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Abstract—">C—"*C Spin-spin coupling constants of aldoseptanoses of the D series were calculated in terms of the
self-consistent finite perturbation theory. General relations holding in the stereochemical behavior of the “C—"C
coupling constants in the septanose ring were determined, which made it possible to perform conformational
analysis and assign configuration of the anomeric centers in carbohydrates and products of their metabolism.

NMR spectroscopy is widely used for determination
of configuration of the anomeric center in biological mol-
ecules containing carbohydrate fragments [1]. Important
NMR parameters are spin—spin coupling constants with
carbon nuclei which are sensitive to stereochemical ef-
fects depending on the molecular conformation [2—5].
Specific interest in 3C—~'3C coupling constants in car-
bohydrates arises from the wide application in biochemi-
cal studies of carbohydrate derivatives selectively la-
beled with 13C isotope [1], where experimental mea-
surement of '3C—13C coupling constants is a routine pro-
cedure: they can be determined directly from standard
13C NMR spectrum recorded with broad-band
decoupling from protons.

The goal of the present study was to calculate 3C—
13C coupling constants in septanose ring with a view to
reveal stereochemical relations, examine their nature, and
elucidate prospects in their use in stereochemical analy-
sis of biological molecules having a septanose ring. Our
interest in the direct *C—'C coupling constants 'J; , in-
volving the anomeric carbon atom is explained by the fact
that just the C'—C? coupling constant is most sensitive to
configuration and conformational behavior of cyclic car-
bohydrates [2, 4, 5].

Aqueous solutions of aldoses contain complex mix-
tures of species. It is known that the equilibrium mixture
consists of at least six forms: two pyranoses, two fura-
noses, aldehyde isomer, and hydrate of the latter [6]. Apart
from the above, one more exotic cyclic isomer could ex-
ist, namely septanose. Like pyranoses and furanoses,
septanose forms of each monosaccharide differ by the
configuration of the anomeric center, as shown below:

H H H OH

OH HO

OH H OH H

o-D-Glucoseptanose -D-Glucoseptanose

Thus cyclic septanose species can exist as two
anomers: in o.-anomer, the configuration of the anomeric
center (semiacetal C! carbon atom) coincides with that
of the C° atom which determines whether the carbohy-
drate molecule belongs to the D- or L-series.

It is known [7] that the most stable tautomeric form
of monosaccharides is six-membered pyranose ring which
adopts a normal or alternative chair conformation. Five-
membered furanose rings are as a rule less stable; nev-
ertheless, almost all aldoses in solution give rise to an ap-
preciable amount of equilibrium furanose isomers which
could be detected by various physical methods, including
13C NMR spectroscopy [8]. Cyclic septanose isomers
are very unstable. Such structures were isolated only for
D-idose. According to the 13C NMR data, an equilibrium
aqueous solution of D-idose at 37°C contains 1.6%
septanose anomers [9]. On the other hand, some
septanose derivatives were successfully synthesized, and
they turned out to be fairly stable [10]. The results of
studying a solution of 2,3,4,5-tetra-O-methylglucose were
very interesting. The structure of this compound permits
formation of neither six- nor five-membered ring. There-
fore, it exists in solution as a mixture of acyclic and
septanose form [11]; the ai-anomer of the latter is shown
below:
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We can conclude that the stability (or, more exactly,
instability) of septanose isomers approaches that of alde-
hyde forms and that they are considerably less stable than
other cyclic monosaccharide species, furanoses and pyra-
noses. Nevertheless, despite exotic character and low
stability, septanose forms of saccharides and products of
their metabolism or microbiological transformations are
quite real subjects for stereochemical analysis of con-
figuration and conformational behavior.

