20]
density functional and the 6-311G(d,p) [21] basis set.
Solvent effects were included using the polarizable continuum
model (PCM) [22] using the integral equation formalism
(IEFPCM [23]) variant and methanol as the solvent. As men-
tioned above, each stereoisomer has two separate chair con-
formations, with the COOH group either axial or equatorial
[13]. We have chosen the conformers following Ref. [14], i.e.,
COOH equatorial for quinic acid, muco-quinic acid, and neo-
quinic acid and axial for the other stereoisomers. To optimize
hydrogen bonding, the OH-groups attached to carbons 1, 3, 4,
and 5 (see Fig. 1 for atom labeling) were oriented such as to
form a chain of hydrogen bonds. This can be achieved in two
directions, which we label (arbitrarily) clockwise and anti-
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clockwise. Cartesian coordinates of the optimized structures
can be found in the Supporting Information (Table S5). For
each quinic acid stereoisomer, we chose the one (clockwise or
anti-clockwise) with the lowest energy.

"H- and "*C-NMR shielding tensors and proton—proton
and carbon—proton spin-spin coupling constants were subse-
quently calculated at the same level of theory. For compound
1, the calculations used DMSO (dimethyl sulfoxide) as the
implicit solvent, to match the experimental conditions [24].
For (—)-quinic acid and compounds 1 and 2 (see below) the
spin-spin couplings were also calculated with B3LYP/EPR-II
in implicit solvent. The EPR-II basis set is a double zeta basis
set with polarization functions and an enhanced s-part and is
optimized for the calculation of hyperfine coupling constants
[25]. The shielding tensors were computed using the gauge-
invariant atomic orbital (GIAO) method [26-28]. Chemical
shifts were calculated by subtracting the "H and '*C chemical
shieldings from the corresponding shielding of TMS
(tetramethylsilane), calculated at the same level of theory.
Proton—proton and carbon—proton spin-spin coupling con-
stants (g i Vs e “Jeg and 2Jep) were calcu-
lated as the sum of the four Ramsay terms [29] (i.e., Fermi
contact, spin dipolar, diamagnetic spin-orbit, and paramagnet-
ic spin-orbit terms). The calculation of the spin-spin coupling
constants employed the “mixed” keyword, which calculates
the spin-spin couplings in a two-step process: in the first step,
the user-specified basis set is modified for the calculation of
the Fermi contact term by uncontracting the basis set and
adding tight polarization functions; in the second step the oth-
er terms are calculated with the unmodified basis set.

Results and discussion
Relative stabilities of the quinic acid stereoisomers

Figure 1 shows the eight possible stereoisomers of quinic acid,
labeled QA1 to QAS. The carbon atoms are numbered starting
from the carbon that carries the COOH group. Note that this is
the same numbering as that used by Abranké and Clifford
[13].

Figure 2 shows the optimized structures of the quinic acid
isomers. Their relative energies are shown in Table 1. Note
that each of the (+) / (—) quinic acid and (+) / (—) epi-quinic
acid enantiomers are mirror images and therefore have the
same energy. The most stable isomer was found to be (+) /
(-) quinic acid. The neo-quinic acid isomer is the next most
stable isomer, with an energy 4.82 kcal/mol relative to the
global minimum. The relative stabilities of the remaining iso-
mers are around 6 kcal/mol. Thus, according to DFT, the order
of'stability of the quinic acid stereoisomers is (—)-quinic acid =
(+)-quinic acid > neo-quinic acid > cis-quinic acid = muco-

quinic acid = (+)-epi-quinic acid = (—)-epi-quinic acid =
scyllo-quinic acid.

Validation of level of theory

Although mass spectra and 'H and '*C chemical shifts of the
quinic acid compounds are available in the literature [3], the
mass spectra of the different isomers often give very similar
peaks and fragmentation patterns, complicating distinguishing
between different stereoisomers. In the LC-MS study of
Deshpande et al. [3], not all stereoisomers of quinic acid could
be distinguished based on their mass spectra. This is a com-
mon finding for isomeric compounds. It is therefore important
to determine the coupling constants.

