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Abstract: The solvent dependences of the populations of the hydroxymethyl rotamers of methyl 2,3,4,6-tetra-
O-[?H3]-a-p-glucopyranosidea) and methyl 2,3,4-tr@-[?H3]-a-D-glucopyranosidef) in 10 and 8 solvents,
respectively, have been determined by analys#Sgfner and3Jus s values and by consideration of evidence

for hydrogen bonding through infrared spectroscopy&dn@y values. The methods used to determine coupling
constants in individual hydroxymethyl rotamers were reexamined, and an improved protocol was developed.
When O-6 is methylated§), the populations of the hydroxymethyl rotamers are largely independent of solvent
polarity at ratios of about 61:381g:gt:tg, except that a small populatior4%) of thetg rotamer appears in

the most polar solvents at the expense ofggeotamer. When O-6 is unsubstitute®),(there are substantial
changes in rotamer population as solvent polarity increases due to loss of intramolecular hydrogen bonding
and stabilization of the more polar rotamers. The rotamer population® rfeturn to those adopted by the
permethylated derivative2@) in the most polar solvents. It was concluded that hydrogen bond donation from
OH-6 to water is not important in determining hydroxymethyl rotational preferences. The well-known “reversed”
chemical shift order of the two C6 protons of peracetylated glucopyranose derivatives was shown to also
occur for permethylated derivatives and is ascribed to solvent effects in addition to anisotropy. The solvent
effect on the chemical shift difference is attributed to the fact that one of the two protons stays on the same
side of the pyranose ring in the two more populated rotamers while the other proton exchanges environments.
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06 He Hg cant intramolecular hydrogen bonding in nonpolar solvents.
cﬁos cﬁos c4}$°5 Theoretical studies have suggested that intramolecular hydrogen
Hg Hs  Hg 06 06 Hq bonding of OH6 to O5 is a major factor in the stability of the

H5 HS HS i

gg and gt rotamers, even in watéf.
99 ot tg

A number of experimental techniques have been used to
examine the rotamer populations of hexopyranosides. The
) ) ] technigue used most commonly is NMR spectros-
relationship between O6 and O5, while the second letter refersCopy1274,e,7,11,17,23,zzmain|y via analysis of coupling constants
to the relationship between O6 and C4 (see Figure 1). involving H6R and H6S but also through proteproton

Many factors have been considered to influence the C6 relaxation rate¥P37and methods that combine several measure-
rotameric populations, including 1,3-synaxial interactions, the ments3”38 Information has also been obtained through the
gauche effect, anomeric configuration, hydrogen bonding, and statistical analysis of X-ray crystal dafaand by optical
solvent effectd. For galactopyranose derivatives, significant techniques$:13.240.36.40 The rotamer populations determined by
solvent effects have been obser¥emlit surprisingly, the effects  these methods are consistent within wide ranges. For gluco-
of solvents on rotamer p_opulanons_ of glucopyranose derlvatlv_es pyranoside derivatives, the percentage populations fogthe
have not been systematically studied experimentally. Extensivegt, andtg rotamers are 4570%, 30-55%, and—25 to 25%,
theoretical effort has been devoted to understanding the factorsrespectively?-5810.14.15.19.2023245mjlar results are obtained for
that influence hydroxymethyl rotation for glucopyranose deriva- mannose derivatives 111617 For galactopyranose derivatives,

tives. The results of ab initio calculations orglucosé-?5-27 the corresponding percentages are-28%, 55-78%, and
and on model compoun#®® suggest that solvation and 2_300p24.6.9-12,1518,21,23,24

intramolecular hydrogen bonding are very important. Semi-

empirical calculatior?8 and molecular dynamics simulati@hat33

on glucose also implicated solvation. The goal of this work is

to provide unambiguous experimental evidence about the role
of solvent effects and other effects on the rotamer population
of the hydroxymethyl group in glucopyranose derivatives and

Figure 1. Nomenclature for C5C6 rotamers.

A major problem with the determination of rotamer popula-
tions usingvicinal H,H coupling constants has been that variable
negative populations of thig rotamer are often obtained, which
can be as large as-25%2381719.24b Tg calculate these
populations, estimates of the coupling constants for each rotamer
to define more precisely the mechanisms through which the must be c_Jbtained In some manner and _inaccurate values from
solvent effects operate these estimates are probably the most important cause of this

: ) ) problem. A second factor may be the use of inaccurate values

Solvent effects and hydrogen bonding are interrelated and o measured coupling constants, perhaps arising from performing
thus are difficult to evaluate separa.tely. .Most NMR stud!es first-order analyses 0 NMR coupling patterns for which a
have been performed almost exclusively in aqueous solutionsgecqnd-order analysis is more appropriate. The normal solution
or in polar solvents, such as methanol, DMSO, or acetonfitile. to the problem of negative populations of ttyerotamer is to
Intramolecular hydrogen bonding may have a particularly strong aqsume that its population is z&his procedure is satisfactory
influence on the relative stabilities of thig rotamers for for evaluating the relative stabilities of tlyg andgt rotamers,

a}ldogilexopyranose derivatives with O4 in an equatorial orienta- ¢ it automatically obscures any trends in changes of the
tion.34 Bock and Duus explored hydrogen bonding withNMR populations of theg rotamer.

spectroscopy in polar solvents and did not find evidence for . .
b Py In p The incorporation of other data such as pretpnoton cross

significant contributions. A study of glucose in DMSO also relaxation data and/or NOE data is appealing as a way to avoid
indicated that hydrogen bonding was only present to a ver e ?
yerog g y P Y the above difficulty?*37-38However, these data are considerably

limited extent®® Infrared spectroscopy, optical rotation, and | <o th full d i tants and
NMR spectroscop3¢ have indicated that, for pyran and €SS PreCiS€han carelully measured coupiing constants and are
probably also less accurat¥/icinal C,H coupling constants can

cyclohexane models of aldohexopyranosides, there was signifi- : )
4 by g also be useful in this regafd,but the smaller amount of data

availablé142for well-defined geometries has resulted in a less
precise definition of substituent effects on magnitudes of these
values than for the comparable H,H data. Therefore, we have
chosen to use the most accurate data, the H,H coupling
constants, and have attempted to minimize the uncertainties
implicit in their use by reexamining the geometric and thermo-
dynamic models needed to employ them.
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Rotating of Hydroxymethyl Groups in Carbohydrates

To minimize the number of variables in this study, we have
chosen to examine methyl 2,3,4,6-te®@d2H3]methyl-o-D-
glucopyranosideZa) and methyl 2,3,4-tr>-[2Hz]methyl-o-p-
glucopyranoside). These compounds are sufficiently soluble
in a wide range of solvents as to allow solvation studies. The
effects of solvation on NMR chemical shifts are examined and
shown to be influenced by some of the same factors that affect
hydroxymethyl rotamer populations.