In order to estimate the possibility of using direct '3C—
13C coupling constants with the anomeric carbon atom
for stereochemical analysis of carbohydrates having
septanose fragments, we calculated their values in terms
of the self-consistent finite perturbation theory (SCPT
INDO [12]) for the a- and B-anomers of all possible
(eight) aldoseptanose forms of D-monosaccharides by
analogy with the two preceding studies, where such cal-
culations were performed for pyranose [13] and fura-
nose [14] isomers. Septanoses are assigned to the o- or
[3-series according to the configuration of the anomeric
center, i.e., orientation of the anomeric hydroxy group.
Determination of the conformation of septanose ring is a
much more difficult problem which sometimes cannot be
solved unambiguously. First information on the confor-
mations of seven-membered forms of monosaccharides
appeared only in 1970s [9, 11]. In particular, preferential
chair-like conformation of the septanose ring was pre-
sumed on the basis of the X-ray diffraction and NMR
data. Taking into account the results of these studies, we
proceeded from the fact that, by analogy with pyranoses,
each anomer of the examined septanoses exists as an
equilibrium mixture of normal (C1) and alternative (1C)
chair conformation, as shown below:

Normal conformation C1 Alternative conformation 1C.

Semiempirical calculation of *C—"3C coupling
constants in organic molecules on the basis of empirical
parameters which specify, in particular, s-electron den-
sity and p-orbital radius of carbon atoms is impossible
without proper choice of the geometry optimization pro-

cedure. This is especially important for carbohydrates
from the viewpoint of correct consideration of conforma-
tions originating from rotation of hydroxy groups in pyra-
nose and furanose rings about the C—O bonds [15] (this
problem will be the subject of a separate communication
within the given series). In the present work we compared
conventional semiempirical methods for geometry opti-
mization of the NDDO group (MNDO, AM1, PM3) and
nonempirical methods in terms of both the SCF RHF
theory for closed shells and density functional theory
(DFT) with the most popular Becke three-parameter
hybrid potential [ 16] in combination with the Lee—Yang—
Parr correlation functional (B3LYP) [17]. In the
nonempirical calculations we used standard Pople’s
polarizational basis sets 6-31G** [18] (including p func-
tions on hydrogen atoms and d functions on carbon and
oxygen atoms), triply split polarizational basis set 6-311G**
[19] (optimized with account taken of electronic
correlation), and Dunning’s standard correlation-consistent
basis set cc-p-VDZ [20] (which was also optimized for
calculations with account taken of electronic correlaton).

While selecting a procedure for optimization of geo-
metric parameters, we were interested primarily in re-
vealing stereochemical effects on J; , values (i.e., dif-
ferent 'J, , values for o- and B-anomers, as well as for
different conformations of the same anomer), as was
observed in the case of pyranoses and furanoses
[4, 5, 13, 14]. Moreover, taking into account a great deal
of computation, we tried to choose an optimal geometry
optimization procedure from the viewpoint of saving com-
putation time. For example, optimization of the geometric
parameters of only one form of o-D-mannoseptanose
C1 by the B3LYP/cc-pVDZ method took more than
11 days). For this purpose, we compared J; , values cal-
culated by the SCPT INDO method for the normal con-
formation (C1) of both mannose anomers whose geo-
metric parameters were optimized by different proce-
dures. The results showed that, among three semiempirical
methods (MNDO, AM1, and PM3), only the geometric
parameters optimized by the AM1 procedure give rise to
13C-13C values which agree well with those calculated
by nonempirical methods. Therefore, in the subsequent
study we used the AM1 method for geometry optimiza-
tion of the whole septanose series.

The calculated '3C—'*C coupling constants '/, , for
each conformer (C1 and C2) of - and (- anomers of
eight aldoseptanoses are collected in Table 1. Unfortu-
nate-ly, up to now no experimental 'J; ,value for septanose
ring has been reported. Therefore, the calculated data
can be compared only with the experimental data for the
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corresponding pyranoses [5] which may be regarded as
most related septanose models. In fact, we observed a
good quantitative agreement between the calculated J; ,
values for septanoses and the experimental C'-C? cou-
pling constants for the respective pyranoses. The calcu-
lated 'J; yvalue for a-D-alloseptanose C1 (45.4 Hz) co-
incided with that found experimentally for a-D-
allopyranose. A good agreement with the corresponding
experimental coupling constants of pyranoses was also
found for B-D-galactose C1, B-D-gulose C1, a-D-altrose
C1, B-D-allose C1, B-D-mannose C1, and a-D-idose C1:
the difference between the calculated and experimental
coupling constants was as small as 0.1-0.5 Hz. In the
only case, this difference was appreciable, ~2 Hz for
-D-idose Cl1.