To validate the chosen level of theory, we compare calcu-
lated and experimental couplings, where experimental data are
available (i.e., for (—)-quinic acid [4] and for two other com-
pounds, see below). A comparison of the experimental and
theoretical Jy couplings for (—)-quinic acid is shown in
Table 2. Note that C2 and C6 have two hydrogens attached
to them, one of which is in the axial, and the other in the
equatorial position. In (—)-quinic acid, the hydrogen attached
to C3 is in the equatorial position, whereas the hydrogens
attached to C4 and CS5 are in the axial position. Table 2 shows
that the calculated couplings are in good agreement with the
experimental ones (largest deviation: 2.3 Hz with the EPR-II
(mixed) basis set).

To verify the accuracy of the calculations for '>C-'H cou-
pling constants, the same methods were applied to two other
compounds for which experimental structural and NMR data
are available: an octulosonic acid derivative (1), which is a
phenolic compound found in the roots of yacon (Smallanthus
sonchifolius), a perennial daisy grown in the Andes, and a
phenylpropanoyl 2,7-anhydro-3-deoxy-2-octulosonic acid de-
rivative (2) isolated from horseweed (Conyza canadensis), an
annual plant native to Central and North America. The struc-
ture of compound 1, 1R,2S5,3R,4R,5S,7R)-4-hydroxy-7-hy-
droxymethyl-2,3-bis[3-(3,4-dihydroxyphenyl)-1-0x0-2-
propenyloxy]-6,8-dioxabicyclo[3.2.1]octan-5-carboxylic ac-
id, was established on the basis of mass spectrometry, NMR
spectra, and circular dichroism analysis [30]. Three-bond
CJen) BC-'H spin-couplings were used to determine the rel-
ative configurations at C1, C2, C3, and C7 in compound 2,
rel-(1S,2R,3R,5S,7R)-methyl 7-caffeoyloxymethyl-2-hy-
droxy-3-feruloyloxy-6,8-dioxabicyclo[3.2.1]octane-5-car-
boxylate [24]. Compounds 1 and 2 are shown in Fig. 3.

Table 3 lists the experimental and computed coupling con-
stants for compounds 1 and 2. The computed "*C-'H cou-
plings show good agreement with the experimental data.
The largest deviation (1.92 Hz) again occurs for the EPR-II
basis set; otherwise the two basis sets perform very similarly.

Tables S1-S3 in the Supporting Information show a com-
parison of the computed and experimental Ji; couplings of
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QA6
Fig. 2 Optimized geometries of stereoisomers QA1 — QA8

(—)-quinic acid and 3en couplings of compounds 1 and 2.
Linear regression shows good correlation between the exper-
imental and computed results for (—)-quinic acid (R? values of
0.99 for both 6-311G(d,p) and EPR-II). The MAE (mean ab-
solute error) and RMSE (root-mean-square error) values are
0.95/1.06 for 6-311G(d,p) and 0.86/1.12 for EPR-II, respec-
tively. A similar good correlation is found for compound 1 (R?
values 0f 0.99 for both basis sets), with MAE/RMSE values of
0.35/0.37 and 0.35/0.41 for 6-311G(d,p) and EPR-II, respec-
tively. However, there is no meaningful correlation between
the experimental and computed couplings for compound 2 (R
values of 0.28 and 0.30 for 6-311G(d,p) and EPR-II, respec-
tively). This is likely due to different conformations of the
side-groups in the experiment and calculation. The largest
deviations (> 1 Hz) occur for *Jesps, “Jorm. and *Jes g,
all involving carbon atoms with large, flexible substituents
(carboxylic acid, feruloyl, and caffeoyl groups). Note that
the absolute configuration of 2 was not determined [24].

Overall, B3LYP with either basis set gives good results for
the "H-"H coupling constants of (—)-quinic acid and '*C-'H
coupling constants of compound 1. In the following discus-
sion, we only report the 6-311G(d,p) (mixed) results.

Spin-spin coupling constants for the quinic acid
stereoisomers

"H-"H couplings were computed for all optimized quinic acid
isomers. The results are listed in Table 4. A full breakdown of

Table 1 Relative

energies (Relative to the Isomer AE

most stable enantiomer

pair QA2/4) (in QA1/3 (=)/(+) epi-quinic acid ~ 6.17

keal/mol) of the quinic QA2/4  (-)/+) quinic acid 0.00

acid isomers QAS cis-quinic acid 6.13
QA6 muco-quinic acid 6.13
QA7 neo-quinic acid 4.82
QAS scyllo-quinic acid 6.21

@ Springer
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the coupling constants into the four Ramsay terms is provided
in the Supporting Information (Table S1). Note that the posi-
tion (axial or equatorial) of the hydrogens attached to C3, C4
and C5 depends on the actual conformer (see Fig. 1). We have
indicated in Table 4 whether the coupling is between two
equatorial (eq-eq) or two axial (ax-ax) protons or between
one axial and one equatorial (ax-eq) proton. Note that the
couplings for the QA1/QA3 and QA2/QA4 pairs are
equivalent.