Experimental Section

General Methods. Most NMR spectra were run at 300 K in high-
quality 5-mm NMR tubes on Bruker AMX-600, -500, or -400
instruments at concentrations between 10 and 15 mM. The spectra of
8 and 9 were recorded on a Bruker AC-250 NMR spectrometer at

J. Am. Chem. Soc., Vol. 120, No. 42,1855

Methyl o-p-[4-13C]Glucopyranoside (3). b-[4-*C]Glucose (99%)-
(248.9 mg, 1.37 mmol) was converted to metloyb-[4-°C]gluco-
pyranoside (70 mg, 26%) by the method of Bollenb&tkp 165
166 °C, lit.*8 166—-167 °C.

Methyl  2,3,4,6-Tetra-O-[?Hz]methyl-o-p-[4-13C]glucopyrano-
side (2b). Compound3 was methylated as for compouddabove to
give a clear oil (30.2 mg, 35%):0]?% +140 (c 0.22, MeOH), lit#6:47
[0]?% +14C (c 1.0, HO); MS Mz 232 (1.0%, M" — OCHg).

Methyl 6-O-(tert-Butyldimethylsilyl)- a-D-glucopyranoside (4).
Compoundl (3.88 g, 20 mmol) andert-butyldimethylsilyl chloride
(3.32, 22 mmol) were dissolved in pyridine (40 mL) and stirred
overnight at room temperature. Water (25 mL) was added, and the
mixture was extracted with ether (640 mL). The combined extracts
were dried (MgS@ and concentrated to a solid residue that was
recrystallized from hexanegther to givet (3.08 g, 50%) as a colorless
solid: mp 155-156°C, lit.*° 155—157°C; *H NMR spectrum identical

concentrations between 1.5 and 8 mM or, where necessary, at 400 MHz;, it -49 130 NMR (CDCh, 62.9 MHz,8) 99.2 (C1), 74.5 (C3), 72.1

on a Bruker AMX-400. Chemical shifts are given in parts per million
(+0.01 ppm) relative to TMS (chloroford-and C9) or referenced to

a solvent line as an internal standard as follows: cyclohexiand-38
ppm (singlet); tolueneh,, 2.05 ppm (quintet); tetrahydrofurahi, 1.73
ppm (singlet); dichlorometharg; 5.32 ppm (triplet); acetondr, 2.05
ppm (quintet); methanatk,, 3.31 ppm (quintet); acetonitrilds, 1.94
ppm (quintet); dimethyl sulfoxideh,, 2.50 ppm (quintet); wated,,
4.63 ppm (singlet). Spectral patterns were analyzed initially by first-
or second-ordéf methods followed by iterative simulation with the
program LAMES&* to give coupling constants, for which the largest

(C5), 71.7 (C2), 71.0 (C4), 63.8 (C6), 55.1 (OMe), 25:9(CHa)3),
18.3 (—=C(CHy)s).

Methyl 2,3,4-Tri- O-[2H3]methyl-6-O-(tert-butyldimethylsilyl)- a-
p-glucopyranoside (5). Compound4 was methylated by the method
used to prepar@a and2b. The title compound5) was purified by
dry-column flash chromatography to give a clear oil (1.07 g, 30%):
IH NMR spectrum identical to lit!? **C NMR (CDCk, 62.9 MHz,0)
97.3 (C1), 83.6 (C3), 81.8 (C2), 79.1 (C4), 71.4 (C5), 62.1 (C6), 54.9
(OCHg), 25.9 (—-C(CHj3)3), 18.3 (—C(CHy)s).

Methyl 2,3,4-Tri- O-[2H3]methyl-a-b-glucopyranoside (6). Com-

uncertainty was:0.05 Hz. The average difference between transitions pound5 (1.07 g, 3 mmol) was desilylated by the method of Franke

in experimental and calculated spectra was 0.15 Hz, and largestang Guthrié? to give 6 after chromatography as a colorless oil (226.9

differences were typically 0.49 Hz. Infrared spectra were recorded on mg, 30%): [t]22 +15C (c 0.1, CHCE); lit.475°[0]2% +15C (c 0.1

a Nicolet 510P FTIR spectrometer using NaCl solution cells with lead CH’CI3)' 13C NMR (CDCh 62.9 MHz 5) 97.6 (C1), 83.3 (C3) 818

spacers for solutions. _ ~ (C2),79.6(C4), 70.5 (C5), 62.0 (C6), 55.2QH:); MS m/z214 (1.3%,
Sodium hydride was purchased from Aldrich as a 60% dispersion \+ — OCH).

in mineral oil, then washed repeatedly with pentane in an argon  \ethyl 2,3,4,6-Tetra-O-acetyl-a-D-glucopyranoside (8) and Meth-

atmosphere before useN,N-Dimethylformamide was dried over | 2 3 4 6-TetraO-benzoyl-a-p-glucopyranoside (9). Compoundl

MgSQ; for 48 h followed by vacuum distillation and stored over 4-A  \yas acetylated and benzoylated using standard techniques to give

molecular sieves. Pyridine was dried by reflux and distillation over compounds (mp 100-102°C, Iit.5* mp 100-101°C) and compound
calcium hydride. Anhydrous methanol was obtained by reflux and g (mp 106-108 °C, lit.52 mp 105°C, lit.53 mp 107-108 °C).

distillation over Mg(OMe). Anhydrous THF was obtained by pre-
distillation over BOs followed by reflux and distillation over sodium/
benzophenone. Amberlite IR-120) ion-exchange resin was purchased )
from Aldrich and prepared for use in the'Horm by gentle stirring Methyl 2,3,4,6-tetra®-[?Hzmethyl<a-D-glucopyranosideZa),

for 24 hiin 1.0 M HCI, filtration, and rinsing with anhydrous methanol. methyl 2,3,4,6-tetr®-[?Hz]methyl-o-p-4-[**C]glucopyranoside

All solvents used for extraction and recrystallization were distilled (2b), and methyl 2,3,4-trd-[2Hz]methyl-a-p-glucopyranoside
before use. Melting points were determined with a Fistdahns (6) were synthesized from methgl-D-glucopyranosidel) or
melting point apparatus and are uncorrected. Specific rotations were p-[4-13C]glucose by methods identical to or similar to those used
measured on a Perkin-Elmer model 141 polarimeter. Mass spectra werggy preparation of their nonlabeled analogd@és:4°

run on a Dupont-CEC 21-110 (electron ionization (El)) double-focusing
mass spectrometer with an El energy of 70.0 eV. Thin-layer chroma-

Results

tography was performed on 0.20-mm-thick Merck silica gel 60F-254 o
aluminum plates. Components were visualized by spraying with a 2% O

ceric sulfate solutionn 1 M H,SO, followed by heating on a hot plate

until discoloration occurred. Dry column flash chromatography was CD,0
performed on TLC grade silica gel using a gradient elution from hexane 6 OCH,

to ethyl acetate.