In keeping with the Ramsey fundamental non-rela-
tivistic perturbation theory of spin—spin interactions [21],
a total spin—spin coupling constant includes three differ-
ent contributions arising from three different and physi-
cally inseparable mechanisms of nuclear magnetic spin
interactions thorugh bond electrons (indirect spin—spin
interaction): Fermi-contact (FC), i.e., a contact interac-
tion between nuclear and electron spins directly over the
surface of the nucleus; spin—dipole (SD), i.e., a dipole
interaction between spatially distant nuclear and electron
spins; and spin—orbital (SO), i.e., interaction between
nuclear spin and orbital angular moments of electrons
(here, we do not divide spin—orbital interactions into dia-
magnetic and paramagnetic constituents). Therefore, the
total coupling constant may be represented as the sum of
three contributions:

J=Jee P T o

As follows from the data in Table 1, the Fermi-contact
contribution always predominates. The spin-orbital
contributions in the examined monosaccharide series is
negative, and it changes within a very narrow range, while
the positive spin-dipole contribution to 'J, , for all com-
pounds remains almost constant. The sum of the two lat-
ter (noncontact) contributions which have opposite signs
is negligible, and it does not depend on the conformation
and configuration of the septanose ring. Thus just the
Fermi-contact contribution is responsible for stereospeci-
ficity of the *C—"3C coupling constants. This conclusion
is very important, for nonempirical calculations of *C—
3C coupling constants in carbohydrates require a lot of
time. The calculation of only Fermi-contact contribution
is by an order of magnitude more economic (from the
viewpoint of computational time) than analogous
calculation of the spin-dipole contribution.

Table 1. 1*C-13C Coupling constants (Hz) between the C' and
C? atoms in hexoseptanoses, calculated by the SCPT INDO
method

Orientation of

Compound | the 1-and 2- | Jso | Jsp| Jre | Yiz
OH groups

D-Allose
o—D-AlI-CI (Ia) ae 2.1 | 1.4[462 [454
o—D-AIl-1C(Ta) ea 22| 1.4/451 | 443
(3-D-A11-C1 (Ib) ce 21| 1.4]484 |478
B —D-A11-1C(Ib) aa 22| 1.4/477 | 469

D-Altrose
o—D-Alt-Cl (I1a) aa 22| 1.4|473 | 465
o—D-Alt-1C (ITa) ee 2.1 1.4/464 |458
B —D-Al-Cl (TTb) ea 22| 1.4]462 |454
(3-D-Alt-IC (11b) ae -2.1| 1.4/473 | 46.6

D-Glucose
0-D-Gle-Cl (I11a) ae 2.1 | 1.4[452 [445
o-D-Glc-1C(111a) ea 231 1.41465 |45.6
(3-D-Gle-Cl (111b) ee 21| 1.4]458 | 451
(3-D-Gle-1C(ITIb) aa -2.2| 1.3/499 | 49.1

D-Mannose
o-D-Man-Cl (IVa) aa 22| 1.4[470 [461
o-D-Man-1C(1Va) ee -2.1 | 1.4|47.6 |469
(3-D-Man-Cl (TVb) ea 22| 1.4/450 | 442
B-D-Man-1C(IVb) ae 2.1 | 1.4/498 |49.0

D-Gulose
0-D-Gul-Cl (Va) ae 2.1 | 1.4[459 [451
o-D-Gul-1C(Va) ea 22| 1.4/453 | 445
B-D-Gul-CI (Vb) ee 21| 1.4]482 | 475
B-D-Gul-1C(Vb) aa 22| 1.4/479 471