For all couplings, the Fermi contact term is dominant
(Table S1, Supporting Information). The two-bond Jygax-
Héeq aNd Jipax-toeq couplings are large in all isomers. Their
magnitudes range from —12.9 to —16.3 Hz. In contrast, the
magnitude of the four-bond Jygeq-n2eq coupling is small in
all isomers (values below 3 Hz). Variation in the magnitude
of the three-bond couplings can be related to the positions of
the coupling protons. In general, Jox ax > > Jax-eq > Jeq-eq- FOI
example, the ax-ax couplings are around 9 Hz for 3 Jus.na and
3 Juans and around 11-12 Hz for *Jiyeax 115 and >Jigs poax. The
3Jax_€q values are smaller than the ax-ax couplings, but on
average slightly larger (range of 3.1-6.0 Hz) than the 3Jeq_eq

Table 2 Comparison of experimental and theoretical "H-"H coupling
constants (in Hz), computed with B3LYP for (—)-quinic acid

Coupling Experimental® 6-311G(d,p) mixed EPR-II mixed
“Jioaxioeq 145 - 163 - 16.8
*JieaxHoeq 132 - 146 - 144
3JH20q—H30q 3.7 32 3.9
3JH2ax—H3<:q 33 4.1 33
3JH3eq—H4ax 32 42 3.9
*Titdax-tisax 9.2 9.3 9.1
3 Jasacticax 11.0 12.1 12.6
3JHSax-Héeq 4.7 5.5 5.8
4JH2eq-Héeq 2.0 3.1 2.6

*From Ref. [4]
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Fig. 3 Compounds 1 and 2

values (3.8-3.9 Hz), though there is overlap in the magnitude
of their values.

The one-, two-, and three-bond Beg coupling constants
are shown in Tables 5, 6, and 7, respectively. A full break-
down of the couplings into the four Ramsay terms is provided
in the Supporting Information (Tables S2, S3, and S4, respec-
tively). Like for the 'H-"H couplings, the '*C-"H couplings
are largely dominated by the Fermi contact term.

In general, only very weak correlations were found be-
tween the couplings and corresponding geometrical

Table 3 Comparison of experimental and theoretical '*C-'H coupling
constants (in Hz), computed with B3LYP for compounds 1 and 2

Coupling Experimental® 6-311G(d,p) mixed EPR-II mixed

Compound 1
Jesyy 5.8 6.17 552
3Jerms 59 6.46 5.84
oema 54 5.59 5.03
Jeane 54 5.84 5.19
esas 4.1 3.85 3.46
eoma 3.8 3.54 324

Compound 2
3o 5.6 5.94 5.90
ey 49 6.34 6.36
Serms 5.1 5.87 5.87
Sesm 5.0 6.24 6.19
osms 5.0 6.87 6.92

#From Ref. [30] (compound 1) and [24] (compound 2)

parameters ('Joy: distance between the coupling atoms;
%Jcn: angle involving the coupling atoms and the bridging
atom; >Jcy: torsion involving the coupling atoms and the
two bridging atoms in between; these geometrical parameters
are also included in Tables S2, S3, and S4). Instead, we found
that the couplings are primarily dependent on the orientation

Table 4 'H-'H spin-spin coupling constants (in Hz) for all quinic acid
isomers

Coupling QAI1/QA3 QA2/QA4 QAS
ZJHG.AX_HGeq — 15.1 (ax-eq) — 14.1 (ax-eq) — 12.9 (ax-eq)
ZJHzax_Hzeq — 13.3 (ax-eq) - 16.3 (ax-eq) — 13.8 (ax-eq)
3JH(,aX_H5 3.1 (ax-eq) 11.9 (ax-ax) 11.2 (ax-ax)
3JH6eq_H5 3.9 (eq-eq) 5.6 (ax-eq) 5.6 (ax-eq)

