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The solution-state conformations of various galactose derivatives were determined by comparison
of the experimental *H—'H vicinal coupling constants to those calculated using density functional
theory (DFT) at the B3LYP/cc-pVTZ//B3LYP/6-31G(d,p) level of theory. The agreement between
the experimental and calculated vicinal coupling constants for 1,2:3,4-di-O-isopropylidene-a-b-
galactopyranose was good, thereby confirming an ©S, skew conformation for it and its derivatives
on the basis of their similar observed couplings. Single-crystal X-ray analysis of 1,2:3,4-di-O-
isopropylidene-6-0O-(3,4,6-tri-O-acetyl-2-deoxy-2-N-phthalimido-j-p-glucopyranosyl)-o-p-galacto-
pyranose and 1,2,3,4,6-penta-O-acetyl-o-p-galactopyranose provided °S, and “C; conformations,
respectively, for the galactose ring in the solid state. The solid-state structures proved to be suitable
starting structures for further DFT structure refinement or for immediate calculation of the coupling

constants.

Introduction

Carbohydrates occur widely in all living matter and
function as structural or protective materials, as energy
stores, and even appear to be essential to the process of
infection by certain pathogenic species; as such, they have
a significant biological role.* The conformational analysis
of carbohydrates, and in particular, the ring conforma-
tion, is of interest as biological activities, as well as
chemical and physical properties, are determined to
various degrees by the adopted conformations of the
substrates.? The conformation adopted by a sugar ring,
however, can change markedly upon derivatization. For
example, the isopropylidene acetal group is a common
protecting group widely used?® in carbohydrate chemistry
for 1,2-diols and when applied to p-galactose (1), the
formation of 1,2:3,4-di-O-isopropylidene-a-p-galacto-
pyranose (2) is known to change the preferred conforma-
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tion of the galactose ring in 1 from a *C; chair conformer
to a skew* (twist-boat) conformer;® even formation of a
1,2-O-isopropylidene or 3,4-O-isopropylidene derivative
results in a conformational mixture consisting of chair
and skew conformers for the product.®® These structural
changes are evidenced by the *H—H vicinal coupling
constants (3Jy 1) of the ring protons in these compounds
as well as by their altered reactivities. It is widely
accepted that the ring conformation can readily be
ascertained by application of the Karplus equation,® and
although the Karplus relationship has stood up well for
almost half a century, there are problems associated” 12
with the method, viz. obtaining good values for the
constants®191213 in the particular variant of the equa-

(4) According to IUPAC nomenclature. McNaught, A. D. Pure Appl.
Chem. 1996, 68, 1919—2008.

(5) (@) Cone, C.; Hough, L. Carbohydr. Res. 1965, 1, 1-9. (b)
Midland, M. M.; Asirwatham, G.; Cheng, J. G.; Miller, J. A.; Morell,
L. A. J. Org. Chem. 1994, 59, 4438—4442.

(6) (a) Karplus, M. J. Am. Chem. Soc. 1963, 85, 2870—2871. (b)
Karplus, M. J. Chem. Phys. 1959, 30, 11-15. (c) Karplus, M. J. Phys.
Chem. 1960, 64, 1793—1798.

(7) Buys, H. R. Recueil 1969, 88, 1003—1011.

(8) Haasnoot, C. A. G.; de Leeuw, F. A. A. M.; Altona, C. Tetrahedron
1980, 36, 2783—2792.

(9) (a) Lambert, J. B. Acc. Chem. Res. 1971, 4, 87—93. (b) Lambert,
J. B.; Papay, J. J.; Khan, S. A.; Kappauf, K. A.; Magyar, E. S. J. Am.
Chem. Soc. 1974, 96, 6112—6118. (c) Lambert, J. B.; Sun, H.-N. Org.
Magn. Reson. 1977, 9, 621—626.

(10) Aliev, A. E,; Sinitsyna, A. A. Bull. Russ. Acad. Sci.—Div. Chem.
Sci. 1992, 41, 1143—-1160.