D-Idose
a-D-Ido-Cl (Via) aa -2.2 | 1.3]476 |46.7
o-D-I1do-1C(Via) ee -2.1 | 1.4/462 |456
B-D-Ido-Cl (VIb) ea 22| 1.4]467 |458
B-D-1do-1C(VIb) ae 2.1 | 1.4|468 |46.1

D-Galactose
o-D-Gal-CT (VIIa) ae 2.1 | 1.4|448 | 441
0-D-Gal-1C(VIla) ea 22| 1.4]|468 |46.0
B-D-Gal-Cl (VIIb) ee -2.1| 1.4|46.7 |460
B-D-Gal-1C(VIIb) aa 22| 13|473 | 464

D-Talose
o-D-Tal-ClI (VIIIa) aa 221 131479 |47.0
0-D-Tal-IC (VIIIa) ee 21| 1.4/474 | 468
B-D-Tal-CI (VIIIb) ea 22| 1.4]450 | 441
B-D-Tal-IC (VIIIb) ae 2.1 | 1.4/491 |483
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Table 2. Contributions of localized molecular orbitals (Hz) to
the 13C—13C coupling constants of B-D-mannose C', calculated
by the CLOPPA INDO method

LMO a-D-Man-C1 (IVa) | B-D-Man-C1 (IVb)
c'-c* 52.5 51.5
C-H 1.6 -0.1
c-o' 0.4 0.1
c-o’ 0.8 0.3
C-H 2.5 2.5
C-0? 0.0 0.0
c-C’ 23 1.7
O'-H 0.0 0.0
LEP(O") 0.0 0.0
LEP(O) 0.0 0.0
O*-H 0.0 0.0
LEP(O?% 0.0 0.0
Overall 60.1 56.0
contribution

Detailed analysis of the main stereochemical rela-
tions in variation of LJ; , (Table 1) revealed the following:

(1) Normal conformations of hexoseptanoses with
axial hydroxy group on C? are characterized by greater
1J, , values (by about ~2 Hz) for the a-anomers relative
to the B-anomers. In the first case, the hydroxy groups
on C!and C? are axial, i.e., they are arranged frans with
respect to each other. The anomeric hydroxy group in
the B-anomers is equatorial. This relation is seen most
clearly for normal conformers of altrose, mannose, idose,
and talose. The observed difference in the coupling con-
stant is quite sufficient for unambiguous assignment of
configuration at the anomeric center in septanose ring;

(2) By contrast, normal conformations of septanoses
with equatorial hydroxy group on C? are characterized
by greater J; , values for the B-anomers where the hy-
droxy group on C! is also equatorial, so that these hy-
droxy groups are arranged gauche with respect to each
other. This relation is weakly expressed for the glucose
anomers (the difference in the coupling constants is less
than 1 Hz) but is clearly seen for allose, gulose, and ga-
lactose (AJ =~ 2 Hz);

(3) The coupling constants 1J; , in alternative con-
formers of septanoses with axial and equatorial hydroxy
group on C? are, on the average, by 1-3 Hz greater for
the 3-anomers with axial orientation of the anomeric hy-
droxy group than for the a-anomers in which the anomeric
hydroxy group is equatorial. This relation is typical of al-
ternative confomers of all the examined septanoses.

(4) In the B-anomers of septanoses with differently
oriented hydroxy groups on C! and C? (i.e., with equato-
rial anomeric hydroxy group and axial hydroxy group on
C? in the normal conformation or with axial anomeric
hydroxy group and equatorial hydroxy group on C? in the
alternative conformation), 'J, , values for the normal con-
formers are smaller by 1-5 Hz than those found for the
alternative conformers. This relation is most pronounced
for 3-D-altrose, B-D-mannose, 3-D-idose, and 3-D-talose.

Unlike the respective pyranoses [13], the coupling
constants '/ , in the alternative septanose conformers
with both axial and equatorial hydroxy group on C? are
greater for the (B-anomers as compared to o-anomers.
Moreover, the a-anomers of pyranoses with differently
oriented 1-OH and 2-OH groups are characterized by
greater 1J1,2 values for the normal conformers (C!) than
for alternative (1C) [13], whereas this relation is not ob-
served for the a-anomers of septanoses. For example,
IJ) 5 values in the o-anomers of glucose and galactose
with different orientations of the hydroxy groups on C!
and C? are greater by 1-2 Hz for the alternative con-
formers (1C) as compared to normal.