3 s 3.7 (ax-eq) 9.3 (ax-ax) 3.3 (ax-eq)
3JH4,H3 9.4 (ax-ax) 3.7 (ax-eq) 3.9 (ax-eq)

3 T3 2ax 12.0 (ax-ax) 3.1 (ax-eq) 11.9 (ax-ax)
3JH37Hch 5.4 (ax-eq) 3.8 (eq-eq) 6.0 (ax-eq)
ieeqineg 2.7 (eq-eq) 2.8 (eq-eq) 1.6 (eq-eq)
Coupling QA6 QA7 QAS
2JH6afo66q — 14.3 (ax-eq) — 14.0 (ax-eq) — 14.3 (ax-eq)
2JH23x_H26q — 14.5 (ax-eq) — 15.5 (ax-eq) — 13.7 (ax-eq)
3 T t6aetts 11.8 (ax-ax) 11.3 (ax-ax) 11.4 (ax-ax)
3JH6eq_H5 5.6 (ax-eq) 5.7 (ax-eq) 5.8 (ax-eq)
3JH5_H4 9.3 (ax-ax) 3.1 (ax-eq) 9.3 (ax-ax)
s 9.0 (ax-ax) 3.5 (ax-eq) 9.1 (ax-ax)

3 a3 ax 11.9 (ax-ax) 12.5 (ax-ax) 11.8 (ax-ax)

3 13 Heq 5.6 (ax-eq) 5.7 (ax-eq) 5.5 (ax-eq)
“Teeqrreq 2.6 (eq-eq) 2.1 (eq-eq) 2.1 (eq-eq)

@ Springer
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Table 5 One bond '*C-'H :

coupling constants (in Hz) for all Jen QAL/QA3 QA2/QA4 QA5 QA6 QA7 QA8

quinic acid isomers
IJCZfHax 133.6 (ax) 134 .4 (ax) 134.7 (ax) 132.9 (ax) 136.9 (ax) 132.6 (ax)
]ch,ncq 138.3 (eq) 137.9 (eq) 139.8 (eq) 136.8 (eq) 135.9 (eq) 139.1 (eq)
]JC3—H 150.4 (ax) 158.2 (eq) 153.4 (ax) 149.7 (ax) 149.0 (ax) 151.2 (ax)
Ucas 148.8 (ax) 149.7 (ax) 155.2 (eq) 147.7 (ax) 155.1 (eq) 1474 (ax)
Ues 153.9 (eq) 147.9 (ax) 152.0 (ax) 149.5 (ax) 150.5 (ax) 152.3 (ax)
! 6 Hax 1324 (ax) 134.6 (ax) 134.5 (ax) 135.2 (ax) 135.9 (ax) 134.3 (ax)
IJC(,_Heq 138.4 (eq) 137.8 (eq) 137.7 (eq) 137.1 (eq) 136.4 (eq) 139.0 (eq)

(axial or equatorial) of the coupling protons and/or the orien-
tation of the hydroxy groups attached to the coupling carbon,
as discussed below.

The one-bond *C-"H coupling constants (Table 5) are
mainly dependent upon the orientation of the proton. For the
Joo and Jeg coupling constants, the values are larger for
couplings with equatorial than axial protons (axial:
132.4 — 136.2 Hz; equatorial: 136.4 — 139.5 Hz). This holds
also true for the other couplings. The largest values within an
isomer always occur for equatorial couplings, which range
from 151.8 to 158.4 Hz. The axial couplings are slightly
smaller, ranging from 147.4 to 152.3 Hz. For all conformers,
the Jesp, Jean, and Jes.y couplings are larger than the Jop g
and Jg.g couplings.

The *Jcy couplings (Table 6) are affected by both the
orientation of the coupling proton and the hydroxy group
on the coupling carbon. Couplings to axial protons are
affected by the orientation of the hydroxy group attached
to the coupling carbon atom. This is very clear for the
2JC1—H2ax’ 2JC1»H6ax’ 2JC3—H2ax’ and 2JC5—H6ax couplings;
the couplings are small negative or slight positive
(—1.9 — 0.5 Hz) when the hydroxy group is in the axial

position and more negative (—5.1 to —6.5 Hz) otherwise.
A similar effect can also be seen for the 2Jc3 4, i
2Jeans and *Jcespa couplings, which are positive (1.8—
2.6 Hz) when the both the coupling proton and the hy-
droxy attached to the carbon are axial, and negative (-2.5
to —4.4 Hz) otherwise. A similar effect is not observed for
couplings to equatorial protons.