Methyl 2,3,4,6-Tetra-O-[?H3]methyl-a-p-glucopyranoside (2a).
Methyl a-p-glucopyranosidel) (1.51 g, 7.8 mmol) was methylated
using the technique of Brimacombe etbut using fHzJmethyl iodide
(99%). The product was distilled using a bulb to bulb distillation
apparatus to give 1.48 g (72%) ®é as a clear oil: bp 98C/1.3 kPa,
lit.46 bp 145°C/1.8 kPa; {22 +141° (c 0.68, MeOH), lit#647 [a]2,
+140 (c 1.0, H0); MS m/z 231 (0.78%, M — OCH).

TheH NMR spectra of2a and6 were recorded in a range
of solvents mostly at 600 and 500 MHz, respectively. The seven
spin patterns due to H1, H2, H3, H4, H5, H6R, and HES in the
spectra oRaand the eight spin patterns due to the above protons

(48) Bollenback, G. N. IlMethods in Carbohydrate Chemistiwhistler,
R. L., Wolfrom, M. L., Eds.; Academic Press: New York, 1963; Vol. Il,
pp 326-327.

(49) Franke, F.; Guthrie, R. DAust. J. Chem1977, 30, 639-647.

(50) Klemer, A.; Bieber, M.; Wilburs, HLiebigs Ann. Chem1983

(43) Garbisch, E. W., Jd. Chem. Educl968 45, 311-321;1968 45,
402-416; 1968 45, 480-493.

(44) Haigh, C. W.Ann. Rep. NMR Spectrost971, 4, 311-362.

(45) Brimacombe, J. S.; Jones, B. D.; Stacey, M.; Willard, J. J.

Carbohydr. Res1966 2, 167—169. 1416-1421.
(46) Hirst, E. L.; Percival, E. IlMethods in Carbohydrate Chemistry (51) Hudson, C. S.; Dale, J. K. Am. Chem. Sod915 37, 1264
Whistler, R. L., Wolfrom, M. L., Eds.; Academic Press: New York, 1963; 1270.

Vol. Il, pp 145-150.
(47) The literature optical rotations were adjusted for changes in
molecular weight due to isotopic substitution.

(52) Helferich, B.; Becker, Xiebigs Ann. Cheml924 440, 1-18.
(53) Pelyva, I. F.; Lindhorst, T. K.; Streicher, H.; Thiem, Synthesis
1991, 1015-1020.



10956 J. Am. Chem. Soc., Vol. 120, No. 42, 1998 Rockwell and Grindley

Table 1. NMR? Data for HBR and H6S and Rotamer Populations of Methyl 2,3,4,6-T&{fds]methyl-a-p-glucopyranosidea)

dielectric chemical shifts (ppm) coupling constants (Hz) rotamer populdtio@s)

solvent constant ¢) H6R H6S 3J5.6r 3565 gg gt tg
CeD1 2.0 3.52 3.38 4.49 1.64 67 (63) 39 (37) —6
CsDsCD3¢ 2.4 3.55 3.47 4.79 1.48 65 (60) 43 (40) -8
CS 2.6 3.43 3.34 4.90 1.70 62 (59) 43 (41) -5
CDCl, 4.8 3.59 3.57 4.02 2.42 67 30 3
THF-dg 7.6 3.51 3.45 4.94 1.82 61 (59) 43(41) -4
CD.Cl, 8.9 3.53 3.51 452 2.21 62 37 1
(CD3),CO 20.7 3.51 3.49 4.80 2.08 60 (60) 41 (40) -1
CDs0OD 32.7 3.57 3.54 4.66 1.96 63 (62) 39 (38) -2
CDsCN 375 3.49 3.48 4.75 2.48 57 39 4
D,Od 78 3.51 3.53 4.64 2.43 59 37 4

a Spectra recorded at 600 MHz unless otherwise nétBeitermined using eqs-43, with 3J values from Table 4¢ Values in parentheses calculated
assuming that the population of thgrotamer was 0%¢ Recorded at 400 MHz.

Table 2. NMR? Data for H6R and H6S and Rotamer Populations of Methyl 2,3,40F@H;]methyl-a-D-glucopyranosidef)

dielectric chemical shifts (ppm) coupling constants (Hz) rotamer populdtio@s)

solvent constant ¢) H6R H6S 3J5.6r 3565 ag gt tg
CeD1A 2.0 3.58 3.65 3.25 2.86 73 18 9
csH 2.6 3.81 3.91 4.00 2.78 68 28 4
CDCl; 4.8 3.75 3.84 4.14 3.09 60 28 12
(CD3),CO 20.7 3.62 3.71 4.61 2.06 63 37 0
CDsOD 32.7 3.66 3.72 4.66 2.06 62 38 0
CD:CN 37.5 3.57 3.67 4.85 2.16 59 40 1
DMSO-ds 46.7 3.47 3.57 5.48 1.13 58 (52) 53(48) —11
DO 80.2 3.55 3.64 4.84 1.90 61 (60) 41 (40) -2

a Spectra recorded at 500 MHz unless noted otherWiBetermined using eqs-43, with 3J values from Table 4¢ Values in parentheses calculated
assuming that the population of thgrotamer was 0%¢ Recorded at 400 MHz.

oM
H6S ¢

H2
H3 CD,HOD
H6R Hs

H4
T — T T T T T T !
3.51 3.39 3.28 3.16 ppm

e
3.62

Figure 2. Part of the experimental 600-MH# spectrum of methyl 2,3,4,6-tet@{?Hs]methyl-a-p-glucopyranoside in methandkand the
simulated spectrum: top, experimental spectrum; bottom, simulation using LAMES.

and to OH6 of6 were iteratively simulated as outlined in the

Experimental Section. The results for the HBR6S parts of HeS

the simulations in the various solvents are listed in Table 1 for

2a and Table 2 for6.545> An example of the fit obtained is

presented in Figure 2. The spectra frompy@8d cyclohexane-

d;2 solutions of6 could not be analyzed in the region containing

the HER/HE6S/H5 subspectra until the broadening caused by

coupling to the hydroxyl proton was removed by exchange. This

was performed by repeatedly shaking a samplé of water-

d followed by azeotropic removal of the watdswith toluene.
Unambiguous identification of the H6R and HES signals is

required to employ these NMR results for analysis of rotamer 3.t'so 3_24 p;m

Egﬁgll;téocr:lsﬁs?{;ﬁg?rsopﬁ??g?(e:ﬁlrli{:ﬁ s(l; fgﬁggfﬁggzﬁﬂ%ﬁh Figure 3. Part 2of the experimentlal 400-MHH spectrum of methyl

been used for this purpose. Fzm, the H6R and H6S signals 2,3,4,6-tetra®-[>Hz]methyl-o-p-[4-*C]glucopyranoside in methanol-