(11) Haasnoot, C. A. G. J. Am. Chem. Soc. 1993, 115, 1460—1468.

(12) (@) Wu, A.; Cremer, D. J. Phys. Chem. A 2003, 107, 1797—1810.
(b) Wu, A.; Cremer, D.; Auer, A. A.; Gauss, J. J. Phys. Chem. A 2002,
106, 657—667.

10.1021/jo035400u CCC: $27.50 © 2004 American Chemical Society
Published on Web 12/11/2003



Conformation of the Galactose Ring

tion that is to be applied. There are a number of fact-
ors,6291013-15 aside from the torsion angle, such as
substituent effects (electronegativity of the substituents),
steric and stereoelectronic factors, hybridization states,
interceding bond angles and lengths, torsional vibrations,
and even solvent effects, etc., that influence the magni-
tude of 3Jy 1. Indeed, for each vicinal pair of protons in a
set molecule, a different set of constants can be consid-
ered to be in effect, rendering the approach laborious and
overly complicated even for small molecules where a
conformation might nevertheless be defined by a rela-
tively small number of coupling constants, such as the
conformation of a sugar ring. Thus, the results can be
misleading despite quality attempts® to surmount the
problem by uniquely defining for each vicinal pair a set
of appropriate constants, wherein the problem quickly
becomes complex and the exercise self-defeating.

A conformational re-examination of 2, together with
the analogous compounds 1,2:3,4-di-O-isopropylidene-6-
0-(3,4,6-tri-O-acetyl-2-deoxy-2-N-phthalimido-£-b-glu-
copyranosyl)-a-p-galactopyranose (3) and 1,2:3,4-di-O-
isopropylidene-6-O-tert-butyldiphenylsilyl-a-p-galactopy-
ranose (4), was considered worthwhile, as there has been
some doubt and confusion® regarding the conformation
of 2. In this study, we desired to either confirm the
proposed ©S, conformer as the dominant conformer for
2—4 or assess the system as a confluence of contributing
conformers (i.e., a dynamic equilibrium). A dynamic
conformational equilibrium is not unexpected given that
the energy barrier for pseudorotation can be very low. It
was necessary, therefore, not only to identify the par-
ticular skew form(s) by reliably extracting the Jy s but
also to apply a methodology that could faithfully guar-
antee the provision of accurate Jy s. A recent methodol-
ogy that has been developed'® and applied'’ to confor-
mational analysis is the calculation of Jy ys using density
functional theory (DFT). One important criterion for
success, however, is the need for good geometry optimiza-
tion, and for this structures obtained from X-ray analysis
were used directly for calculation of the coupling con-
stants as well as for initial starting structures for further
DFT geometry optimization.

Results and Discussion

The synthesis of the known compounds 2,318 3 18719
and 4, followed literature methodology or standard
procedures (Scheme 1). In the case of the protected
disaccharide 3, an important building block for certain
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SCHEME 1. Reaction Sequences Leading to
Compounds 2—4 Examined in This Study?
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aThe 4C; conformation adopted by both a- and A-b-galactose
(1a and 1b) is altered to an ©S; skew conformation in compounds
2—4. The numbering system in use for compounds 1-5 is also
indicated. Legend: (a) CuSQ4, H2SO4, acetone, 24 h, rt, 95%; (b)
3,4,6-tri-O-acetyl-2-deoxy-2-N-phthalimido-o-b-bromoglucose, to-
gether with 2,2,6,6-tetramethylpiperidine, 4 A molecular sieves,
and AgOTTf, 5 h, =50 to 0 °C, 70%; (c) TBDPSCI, DBU, 17 h, 0 °C
to room temperature, 82%.