The three-bond '*C-'"H couplings are presented in
Table 7. These couplings mainly depend on the position of
the coupling proton. Couplings of carbons with equatorial
protons are larger (between 4.0 and 10.3 Hz) than those with
axial protons (which range from 0.0 to 2.7 Hz). This corre-
lates with the dihedral angle defined by the coupling atoms
(listed in the Supporting Information): the couplings are gen-
erally large when the dihedral angle is close to 180° (equa-
torial couplings) and smaller for angles around 60 and —60°
(axial couplings). The orientation of the hydroxy group at-
tached to the coupling carbon affects some of the couplings:
the 3Jc4-uzeq and ° Jca-neeq couplings are larger (in QA1-4,
QAG6, and QAS; 8.2 — 9.0 Hz) when the hydroxy group is in
the equatorial position than when it is axial (in QA5 and
QA7;5.8t0 6.0 Hz).

Table 6 Two-bond *C-'H

coupling constants (in Hz) forall  Jen QA1/QA3 QA2/QA4 QAS QA6 QA7 QA8

quinic acid isomers
2J 1 -Haax - 5.1 (ax) - 0.9 (ax) - 6.3 (ax) - 0.3 (ax) - 1.9 (ax) - 5.8 (ax)
Jormeq  —5.7(q) =03 (eq) =43 (eq) ~45(9  —43@Cq  —40(q
ZJCI,H(,EX = 5.7 (ax) = 0.6 (ax) = 5.7 (ax) - 1.4 (ax) 0.0 (ax) — 6.0 (ax)
ZJCl,H(,eq —4.1 (eq) = 5.1(eq) —4.0 (eq) - 53(eq) = 5.0 (eq) —4.7 (eq)
o3 0.0 (ax) - 1.0 (eq) - 1.6 (ax) - 1.9 (ax) - 14 (ax) - 1.5 (ax)
2Jesna - 3.3 (ax) 2.6 (ax) - 2.8(eq) - 4.1 (ax) - 3.3 (eq) — 4.4 (ax)
2Jesmoax - 5.9 (ax) 0.5 (ax) - 6.4 (ax) - 5.8 (ax) - 6.1 (ax) — 6.4 (ax)
2Jc3.H2eq — 4.8 (eq) —49 (eq) —3.8(eq) —4.6 (eq) —3.5(eq) —4.6 (eq)
2Jeams — 4.4 (ax) - 3.0 (eq) 1.8 (ax) - 2.5 (ax) 1.8 (ax) — 2.5 (ax)
2JC4_H5 = 3.0 (eq) — 4.5 (ax) 2.3 (ax) — 4.3 (ax) 2.6 (ax) — 4.5 (ax)
ZJcs_H4 2.2 (ax) — 3.2 (ax) = 1.7 (eq) — 3.0 (ax) —22(eq) — 34 (ax)
2 s Heax — 0.2 (ax) — 5.5 (ax) — 6.5 (ax) — 5.8 (ax) — 5.8 (ax) — 6.2 (ax)
*JesHeeq —52(eq) — 4.5 (eq) —3.6 (eq) — 4.2 (eq) —3.5(eq) —4.0 (eq)
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Table 7 Three-bond '*C-'H coupling constants (in Hz) for all quinic Table 9 '>C-NMR chemical shifts (in ppm)
acid isomers