It is seen that '>*C—'3C coupling constants in carbo-
hydrates are clearly stereospecific, i.e., they are sensi-
tive, on the one hand, to orientation of the anomeric hy-
droxy group in molecules existing in the same conforma-
tion and, on the other, to conformational structure of the
same anomer. The above four relations may be regarded
as a practical guide to assignment of anomeric configu-
ration and conformational analysis of the septanose ring
in carbohydrates. They can be reduced to two more gen-
eral rules which relate '3C—'3C coupling constants to ori-
entation of the hydroxy groups on C!' and C?:

1. Carbohydrates with axial hydroxy groups on C!
and C? (aa) are characterized by much greater 'J, , val-
ues than the other anomers having equatorial anomeric
hydroxy group and axial hydroxy group on C? (eq);

2. Carbohydrates with axial anomeric hydroxy group
and equatorial hydroxy group on C? (ae) have as a rule
larger coupling constant ./, 2 than their conformers with
equatorial anomeric hydroxy group and axial hydroxy
group on C? (ea).

Taking into account importance of our results for ste-
reochemical analysis of carbohydrates having a furanose
fragment, we made an attempt to understand the nature
of the observed relations in terms of the CLOPPA ap-
proach [22] which analyzes contributions of particular
localized molecular orbitals (LMO) to the total '.J, , value
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in the INDO approximation. At this level, the *C-3C
coupling constants calculated by the CLOPPA and SCPT
methods are similar. Therefore, we can compare the re-
sults of SCPT and CLOPPA calculations. In keeping with
the CLOPPA approach, which is based on the
polarizational propagator theory [23], each coupling
constant '/, , is divided into a large number of elementary
contributions originating from two-species excitation
involving two occupied and two vacant LMOs. The latter
may correspond to lone electron pairs on oxygen atoms
and C—C, C-0O, C-H, and O-H bonds of the septanose
fragment. These contributions are calculated via
localization of initial MOs. Table 2 gives the most inter-
esting (in our opinion) LMO contributions to '/, , for
anomers of D-mannose C1, which are most sensitive to
the stereochemical effects under discussion.

It is seen that the largest contribution to '/, is that
of the C'-C? bond. Next follow contributions of the C*—
H and C>-C3 bonds, while those of the C'-O!, C'-0O3,
and C'-H bonds, as well as the overall contributions from
two LEPs of the oxygen atoms and contributions of both
O-H bonds at C! and C?, are insignificant. Nevertheless,
we tried to analyze the contributions of molecular frag-
ments (chemical bonds and lone electron pairs), which
could explain stereochemical effects on '/, for differ-
ent anomers of septanoses.

As follows from the data in Table 2, the difference in
'J, , values for the a- and B-anomers of D-mannose C1
results mainly from LMO contributions of the C'-C* and
C'-H bondes, i.e., bonds involving the anomeric C' atom.
For example, the difference in '/, , for anomers of man-
nose C' may be interpreted in terms of the larger contri-
butions of the C'-C? and C'-H LMOs in the a-anomer

than in the B-anomer (by 1 and 1.7 Hz, respectively).

Thus, the results of our calculations indicate pro-
nounced stereospecificity of the C'~C? coupling constants
in septanose forms of monosaccharides, which is related
to configuration of the anomeric center and conforma-
tion of the septanose ring.

The calculations were performed using SCPT INDO
[12], CLOPPA [22], MOPAC [24], and GAMESS [25]
programs operating under Linux Red Hat 7.2 (Kernel 2.4.7—
10). In the calculations of '3C—'3C coupling constants by
the SCPT INDO method, the following parameters for the
carbon atom were used: s-electron density on the nucleus
s%C(0) = 3.2328; 2p-orbital radius <r > = 2.8256.
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