biologically significant oligosaccharides, an altered pro-
cedure was applied. The introduction of isopropylidene
groups to produce 2 from p-galactose (1), however, can
be accomplished by a number of methods: homoge-
neously using dry acetone and acid*®*?! or a Lewis acid
catalyst such as zinc chloride;?? heterogeneously using
acetone and Dowex?® or Amberlyst ion-exchange resins,?*
zeolite catalysts,3 or montmorillonite clay;* or by acid-
catalyzed transacetalization using an appropriate iso-
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propylidene source such as 2,2,-dimethoxypropane.8®
Many other variations on these themes have also been
reported.3218 In this work, acid-catalyzed derivatization
in the presence of CuSO,4 was utilized without the use of
DMF as a cosolvent at ambient temperature, as this
provided the thermodynamically more stable 1,2:3,4-di-
O-isopropylidene pyranose derivative (2) in virtually
guantitative yield® in contrast to other conditions3a18
where the 1,2:5,6-di-O-isopropylidene furanose derivative
was also obtained in significant amounts as a kinetic
product. In addition to compounds 2—4, the pentaacetate
of 1a (1,2,3,4,6-penta-O-acetyl-o-D-galactopyranose, 5a)
was also prepared using literature methodology for
conformational analysis both in solution and in the
crystalline form. Its anomer, 5b, was also examined in
the solution state.

The measurement of the *H and 3C NMR parameters
for compounds 1—5 followed and the assignments sub-
sequently made using a standard set of correlation
experiments (see general experimental details in Sup-
porting Information). Previous evaluations of the coupling
constants using the Karplus relationship for comparison
to the experimental values have yielded both a poor set
of values®® and an excellent set,% in both cases purport-
edly for the same ©S; conformer of 2. Indeed, for the latter
study it seems that due to the higher order of the
spectrum, the experimental value for Jysns was under-
estimated (1.3 Hz), and with the better value extracted
here (1.95 Hz), it matches the previously calculated value
(1.85 Hz) more closely. A third study concluded*® a rigid
conformation intermediate between °S, and B,s to be
present. Needless to say, correct assignment of coupling
constants and reliable extraction of their magnitude is
requisite for correct conformational assessment, which
has not always been the case.>® Even at the high fields
currently available, this is not necessarily trivial in some
instances due to severe signal overlap per se or conse-
quential higher order effects precluding manual extrac-
tion, and only by resorting to spin simulation/iteration
techniques (e.g., the program Perch?®) could values be
reliably extracted. In some cases (e.g., 5a), this was
extremely difficult to do from first principles and changes
of solvent were necessary to provide well-separated
signals where the Jy s could be reliably extracted and
then used as a basis for the solution of the problematic
spectra. The 'H and ¥C NMR parameters for 1-5
obtained under various conditions are listed in Tables
1-3, respectively. Interestingly, a large number of long-
range couplings were extractable, particularly from H-1
of the a-anomer independent of the conformation adopted.
Moreover, it is difficult to clearly categorize many of these
couplings as w-type, sickle,?® etc.

For both the galactoses 1a and 1b, the pyranose ring
adopted a “C; chair conformation as clearly evidenced by
the vicinal couplings involving the ring protons, with the
only significant difference being the coupling between H-1
and H-2 due to the differing configuration at position 1.
The same was true also for the pentaacetates of 1a and

(25) See, for example: Laatikainen, R.; Niemitz, M.; Weber, U.;
Sundelin, J.; Hassinen, T.; Vepséalainen, J. J. Magn. Reson., Ser.
A 1996, 120, 1-10. See also Peak Research NMR Software;
Perch Solutions, Ltd.: Kuopio, Finland, 2003 (website: http:/
www.perchsolutions.com).
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1b. For the glucose moiety of 3, the observed coupling
constants were also fully consistent with the adoption of
an ideal “C; chair conformation by the glucosyl pyranose
ring. However, only very small differences between the
conformations adopted by the compounds 2—4 were in
evidence, as essentially the same vicinal ring coupling
constants were observed for all three compounds for the
galactose moiety, which is clearly not in an ideal chair
4C, conformation, or for that matter, in an inversed 'C,
conformation. Thus, neither the glucose group in 3 nor
the tert-butyldiphenylsilyl group in 4 appeared to influ-
ence to any great extent the galactose ring conformation
in their respective structures. Thus, it was deemed
appropriate to concentrate the analysis on 2 and refer
the conclusions drawn to 3 and 4 by analogy. Since
substitution at O-6 in the galactose ring for compounds
2—4 has only a negligible effect on the galactose ring
conformation, it is therefore the isopropylidene groups
that are determinant for the galactose ring conformation
in these compounds.