HER HS

. o ? ds containing the signals of H5, H6S, and H6R and its simulated
were assigned by examination of th€—C—C—H coupling spectrum: top, experimental spectrum; bottom, simulation using
constants from the NMR spectra of methyl 2,3,4,6-t@ffH;]- LAMES. 44

(54) Tables containing the complete simulation results for the seven spin methyl-o-p-[4-1*C]glucopyranoside 2b). The NMR spectra
pat(ter;ls are lncaluded in fthe SuEportlng Igformatlon. | were analyzed as fd@a above (see Figure 3). The data for the

55) H6R and H6S refer to thero-R and pro-S protons, respectively. i ) ;

(86) (@) Ohrui, H.: Horiki, H.: Kishi, H.: Meguro. Hagric. Biol. chem.  Prochiral HE's are found in Table 3. . .
1983 47, 1101-1106. (b) Ohrui, H.; Nishida, Y.; Meguro, Hgric. Biol. The correct assignment was made by determining which

Chem.1984 48, 1049-1053. assignment best fit both the experimeritkly nsand3Js ¢'s. For
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Table 3. NMR Data from the Analysis of the Spectra of Methyl
2,3,4,6-Tetrad-[?Hz]methyl-a-p-4-[*3C]glucopyranosideb)

J. Am. Chem. Soc., Vol. 120, No. 42,1188

Table 4. Torsional Angles and Limiting Coupling Constants for
Methyl 2,3,4,6-Tetrad-[?Hs]methyl-a-p-glucopyranoside2a) and
Methyl 2,3,4-TriO-[2Hs]methyl-o-D-glucopyranosidef)

chemical ) -

dielectric  Shifts (ppm) coupling constaritéiz) torsional angles (deg) limiting coupling

solvent constant§) H-6R H-6S 3Jser 3Jses 3Jcaner “Jcates H5-C5- H5-C5— O5-C5— constants (Hz)

CeD12 2.0 352 338 437 156 0.01 3.20 compd rotamer C6—H6R C6—H6S C6—06 3Jser 3565

CsDsCDs 2.4 356 348 459 172 0.36 3.09

2a  gg 519 -66.1 —69.9 1.61 225
CDs;OD 32.7 357 354 462 203 0.76 3.16 ot —169.4 717 717 9.47 1.94
aAs determined from LAME# iterative analysis. tg —65.8 175.9 1732 411 1061

6 (oo} 51.4 —66.6 —70.6 1.61 2.16
example, using the data fa?a in methanold; (Table 1), gt —1685 72.5 726 947 194
tg —66.7 175.0 171.3 3.97 10.59

assigning HER as the high-frequency proton and H6S as the
low-frequency proton gave gg.gt:tg rotamer ratio of 61:39:0, a Angles calculated using MM3(94) with modified OCCO torsional
calculated as described below. For the reverse assignment, th@arameters

rotamer ratio was 72:0:28, respectively. Using kg, values
from Tvarosk&>*2 (3Jca nsdgg/gtitg) = 0.73 Hz/0.73 Hz/ 7.92
Hz; 3Jcanedgg/glitg) = 7.90 Hz/1.89 Hz/1.26 Hz), the values
for 3~]C4,H6R and SJC4’Heswere calculated for each assignment_ taken from minima calculated fo2a USing MM3(94) with

The first assignment gives calculatéis rsr and 3Jca pss Of improved O-C—C—O torsional parameteP8 The geometry of

0.73 and 5.56 Hz, respectively, and the second assignment, 2.7%a employed in these calculations had the glycosidic OMe in
and 6.04 Hz, respectively. OnRjcs neris calculated to have  the exo anomeric position, the methyl groups on O-2 to O-4
markedly different values for the two assignments, and the first gauche to the hydrogen atoms on the attached carbons and
assignment fits the experimental coupling constant exactly (seeoriented toward O-1, and the methyl on O-6 anti to C-5. The
Table 3). stabilities of conformers having all other staggered orientations

In all solvents except watet, the signal due to H6R appears Of the methoxy groups were evaluated, but none were found
at a higher frequency than that of H6S. However, simulation that contained more than 13% of the most populated conformer.
of the patterns observed in watgr-of compound2b with The torsional angles calculated for the rotameric minima and
LAMES844 using both assignments allowed the unambiguous the coupling constants obtained from them using the Haasnoot
assignment of the higher frequency signal to H6S in this solvent. Altona equatioPf are listed in Table 4.

The assignment of the prochiral protons on C6 ofas based Second, we have also examined the effects of a more
on two facts. First, in all glucopyranose derivatives except those sophisticated approach to vibrational averaging on the magni-
where O4 and O6 bear small substituents, the signal of H6S tudes of the coupling constants. Because the Karplus equation
appears at a higher frequency than of H6Becond, the is not symmetrical about the torsional angles present in the
assignment should be such that in the most nonpolar solventrotameric minima, it might be expected that vibrational averag-
(cyclohexaned; ), the tg population should be at a maximum ing would result in different values for rotamer coupling
due to intramolecular hydrogen bonding (see below). In the constants than obtained by using the minimum energy geom-
spectrum of the cyclohexart®, solution of 6, the coupling etries. For instance, vibrational averaging about a° E8@Qle
constants are nearly identical and thus the assignment of thecan only decrease the calculated coupling constant which is at
protons does not affect the calculation of the rotamer populationsa maximum at 180 Bock and Duuevaluated this factor by
significantly; assigning the low-frequency signal as H6S results calculating three different potential energy surfaces with 3-fold
in a gggttg rotamer ratio of 73:18:9, while the opposite potentials using 2 grid searches. Each surface was totally
assignment gives 75:12:13. The assignments in more polarsymmetrical with barriers at the eclipsed conformations of 1,
solvents should result in a decreasggopulation. The result 2, or 3 kcal/mol. The resulting values gave populations that
of the assignments based on these facts is that in all solventswvere significantly worse (i.e., more negatiggrotamer popula-
the signal of H6S appears at a higher frequency than that oftions) than the values calculated directly from the rotameric
H6R for 6 in agreement with that observed for most gluco- minima?

pyranoside derivatives. We perceive two problems with this approach. First, the
Rotamer Populations. Once the assignments of H6R and  parameters in the Haasnediltona curve were derivéd
H6S have been made reliably, rotamer populations can bewithout considering the effects of vibrational averaging; there-
obtained from the tw8Js ¢ values if the coupling constants for  fore, the parameters already incorporate these effects to some
each rotamer are known. Bock and Dtioempared the various  degree. The list of model compounds used in the derivation of
strategies used for obtaining these values, including the use ofthese parameters was not provid&tyt it is stated that all were
different types of model compounds with fixed geometfigs’>’ cyclic. The greater barriers in cyclic compounds will cause
the use of values calculated from the Haasrgdtona modi-  vibrational averaging to be less important than for the exocyclic
fication of the Karplus equatiotf?®and the use of vibrationally  system considered here. Therefore, vibrational averaging should
averaged calculated values. They were unable to decide whichin theory cause the magnitudes s values for individual
method gave the best results but concluded that the similarity hydroxymethyl rotamers calculated from the Haasrddtona
of the results when the population of ttgerotamer was setto  equation to be somewhat different than the actual values of
zero allowed the use of the most convenient calculated values.coupling constants for all rotameric energy wells. Second and
Two aspects of this approach have been further investigatedmore importantly, all three saddle points on the <%
here. First, the geometries of the minima have been improved. rotational potential energy surface are different and neither the
(57) Manor, P. C.; Saenger, W.; Davies, D. B.; Jankowski, K.; Rabc- Minima nor the saddle points have ideal torsional angles.

zenko, A.Biochim. Biophys. Actd974 340, 472-483.
(58) Haasnoot, C. A. G.; DeLeeuw, F. A. A. M.; Altona, Tetrahedron
198Q 36, 2783-2792.