3¢ QAl/ QA2/ QA5 QA6 QA7 QA8
3en QA1/QA3 QA2/QA4 QA5 QA6 QA7 QAS QA3 QA4
3JC1-H3 0.3 (ax) 7.9 (eq) 0.7 (ax) 0.5 (ax) 0.4 (ax) 0.3 (ax) Cl 79.9 84.1 81.1 82.3 83.9 81.0
Jerns  86(q  05(ax)  0.6(ax) 0.3 (ax) 0.3 (ax) 0.0 (ax) C2 44.7 40.5 446 466 410 46.6
Jeoneax 1.6 (@x) 09 (ax) 0.9 (ax) 0.8 (ax) 0.9 (ax) 1.9 (ax) C3 75.7 77.2 74.1 75.5 73.4 74.5
3JC2,H66q 6.4 (eq) 6.5 (eq) 5.8 (eq) 6.4(eq) 5.5(eq) 7.0 (eq) C4 81.5 80.7 77.3 85.9 77.8 85.8
3JC2,H4 1.3 (ax) 0.4 (ax) 4.1 (eq) 1.6 (ax) 4.2 (eq) 1.8 (ax) C5 74.3 75.4 74.6 77.1 74.7 77.2
Jesns 64 (eq) 1.0 (ax) 0.4 (ax) 1.5(ax) 0.5 (ax) 1.3 (ax) Co6 46.3 459 439 446 405 48.7
*Jeatnax 2.7 (ax) 1.0 (ax) 1.8 (ax) 2.7 (ax) 1.7 (ax) 3.1 (ax) C(OOH) 180.8 181.9 182.2 1822 1819 1822
3Jc47Hch 8.4 (eq) 8.7 (eq) 6.2 (eq) 9.0(eq) 5.8(eq) 9.0 (eq) 5 i .
Y Jearion 1.2 (@x) 23 (ax) 1.8 (ax) 2.5 (ax) 1.8 (ax) 2.5 (ax) Referenced to TMS. The TMS - C chemical shielding is 185.01 ppm
3JC4,H6eq 9.0 (eq) 8.3 (eq) 5.8(eq) 89 (eq) 6.0(eq) 8.9 (eq)
Jesms 1.1 (ax) 55(q) 03(ax) 1.1 (ax) 0.4 (ax) 0.9 (ax)
3Jcona 0.4 (ax) 1.1 (ax) 42(eq) l4(ax) 4.1(eq) 14 (ax)

"H and *C-NMR chemical shifts for the quinic acid
isomers

Tables 8 and 9 show the computed 'H and '*C NMR chemical
shifts, respectively. The 'H chemical shifts are larger (3.5 to
4.5 ppm) for protons bound to C3, C4, and C5, compared to
C2 and C6. This is caused by the deshielding effect of the
electron-withdrawing hydroxy substituents on these carbons.

The '*C chemical shifts in general are within a broad
range and can have values from as small as —10 to
> 200 ppm. For quinic acid, the values roughly fall into three
different categories: the smallest ones (around 45 ppm) occur
for C2 and C6, which do not have electron-withdrawing
groups attached; the values are around 75-80 ppm for C3,
C4, and C5, due to the deshielding effect of the hydroxy
groups attached to these carbons; the most downfield '*C
chemical shifts are for the carboxylic acid carbon, with
values between 181 and 186 ppm, which are typical for car-
boxylic acid carbons.

Table8 'H-NMR chemical shifts (in ppm)
'H QALl/ QA2/ QA5 QA6 QA7 QA8
QA3 QA4

H2ax 1.5 1.9 1.8 1.7 24 1.5
H2eq 24 2.1 2.1 2.1 1.7 2.3
H3 43 45 42 4.1 3.8 4.0
H4 3.6 3.7 43 3.5 43 3.5
H5 42 42 4.1 3.9 42 43
Hoéax 1.8 1.9 1.8 2.0 1.9 1.6
Ho6eq 2.6 2.0 1.9 2.0 1.7 22

Referenced to TMS. The TMS ' H chemical shielding is 31.994 ppm

Conclusions

We calculated geometries, NMR spin-spin coupling con-
stants, and chemical shifts of the eight stereoisomers of
quinic acid. Both levels of theory applied in this study,
B3LYP/6-311G(d,p) (mixed), and B3LYP/EPR-II
(mixed), both in methanol continuum solvent, produced
reliable geometries and NMR parameters. The calculated
coupling constants were found to be the key determinants
for differentiation and identification of the different ste-
reoisomers: The magnitude of the *Ji; couplings depends
on the position (axial or equatorial) of the coupling pro-
tons, whereas the '*C-"H couplings primarily depend on
the orientation of the coupling proton and/or the orienta-
tion of the hydroxy groups attached to the coupling car-
bon. Thus, the computational data provided here can be
used to provide reliable assignments of the positions of
the hydroxy groups for quinic acids isolated from plants
or for synthesized quinic acid derivatives. Analogous
DFT techniques can be used to differentiate between dif-
ferent stereoisomers of systems similar to quinic acid,
such as octulosonic acid.
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