Of all the skew and boat conformations that are
possible for a galactose ring (six distinct conformers for
each category), inspection of the structures permitted the
immediate elimination of three conformers, 1B, B; 4, and
1S;, on the basis of the geometrical constraints of the
isopropylidene groups. For these three structures, the two
isopropylidene groups would both be attached to the
galactose ring via an axial and an equatorial linkage,
which is considered unfavorable in comparison to the
other nine structures where at least one isopropylidene
group is attached favorably, either by two axial, two
equatorial, axial and cis-isoclinal, or equatorial and cis-
isoclinal linkages. The standout conformation is the °S,
conformation where both isopropylidene groups are at-
tached by an axial and a cis-isoclinal linkage, and clearly
this conformer should be the most favored. But the
problem of distinguishing between a confluence of con-
tributing conformers (i.e., a time-averaged spectrum of
several conformers), where the number of permutations
involving up to nine structures abound, and a system that
is conformationally biased can be simplified if the ex-
pected coupling constant values based on the dihedral
angles are too divergent from the observed coupling
constants for the vicinal ring protons and used as a basis
for eliminating that conformer. That is to say, if a
particular coupling constant from the set of coupling
constants for one conformer is expected to have a very
large coupling in contrast to that observed (and con-
versely), then that conformer can be eliminated. On this
basis, six more conformers were eliminated as likely
contributing candidate structures, leaving only three
candidates: the ©S,, !Ss, and B, s conformers (depicted
for 1a in Scheme 2), although the boat conformation is
considered to be an unlikely contributor on energetic
grounds.

It was important to limit the number of candidate
structures to maintain a reasonable, and affordable, set
of structures for the calculations. The problem of still
distinguishing between a conformational equilibrium,
even one that is heavily biased, and the total predomi-
nance of one conformer can be accomplished if the
calculations can predict energetically either system and
the calculated coupling constants (population-weighted
in the case of a conformational equilibrium) match the
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TABLE 2. Experimental and Calculated Vicinal, Geminal, and Long-Range Ju s (Hz) for Compounds 1-5 at 25 °C2

compd  source®  conf Jpinz Jnzms JHana Jnams JHsHe, JH5HEs JHEaHES JHLHZ JHLHa JHiHs Janme JrzHa  JHsH  JHILHI2

lad exp 4C; 397 1033 342 1.23 447 796 —11.61 —0.43°* 0.51° —0.59° —0.37¢

la DFT(ex5a) “C; 344 911 420 259 nc nc nc —0.37 0.65 -0.70 —0.54

la DFT(man) “C; 403 885 353 166 nc nc nc nc 0.73 nc —-0.54

la DFT(ex3) ©S, 420 446 6.66 3.86 nc nc nc nc 0.14 nc —0.54

1bd exp 4C; 793 995 351 111 7.90 444 —11.68 ne ne ne —0.40¢

2t9  exp 0S, 504 242 794 195 7.15 461 -—1165 <|0.2] ne —0.59¢ 0.36° ne —0.76¢ —0.71°¢
2ni exp 0S, 504 234 797 189 586 647 —10.81 —0.24° 0.30° —0.53¢° 0.32° —0.17¢ —0.64° —0.61°
2hi exp 0S5, 506 230 804 174 654 6.48 ne ne 0.25¢ —0.56° ne ne ne ne
2k exp 0S, 497 229 801 180 6.28 6.57 ne ne ne ne ne ne ne ne