Bock and Duus used perfectly staggered angles for the
rotameric minima (180and+60°); here, these angles have been

(59) Rockwell, G. D.; Grindley, T. BAust. J. Chem1996 49, 379-
390.
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Table 5. Saddle Point Geometries and Energies for Methyl
2,3,4,6-Tetra@-methyl-a-p-glucopyranoside

Rockwell and Grindley

Table 6. Comparison of Coupling Constants and Populations of
2a Obtained with and without Vibrational Averaging

torsional angles (deg)

05-C5—- C4-C5—- strainenergy frequency
conformer C6—06 C6-06 (kJ mol?) (cm™)
synO5 —-0.4 120.1 35.5 —130.5
synC44 —128.8 —8.2 18.8 —104.3
synH5? 124.1 —116.5 12.7 —76.0

a Calculated using MM3(94) with modified OCCO torsional param-
eters®® PRelative to the conformer calculated to be the global
minimum, thegt conformer.¢ The imaginary frequency for the vibration
which corresponds to motion over the saddle point, listed by MM3 as
a negative numbef.Named according to the atom syn to O-6 in the
saddle point.

40 Jr— T T T T T T T
35 I
30 3 P
%‘25—; isynt
£ o5
220—:
- ]
915—_\
[} 1 %
=4 1 %
w 10 3
3 H
57 g9
0 ]
LRI LA IR B S AL LML LR B |
0 60 120 180 240 300 360

H5-H6R Torsional Angle (deg)

Figure 4. Plot of relative enthalpy from MM3(94) versus H5-C5—
C6—HB6R torsional angle for methyl 2,3,4,6-tet@amethyl-o-D-glu-
copyranosideZa).

99 gt tg
coupling constants calcd without3Jys ner 1.61 947 4.11
vibrational averaging (Hz) 8JHs Hes 225 194 10.61
calculated populations ingD12 67 39 -6
inCDCl; 67 30 3
inCD;OD 63 39 -2
in DO 59 37 4
coupling constants calcd with  3Jus Her 1.92 9.10 4.13
vibrational averaging (Hz) 3Jus Hes 240 215 10.09
calculated populations ingD12 70 38 -9
inCDCl; 70 29 1
in CD;OD 65 40 -4
in DO 61 37 2
Table 7. NMR Daté for the OH Proton of Compouné
coupling rotamer
chemical constant (Hz) population8(%)
solvent shift (ppm) 3JOH,H6R 3JOH,H6$ 1¢ e e
CDCl; 1.85 7.71 4.77 17 56 27
(CD3),CO 3.55 7.10 5.44 16 50 34
CDsCN 2.68 6.72 5.51 19 46 35
(CD53)2SO 4.67 6.29 5.60 23 42 35

2 Determined from 500-MHz spectraDetermined using equations
from Fraser et a? °See Figure 5.

6 indicate that its incorporation has very small effects on the
calculated rotameric populations. The major effect observed,
a decrease in the population of tigerotamer to negative values,
must be incorrect. Therefore, we decided to use the coupling
constants calculated directly from the geometries of the rota-
meric minima for both compoundza and 6.

Once limiting values of the coupling constants have been
obtained, the rotameric mole fractions can be evaluated from

These factors have been evaluated by locating the saddle€ds 1-3:

points by dihedral angle driving using MM3(94) followed by
full-matrix Newton—Raphson minimization of the saddle point
geometries to give conformations with one imaginary infrared
frequency. Then, the dihedral angle driving from the saddle
points to the minima gave a° knergy grid that was used to
generate Boltzman distributions in each energy well. This
approach to defining a potential energy surface avoids the

3‘]H5,H6R = 3JR,gg fgg + 3‘JR,gt fgt + 3‘]R,tg ftg )
*Jns es= Jsgg Fag + Jsgt fgr T s fig (2)
1= fgg + fgt + ftg 3)

hysteresis effects commonly observed just beyond the saddlewherefgyg, fy, andfiy are the mole fractions of the three rotamers

points, when dihedral angle driving is used to proceed from
one minima to another. The Boltzman distributions were then

employed to determine average coupling constants for each well

from the calculatet¥ coupling constants at each point on the

and the?J values are the limiting values of the coupling
constants in the three different conformations.

NMR Spectroscopy of the Hydroxyl Proton of Compound
6. The magnitudes of the coupling constants of the OH proton

grid. The geometries and energies of the saddle points are listedo the prochiral protons of C6 (see Table 7) can reveal
in Table 5. Saddle points are named according to the atominformation about the orientations of the proton which can, in

that is eclipsed with O6. Figure 4 shows a representation of
the C5-C6 rotational potential energy surface calculated in this
way.

This calculation suggests that the barri&dHf) to inter-
conversion of thgg andgt rotamers via thég rotamer and the
synC4 saddle point would be 18.8 kJ-mél The barrier to
this rotation fom-glucose and methyl-p-glucopyranoside was
calculated from results in a pafeon the ultrasonic relaxation
of these compounds to be 19.2 kJ-rioif it is assumed that
the gg and gt rotamers are equally populated, in excellent
agreement with the calculation.

Although vibrational averaging should influence the rotameric

turn, be correlated with hydrogen bonding. Karplus-type
equations have been developed to relate the magnitudes of
hydroxyl vicinal coupling constants (HO—C—H) to the
corresponding torsional angl&s®2 There are three possible
staggered rotamers (see Figure 5) about the@& bond. The
limiting values of the coupling constantsgfucne= 2.05 Hz,
Janii = 12.1 Hz), calculated with the Karplus relation of Fraser
et al®2 assuming perfectly staggered geometries, were employed
to determine hydroxyl rotamer populations using egs81
Infrared Spectroscopy of Compound 6. The importance
of hydrogen bonding foi6 was also examined by infrared
spectrometry. The infrared spectrum was recorded in anhydrous

coupling constants to some extent, the results shown in Tablehexane over a range of concentrations from 5 to 20 mM. No

(60) Behrends, R.; Cowman, M. K.; Eggers, F.; Eyring, E. M.; Kaatze,
U.; Majewski, J.; Petrucci, S.; Richmann, K. H.; Riech, 31.Am. Chem.
So0c.1997 119 2182-2186.