2 X-ray (ex3) ©S, 496 259 733 226 nc nc nc nc 0.31 nc nc —-0.20 nc nc

2 DFT (ex3) ©9S, 479 319 725 226 nc nc nc nc 0.31 nc nc —0.28 nc nc

2 Karplus oS, 477 262 7.87 1.85 8.10 465 nc nc nc nc nc nc nc nc

2! exp 0S, 504 226 7.99 184 6.36 6.56 —10.92 ne ne ne ne ne ne ne

2m  exp 0SS, 503 238 786 179 721 476 —11.48 ne ne ne ne ne ne ne
3t exp 0s, 509 242 791 183 361 813 -—1196 -0.27¢ 0.32¢ —0.54° 0.20° —0.16° —0.57¢ —0.62¢
3fo  exp 4C; 851 10.69 9.06 10.18 4.56 232 —12.23 ne ne ne ne

4f exp °S, 499 232 797 184 711 625 -—10.02 —0.24° ne —0.57¢ 0.29° ne —0.64°¢ —0.60°
5a"  exp 4C; 3.69 1094 338 144 694 653 —11.33 —0.46° 0.48° —0.63° —0.53¢

5ah  exp 4C; 3.72 1093 342 146 657 6.54 —11.27 —0.44° 0.49¢ —0.63¢° —0.41¢

5a  X-ray “C; 446 894 327 175 nc nc nc —-0.37 056 -—0.62 -0.37

5a DFT 4C; 3.69 1148 369 183 nc nc nc —0.45 056 -0.70 —0.45

5bf  exp 4C; 8.33 1043 344 123 6.70 659 —11.36 ne ne ne —0.39¢

aLegend: nc, not calculated; ne, not extracted by Perch. P Experimental values are indicated by exp. X-ray indicates that the X-ray
structure was imported into Gaussian 98W for calculation of the Jy s (i.e., geometry optimization was not performed, but one SCF cycle
was run). DFT indicates geometry-optimized structures starting either from the X-ray structure (structure origin is given) or from a
structure that was drawn free-hand and preoptimized by MM2 prior to optimization by DFT (man). In the case of 1a, two different 4C;
conformers were obtained (differing mainly in the disposition of the ring substituents rather than the ring conformation itself) depending
on the starting structure. Karplus indicates that the couplings were calculated using this relationship (from ref 5b). ¢ Sign of J was
assumed (¢venJ = —ve, °4dJ = +ve). 9 In D,0. The data for 1a were extracted from a spectrum acquired on a freshly prepared sample of
la that essentially contained only 1a (i.e., a-D-galactopyranose). The data for 1b were extracted from a spectrum acquired on an equilibrated
sample containing f3-p-galactopyranose and a-p-galactopyranose (2.02:1, respectively) in addition to minor amounts of furanose and open-
chain forms, but despite considerable spectral overlap, the values are nonetheless reported with confidence. © Sign of J was taken from
the DFT calculations. f In CDCls. 9 In some samples, JnosHs, Could occasionally be observed (ca. 6.4 Hz). " In acetone-de. ' At 25 °C. A
value for Jus e, (0.36° Hz) was also extracted. I At —75 °C. These values are reported as they are the lowest temperature at which the
field homogeneity was still good (vims = 0.5 Hz). Coupling between HO-6 and the two H-6s could be observed at this temperature, but due
to the complexity of the spectral region containing the H-6s (an overlapped mass consisting of two sets of higher order spin pairs), J+o6 He,,
Jhos,Hes, @Nd Jne, Hes COUlD Not be reliably extracted. kK At —100 °C. Although the field homogeneity had deteriorated (vims 1 = Hz), the
values reported are still considered to be reliable. As at —75 °C, the full spin system could not be accurately simulated. ' In DMSO-dg.™ In
toluene-dg. " Coupling constants for the galactose ring of 3. ° Coupling constants for the glucose ring of 3.

TABLE 3. 13C Chemical Shifts (ppm) for Compounds 1-5 at 25 °C
C-1 C-2 C-3 C+4 C-5 C-6 C-7 C-8 C-9 C-10 c-11 C-12 C-13 C-14 C-15 C-16

la2 95.11 71.18 72.01 72.14 7331 64.02
1b® 99.29 74.72 75.63 71.58 77.98 63.82

20 96.29 70.58 70.74 71.47 68.25 62.10 108.67 24.95 26.02 109.42 24.34 2593
2¢d 97.21 7158 71.60 71.81 69.49 61.83° 108.84 2518 26.32 109.42 24.59 26.38
2¢6f 96.47 70.28 70.33 70.45 68.529 60.77" 108.33 24.61 25.67 108.47 23.46 25.67
2i 95.61 69.95 69.95 70.10 68.19 59.92 107.60 24.86 25.92 108.01 24.19 25.83
2i 95.70 70.12 70.23 70.56 68.19 61.14 107.48 23.85 2513 108.22 23.32 25.10

3Pgal 9592 70.15 70.65 70.88 67.48 69.41 107.98 24.65 2534 109.31 24.24 25.88
3,bkglu 99.38 54.58 70.71 69.06 71.59 62.07 170.10' 20.47' 169.54' 20.65' 170.74' 20.78
4bm 96.30 70.90 70.62 70.68 68.34 62.60 108.43 2499 26.10 109.00 24.39 25.96
5aP 89.72 67.37 66.45 67.43 68.77 61.26 169.06 21.03 170.26 20.80 170.02 20.75 170.29 20.68 170.50 20.78
5a° 90.08 67.44 68.05 68.41 69.62 61.92 169.62 20.39 170.44 20.66 170.21 20.49 170.65 20.46 170.44 20.49
5bP 92.19 67.88 70.86 66.84 71.74 61.06 168.97 20.97 169.38 20.70 169.96 20.78 170.13 20.81 170.35 20.81

aIn D20 referenced to TSP (0 ppm). The data for 1a were extracted from a spectrum acquired on a freshly prepared sample of 1a that
essentially contained only 1a (i.e., a-p-galactopyranose). The data for 1b were extracted from a spectrum acquired on an equilibrated
sample containing -p-galactopyranose and a-bp-galactopyranose (2.02:1, respectively) in addition to minor amounts of furanose and open-
chain forms. P In CDClI; referenced to TMS (0 ppm). ¢ In acetone-ds referenced to TMS (0 ppm). ¢ At 25 °C. ¢ Major signal (br), minor
signal 61.7 (ex br). f At —100 °C. 9 Major signal, minor signal 68.49 (integration, 5:3). " Major signal, minor signal 60.64. i In DMSO-ds
referenced to DMSO-ds (39.5 ppm). I In toluene-ds referenced to toluene-d; (20.4 ppm). ¥ For the phthalimido moiety: 167.63 (v br, C-7');
133.74 (C-10'); 132.01 (v br, C-8'); 123.48 (C-9"). ! Carbons C-11'—C-16', respectively. ™ For the TBDPS group: 135.71 (C-14,); 135.64
(C-14g); 133.68 (C-13g); 133.64 (C-134); 129.57 (C-168); 129.56 (C-16,); 127.59 (C-15g); 127.54 (C-15,); 26.83 (C-18); 19.28 (C-17).

experimental values. However, if a conformational equi- of the contributing conformers or, in less than ideal cases,
librium is in effect, then examination of the system by by perturbation of the spectra in some manner. Com-
variable-temperature NMR will reveal the presence of pound 2 was thus cooled to —100 °C with spectra recorded
such, either by, in the best case scenario, slowing the in acetone-dg at intervals of 25 °C (results for spectra at
interconversion rate sufficiently on the NMR-time scale 25, =75, and —100 °C included in Tables 1—3). However,
to permit explicit observation of the subspectra of each immediate interpretation was compromised by the re-
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SCHEME 2
OH HO
HO 0 HO