(61) Rader, C. PJ. Am. Chem. Sod.969 91, 3248-3256.
(62) Fraser, R. R.; Kaufman, M.; Morand, P.; Govil, Gan. J. Chem.
1969 47, 403—409.
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c5 cs c5 groups were-66.5 for the gg rotamer and+65.0° for thetg
H H rotamer3® However, the steric effects of substituents in the 101
H HH . structures on O-6 may alte.r the inherent preferences toward
S n R TS R TS Hg values that are closer to being perfectly staggered. The O5

| I m C5-C6—06 angles in thgt rotamers in crystals of methgl-p-
glucopyranosid¥ and a-p-glucopyranos® were 73.9 and
70.2, respectively, as determined by neutron diffraction. In
a-D-glucopyranose hydrafé,the gg rotamer had an angle of

changes in the spectrum were noted over this concentration—87-F. These values are very similar to the values calculated
range, and therefore, it was concluded that intermolecular here and thus also support the use of these calculated values to

hydrogen bonding was insignificant. The spectrum (Figure 6) d€términe rotameric coupling constants.

shows a sharp peak and very broad peak. The narrow peak at SOM€ negative populations values remain (Tables 1 and 2),
3613 cnt! was assigned as the non-hydrogen-bonded signal. indicating that there is still a need for improvement either in
The very broad peak was assigned to the OH stretches ofthe geometries or in the calculation of the coupling constants
different hydrogen bonds. The extinction coefficient of the from the geometries. The geometries are probably solvent

various O-H stretching peaks could not be determined directly, dependent to some extent and may be slightly different than
but estimates of the extinction coefficient for the non-hydrogen that calculated by MM3. The calculated coupling constants do

bonded peak from the literatde indicated that 7696% of not incorporate the effect _of changes in bond angles which have
the OH6's were hydrogen bonded. The assumption that all of Pe€n showfT to affect their magnitudes to a very small extent
the hydrogen bonding is intramolecular in tirotamer is not &t the sizes of bond angles observed at C-6 in the solid $tate.
consistent with the results from the analysis of hydroxyl group  Solvent Effects on the Rotameric Equilibria. Surprisingly,
rotamers from NMR spectroscopy (vide infra). However, this the rotamer populations fo2a in 10 different solvents are
amount of intramolecular hydrogen bonding is reasonable if €ssentially independent of the nature of the solvent. There
hydrogen bonding also takes place in rotamers other than the@PPears to be a slight increase in the population ofghetamer
tg rotamer. at the expense of thgg rotamer with the population of thgt
The infrared spectrum & was also run in acetonitrile, and ~ rotamer unchanged, but this observation is at the limit of
intramolecular hydrogen bonding was also noted there. This Uncertainty of the method.
is not surprising given that, even in DMSO, there is evidence ~ This observation is in sharp contrast to those for the two
that intramolecular hydrogen bonds are present for mono- @homers of methyl 2,3,4-t@-methyl-o-galactopyranoside 6-di-
saccharide solutions to a very limited extéhfAcetonitrile is methyl phosphate, where tigt rotamer po_pulat|on increased
not an especially good hydrogen bond acceftand the NMR ~ Mmarkedly at the expense of thig population as the solvent
results in this solvent (see Table 2) indicate thattthestamer ~ became more poldrThis change was explained as the result
is not significantly populated. Therefore, the hydrogen-bonded Of decreasing 1,3-electrostatic repulsions in ¢heotamer in
O—H stretch in acetonitrile must be due to intramolecular Polar solventwhich stabilize it by 1.6-2.5 kJ with respect to
hydrogen bonding in the other rotamers. thetg rotamer but may be due_to the smaller dipole moment of
Reanalysis of Literature Data. The rotamer populations ~ thetg rotamer. Thegg population was unaffected by changes
for a series ofa-D-glucopyranose derivatives with different N solvent? therefore, the effect of solvent on its stability must

Figure 5. Hydroxyl rotamers about the €806 bond of methyl 2,3,4-
tri-O-methyl-o-D-glucopyranosideq).

substitution at C-4 mostly obtained by Bock and Dufrsm be intermediate between the effects on those of the other two

the 3Jus 16 values measured in water were redetermined using fotamers.

the limiting coupling constants derived faa and6 above and The small size of the observed solvent effect on rotamer

are listed in Table 8. populations of compoun#a can be explained as follows. In
nonpolar solvents, thegy rotamer is disfavored with respect to

Discussion the other two rotamers by inherent factors. It has the largest

The accuracy of the analysis of the rotameric populations dipole moment (2.72 D calculated by MM3(94) versus 1.35 and

> ) - 1.90 D for thegg and gt rotamers, respectively), and its
depends on the values of the limiting coupling constants assigned . .
to each rotamer as well as the accuracy of the experimental'OOpUkjltlon should be affected by solvent polarity as observed

. : for the more polar rotamer of methyl 2,3,4-@Hmethyld-

coupling constants (see data faerp-glucopyranose in Table . .

. i . . galactopyranoside 6-dimethyl phosph&tdowever, the popula-
8). Previous analyses have yielded substantiab@b) negative ! . A

: . tion of thetg rotamer is below the level of detection in nonpolar
populations for thetg rotamer ofa-D-glucopyranose deriva- : L
48917 : e . solvents. Therefore, the small observed increase with increased
tives2~489.17"These populations must arise either from incorrect

L . . S solvent polarity (Table 1) is probably real but is difficult to

values of the limiting coupling constants or inaccuracies in the . ; o
- R ; qguantify due to the low populations and the uncertainties
experimental measurements. The limiting values obtained here.

using nonstaggered geometries as calculated by MM3 almosthOIVed'

eliminate this problem and hence validate the use of theseSi i?fﬁc%%?g%i?gc?:ir??ct)?alr?w;aboleuzlart(iac:/r?:l\l;htgr?t t:iﬁrefz)rr?q
geometries. Surprisingly, incorporation of vibrational averaging a?non olar to a polar solvent (seeFI):ipure 7 Forinstgancg when
does not improve the results. P P 9 ) ’

The nonstaggered geometries obtained by calculation can bet he solvent was changed from cyclohexahigto waterd, the
compared with geometries from the solid state. The-O5— (64) Jeffrey, G. A.; McMullen, R. K.; Takagi, $\cta Crystallogr., Sect.