R OH

OH OH

OS2

stricted rotation about the Cs—C; bond; this was readily
attributable by the splitting of C-6 already at 25 °C,
followed subsequently by C-5, which decoalesced at —75
°C into the same 5:3 ratio of conformer signals. Of 2—4,
only for 2 and only in acetone-ds were the dynamic effects
of the Cs—Cg restricted bond rotation evident at ambient
temperature. For both C-5 and C-6, a barely perceptible
broadening continued after decoalescence, indicating that
an additional species was present but was still in fast
exchange with the two, now observable conformers. This
additional species is presumably the third rotamer for
rotation about the Cs—Cg bond, as has been previously
described.®® This dynamic process affects the entire
system, although the effects are generally most notable
for the nuclei close to the point of action (hence the basis
for the assignment). Thus, all proton signals, with the
exception of H-1, showed varying degrees of modest to
slight broadening, including even the methyl signals.
Although the H-6s are close to the point of action and
therefore highly subject to change, comprehension of their
behavior was compounded by the slowing of the chemical
exchange of HO-6, which not only became observable
with the decrease in temperature but in fact displayed
coupling to the H-6s, rendering their spin simulation
prohibitive. In the 13C NMR, aside from the decoalescence
of C-5 and C-6, most signals displayed some degree of
broadening due to exchange, although none were dra-
matically broadened. So although the dynamics of the
Cs—Cs bond can influence the band shapes of practically
all of the observed nuclei in the molecule, this is a
consequence of the differing chemical shifts of each of the
nuclei in the various rotamers. However, it is unlikely
that the dynamics of the Cs—Cg bond can influence the
coupling constants of the vicinal ring protons to any large
degree. Therefore, if a conformational equilibrium was
in effect, while the band shape changes may be masked
by the other dynamic process, any changes in the vicinal
coupling constants for the ring protons should be appar-
ent and, moreover, decisive. Extraction of the coupling
constants at both —75 and —100 °C for 2 revealed that
essentially no change whatsoever was evident for the
determinant vicinal couplings. Therefore, on the basis of
this low-temperature experiment, the system is concluded
to be overwhelmingly dominated by one conformer in the
solution state and it remains only to distinguish between
the ©S, and 1Ss conformers.

Single-crystal X-ray analyses were also performed on
3 and 5a enabling a comparison between the conforma-
tions adopted in the crystalline state and in solution.
Compound 3 crystallized in the hexagonal crystal system,
space group 65, while 5a crystallized in the orthorhom-
bic crystal system, space group ¢2;2:2;. The crystal
structures of both compounds showed normal structural
bonding parameters; however, there was some degree of
disorder for 3 as the Cg-acetyl group fragment could
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assume one of two orientations, one of which is depicted
in Figure 1 (the ORTEP plots of both 3 and 5a are
presented in Supporting Information, Figures S1 and S2,
respectively). For 3, an ©S, conformation was found for
the galactose moiety in the crystalline state. By com-
parison, a “C; conformation was still adopted by 5a (and
also for the glucose moiety in 3), i.e., peracetylation did
not alter the preferred conformation from o-p-galacto-
pyranose (1a). Of note in 3 is the torsion angle defined
by H,—C,—C3—Hg3, which is larger than the H;—C4,—Cs—
Hs torsion angle (72 vs 46°, respectively), yet the mag-
nitude of the proton coupling in the former set is greater
(2.42 vs 1.83 Hz, respectively).

The X-ray structure coordinates of 3 and 5a were
imported directly into Gaussian 98W.?” To limit the
length of the calculations, the glucosyl moiety attached
to O-6 in 3 was substituted by H, thereby generating
structure 2. DFT calculations (perturbations on a par-
ticular nucleus) at the B3LYP/cc-pVTZ level of theory
were performed in order to calculate the couplings
emanating from the selected proton. (H-2 and H-4 in all
cases (1a, 2, and 5a), thereby obtaining all vicinal *H—
IH couplings of the sugar ring and additionally H-1 for
1la and 5a to obtain long-range couplings involving H-1.)
The coupling constant calculations are based on the
assumption that the Fermi contact term dominates the
coupling and the other contributions are either insignifi-
cant (spin—dipole term) or cancel each other out (para-
magnetic and diamagnetic spin—orbit terms).’6” The
results of the calculations are also presented in Table 2.