C6—06 torsional angles calculated here wet@0® and—71° B 1977 B33 728-737.

for thegg rotamer andt72° and+73° for the gt rotamer in2a 65((56_56‘3)5%@"”' G. M. Levy, H. AActa Crystallogr., Sect. B979 B35

and6, respectively. Average angles from 101 structures with  (66) Hough, E.; Neidle, S.; Rogers, D.; Troughton, P. G. Atta

gluco configurations and hydroxymethyl or acyloxymethyl Crystallogr., Sect. BL973 B29, 365-367.

(67) (a) Barfield, M.; Smith, W. BJ. Am. Chem. Sod992 114, 1574~
(63) Kamlet, M. J.; Abboud, J.-L. M.; Abraham, M. H.; Taft, R. /. 1581. (b) Barfield, M.; Smith, W. BMagn. Reson. Chem993 31, 696—

Org. Chem.1983 48, 2877-2887. 697. (c) Imai, K.; Osawa, BMagn. Reson. Cheni99Q 28, 668-674.
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3700 3600 3500 3400 3300 3200
Wavenumbers (cm-1)

Figure 6. Part of the infrared spectra of methyl 2,3,4®@imethyl-a-p-glucopyranoside) containing OH stretching vibrations in acetonitrile
(top) and hexane (bottom). The free OH stretch in acetonitrile is masked by residual water.

Table 8. Observed Coupling Constants and Calculated Rotamer Populationsti@lucopyranose Derivatives in Watds-

3usher  nis.es population (%) population (%)
compd (Hz) (Hz) ref gg gt tg [os] gt tg
o-D-glucopyranose 5.8 2.8 74 52 (51) 50(49) —2 42 50 8
5.8 1.0 4 65(52) 60(48) —25 55(49) 57(51) -—12
5.8 1.9 3 58 (51) 56(49) —14 48(47) 54(53) -2
5.34 221 here 60(55) 49(45) —9 51 a7 2
methyla-p-glucopyranosidel) 5.4 2.3 2 57(53) 50(47) -7 48 48 4
6-O-methyl-o-D-glucopyranosé 5.73 2.37 2 55(51) 52(49) -7 45 52 3
methyl 2,3,4,6-tetr&®-methyl-o-p-glucopyranosideZa) 4.64 2.43 here 66(62) 40(38) —7 59 37 4
methyl 2,3,4-triO-methyl-o-D-glucopyranosideq) 4.84 1.90 here 68 (60) 45(40) —13 61(60) 41(40) -2
methyl 4-deoxye-p-glucopyranoside 6.20 3.03 2 45 54 1 33 55 12
methyl 4-amino-4-deoxyx-D-glucopyranoside 5.40 2.46 2 58 (54) 49(46) —6 48 47 5
methyl 4-ammonio-4-deoxyg-D-glucopyranoside 4.64 3.7 2 56 34 10 48 33 19
methyl 4-deoxy-4-thiax-p-glucopyranoside 5.0 2.0 2 65 (58) 47 ((42)-12 57 43 0

a Calculated using eqs-3 and the limiting values used by Bock and DédusCalculated using eqs-13 and the limiting values calculated here
(see Table 4) using the values fda for compounds with O-6 substituted and those édfor the others¢ The coupling constants reported by
Padim and VaquezP 4.7 and 3.4 Hz, appear to be wrong and yield very different populatiohse populations reportédor this compound
were incorrect; application of eqs-B using the reportédcoupling constants gave results different than those repérted.

O=H He H Hs _e—1
H Hg \‘-o H 0, ‘b H=o L) K 2¢+1 )
MeO MeO MeO
Correlations of the hydroxyl NMR parameters to solvent
g9() gt fot) parameters are informative with respect to the extent of
Figure 7. C5—C6 rotameric conformations in which OH-6 can act as intramolecular hydrogen bonding. As expected, there is a very
an intramolecular hydrogen bond donor. good R2 = 0.985) correlation between the chemical shift of

) the hydroxyl proton angby.. The populations of rotamers I
amount of thegt rotamer increased from 18% to 40%, that of anq |I| (see Figures 5 and 7) correlate very well with but
thetg rotamer decreased from 9% to negligible, and that of the thjs could be a product of the small data set and the asymptotic
gg rotamer decreased from 73% to 60%. It should be noted ya)yes ofe, for polar solvents. The population of rotamer |
that the values in the most polar environments are virtually snows no correlation to any of the solvent parameters.

identical to the rotamer populations f2a, where the group on The three rotamers of the OH group each have different
C-6 cannot be a hydrogen bond donor. The presence of . L )
potentials to hydrogen bond. Rotamer | cannot participate in

significant amounts of thig rotamer in nonpolar solvents can any intramolecular hydrogen bonding (see Figures 5 and 7)
only be due to intramolecular hydrogen bonding of OH-6 to y ydrog 9 ch )
This rotamer should be most favored when intermolecular

0O-4 because no other factor would favor this conformer under . .
P bonding dominates. Rotamers Il and Il are capable of
nonpolar conditions. . . ) :
Thet lation. if d dent on int lecular hvd intramolecular or intermolecular hydrogen bonding depending
€1g popuiation, It dependent on intramolecular nyarogen -, y,q geometry around the €&6 bond (see Figure 7). In

2223”:3} Sg?;rlr?e?ée? ﬁ]e?;c(iozlﬁeggdo%%t tgfe ?&ir;%?r;hbgvcg thegg andtg rotamers, intramolecular hydrogen bonds can form
ptor p : ’ 9 in hydroxyl rotamer Il from OH6 to O5 and O4, respectively.

a much better correlation to the Kirkwood function, (see eq In hydroxyl rotamer Ill, OH6 can hydrogen bond to the ring
4), which was developed for examining solvent effects on neutral - . .
oxygen (O5) in thegt conformation. Increases in solvent

8
polar molecules: polarity bring about decreases in the populations oftthend

(68) Chastrette, M.; Rajzmann, M.; Chanon, M.; Purcell, KJFAM. gg populations apd corresponding decrgases in the population
Chem. Soc1985 107, 1—11. of rotamer Il and increases in the population of rotamer I. These
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results are consistent with the conclusion that intramolecular more populated when O4 is methylated (compoueland6).
hydrogen bonding occurred in these rotamers in nonpolar Neither steric effects nor hydrogen bonding can influence this
solvents. ratio which must be caused either by electronic factors or by
The infrared spectra of compouid(see Figure 6) support  disruption of interactions with solvent.
this conclusion. The very broad peak in the hydrogen-bonded Other substituents on C-4 also affect this ratio as listed in
O—H stretching region of in hexane indicates that there is Table 4. The 4-deoxy and 4-amino-4-deoxy derivatives have
more than one type of intramolecular hydrogen bond present. larger relativegt populations, while derivatives with 4-thio and
The observed changes in rotamer population$fas solvent 4-ammonium groups give larger relatigg populations. The
polarity increases are most likely due to gradual weakening of increases in the population of tiig rotamer for the 4-deoxy
the intramolecular hydrogen bonds. The population trends in and 4-ammonio-4-deoxy derivatives are caused by removal of
polar solvents are due to the rotamer populations returning to the 1,3-repulsion and intramolecular hydrogen bonding, respec-
their non-hydrogen-bonded population levels. The rotamer tively, as previously discusséd.
populations in wated, are almost identical to those in the Understanding of the solvation of carbohydrates is gradually
permethylated derivativea, where no intramolecular hydrogen increasing as a result of intense current interest. Solvation has
bonding can occur. These results are contrary to what has beemeen discussed in terms of two contributions: one is the
predicted based on the calculated behavior of 2-(hydroxy- polarization effect on the intrinsic stability of the molecule and

methyl)- and 2-(methoxymethyl)tetrahydropyr&n. _ the other is the direct solvensolute interactions that include
~ The small population of the hydrogen-bondgdotamer is hydrogen bondin§® Both factors could influence hydroxy-
in marked contrast to the results of Beeson &t ah (1S2R,49- methyl rotamer populations. The equal rotamer populations for