In this approach, by using the X-ray structures unal-
tered (except the substitution and with one SCF cycle
run on the geometries to set the electron distributions),
good agreement was obtained with respect to the experi-
mental values for both 2 and 5a (including Jy,n3 and
Jnans). The X-ray-based structures were also used as
initial structures for geometry optimization (at the
B3LYP/6-31G(d,p) level of theory) to provide a further
comparison; very similar results were obtained, thus
validating the use of the unaltered X-ray structures and
further confirming that the conformation of the galactose
ring in solution is indeed dominated, overwhelming so,
by the ©S, conformation for 2—4. The two geometry-

(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A;; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen,
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. A. Gaussian 98, revision A.11; Gaussian, Inc.: Pittsburgh,
PA, 2001.
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FIGURE 1. Structure of the disaccharide 3 as determined by X-ray analysis. The thermal displacement parameters are drawn

at 20% probability.

optimized structures were also used as the starting
geometries for o-D-galactose (1a) after replacement of the
O-bound substituents with H. The structure for 1a with
an ©S, conformation maintained its general shape but
provided values, not unexpectedly, inconsistent with the
observed values in contrast to the “C; conformation (e.g.,
5a), which provided very consistent values. Two other
structures were also input for geometry optimization.
One was a manually generated S5 conformer for 2 (on
the basis that it should also provide couplings similar to
those observed) but which only resulted in the same,
indistinguishable °S, conformer being obtained as that
resulting from the optimization of the X-ray-based struc-
ture. This result infers that the 1Ss conformation does
not represent a local energy minimum on the PES and
is thus not expected to participate as a discrete entity to
any conformational equilibrium. The other input struc-
ture was a manually generated “C; conformation for la.
Differences were apparent between this “C, conformation
and the “C, conformation provided by DFT optimization
of the X-ray-based structure, but the differences reside
mainly in the disposition of the ring substituents rather
than any differences in the ring conformation and reflect
the effects that the attendant substituent orientations
can have on the coupling constants. Of note, in the cases
where long-range coupling constants were able to be
extracted, the DFT calculations provided remarkably
accurate values. These coupling constants in themselves
speak for a conformationally biased system, particularly
when the DFT calculations have been able to reproduce
them so faithfully.
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Conclusion

In conclusion, the NMR parameters of 1—5, despite the
long prevalence of some of the compounds in the litera-
ture, have not always been properly reported, mainly due
to difficulties associated with overlap and higher order.
The conformation of the diisopropylidene derivatives of
galactose (2—4), despite having been examined previ-
ously, nevertheless represented a good test case for the
recent developments'® that have been made in the
calculation of Jy 4 using DFT methodology and which is
now proving to be a useful structural tool.” The calcula-
tion of only coupling constants and not chemical shifts,
despite the economical superiority of the latter, for the
conformational determination was based on previous
work!’@ where the calculation of dys was shown to be
inadequate and inferior to the use of Jy s for this type
of analysis. A different approach was also tried by using
the structures of two of these compounds, 3 and 5a,
resulting from X-ray analysis directly for the calculation
of the vicinal coupling constants; it was found that they
not only were appropriate as is but also provided good
starting structures for further refinement. Thus the work,
based on a combination of X-ray analysis, molecular
modeling, and NMR, has confirmed the overwhelming
conformational bias of 2—4 toward an °©S, conformation
both in solution and in the crystalline state. The dem-
onstrated®® efficacy of DFT calculations in evaluating
long-range couplings in saccharides is valuable for dis-
tinguishing between hydrogen bond-mediated pathways

(28) Larsson, E. A; Ulicny, J.; Laaksonen, A.; Widmalm, G. Org.
Lett. 2002, 4, 1831—-1834.
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and otherwise normal w-type coupling pathways; dif-
ferentiation is important, as erroneous structural inter-
pretations can be based on these observations.?® Evalu-
ation even in small molecules such as those studied here
can nevertheless serve well to model larger systems.
What was further pertinent was the differences calcu-
lated for the two optimized “C; conformations of 1a,
demonstrating that there can be realizable differentiation
due to substituent orientation.
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