4-tert-butyl-2-(hydroxymethyl)-1-methoxycyclohexari§.(This 2aand6 in water suggest that hydrogen bond donation of OH-6
to water is not important in solvation of these molecules or
possibly that electronic factors of methyl substitutiofbicancel
hydrogen-bond donation 2a. However, the polarization effect
of solvent on the intrinsic stability of the rotamers should be
fairly similar for 2a and 6, suggesting that this is the primary
7 way that solvation affects rotamer populations, consistent with
the calculations of Barrows et &l.

Another view of solvation of carbohydrates in water is that
the process depends on how well the carbohydrate molecule
fits into the three-dimensional hydrogen bonding network of

OH

MeO

compound was present in chloroform as a rotameric mixture of
which the hydrogen-bonded rotamer constituted 74% of the
total, whereas solutions of the corresponding 2-methoxymethyl

: 34 ; . :
analogue contained none of thg rotamer* In comparison, \ater Pparticular carbohydrates that have pairs of oxygen atoms
the tg population in6 is negligible in chloroform, presumably  {he same distance apart as the distance between the oxygen

because the other rotamers are favored by reduced SsteriGyomg of water are solvated beti®The 1,3-diaxially related
repulsion due to the replacement of a {13y an oxygen atom, pair of oxygen atoms in at C-2 and C-4 in talopyranose

by the gauche effect, and by hydrogen bonding of OH-6 10 O-5 qerjyatives are postulated to fit into the structure of water

discussed previously. _ particularly well”® However, O-4 and O-6 of glucopyranose
As solvent polarity increases, the population ofgiggotamer are the same distance apart if the hydroxymethyl group is in

of 6 decreases, while that of trgt rotamer increases. This 64 rotamer, suggesting that this rotamer should be particularly
change probably reflects the decreasing amount of hydrogent,,oreq in water if G-O distance is the only factor. The
bonding with increased solvent polarity. Frcalculationswith  5psence of a preference for this rotamer indicates that factors

MM394 indicate that the dipole moments of thg, gt, andtg other than matching water's OO separation distance are more

rotamers are 1.67, 2.16, and 2.98 D if the-@%—-06—H important, consistent with contributions from a number of
conformation is anti, the most stable arrangement Zar factorsé9b

However, for6, the most stable arrangements at the default Solvent Effects on the HBR-H6S Chemical Shift Differ-

dielectric constant has the €£6-06—H conformations ence. For almost all glucose derivatives, the signal of H6S

gauche to allow hydrogen bonding and in this arrangement, thea :
. ppears at a higher frequency than that of H6R. For compound
rotamer dipole moments are calculated to be 2.84, 3.15, andZa, in all solvents other than watek; this chemical shift order

e e 1 e ione i o reversed. meresingy. for meiy 23,4 mety

h —64.7 versus+68.1°, and the calculation at a larger o-D-glucopyranosided) and 60-methyta-D-glucose’ the HE

g_elgg,_ ) Ih’ h | f 9 signals have the normal chemical shift order for glucose
rcl)(taa?ﬁg;C tgggiteg]t\,/e?&siggng"es‘Fh:s:r:/%ﬁjegosrf %;??Eat derivatives. Thus, the chemical shift reversalemust be a
hvd ' b d: : h t N : h ggth ¢ substituent effect that occurs only when both &6l O4 are
ydrogen bonding 1S somewhat stronger in Yuet 1an theg substituted. A study of acetylated and benzoylated carbo-
rotamer, and that, combined with the greater polarity of the latter hydrates in chloroforne by Rao and Perlin showed a similar

(Iﬁr%er di:1pole n;otrin(re]nts for both OH rotamers) explains the chemical shift exchange which occurred only when both O6
change in populations. . . . andO4 were acetylated, but the analogous benzoylated deriva-
There is an interesting trend relating the relative populations
of the gg and gt rotamers to the structure of the substituent at  (69) (a) Ma, B.; Schaefer, H. F., IlI; Allinger, N. L1. Am. Chem. Soc.
C4 (see Table 8) that only became apparent when the originalé998 120C3§11¥34t12|2- (B) %Irehsen, lé.hJ.; Hi\w(lggz,7 GggD'é#TSéd' D. A,
. S H ramer, C. J.; lrunlar, D. eor. em. AC A 3 .
dat& was reanalyzed Wlt_h the bgtter limiting coupling constants (70) (a) Galema, S. A.: Blandamer, M. J.; Engberts, J. B. FJ.MAM.
derived here and combined with that for the new compounds chem. Soc199q 112, 9665-9666. (b) Galema, S. A.; Hgiland, B. Phys.
considered here. Now, it can be seen thai-glucopyranose ~ Chem.1991, 95, 5321-5326. (c) Galema, S. A.; Blandamer, M. J.; Engberts,

ot ; ; ; J. B. F. N.J. Org. Chem1992 57, 1995-2001. (d) Galema, S. A.; Engberts,
derivatives in water with a free hydroxyl group at C4 (first four 3 B.F. N.J. Phys. Cheml993 97, 6885-6889. (¢) Galema. S. A Howard,

entries in Table 8) have thgt rotamer population greater than g . Engberts, J. B. F. N.; Grigera, J. Barbohydr. Res1994 265, 215—
or equal to that of thgg rotamer, whereas the gg rotamer is 225,
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Kirkwood Function

Figure 8. Plots of the chemical shift difference between H6R and
H6S against the Kirkwood function, eq 4a) methyl 2,3,4,6-tetra-
O-acetyla-p-glucopyranoside8); (v) methyl 2,3,4,6-tetr®-benzoyl-
a-D-glucopyranoside9); (l) methyl 2,3,4,6-tetr®-[?Hz]methyl-a-p-
glucopyranoside2a); (®) methyl 2,3,4-triO-[?Hz]methyl-a-p-gluco-
pyranoside ).

tives did not show the chemical shift rever&salhe results were

Rockwell and Grindley

We believe that the solvent effect is a result of HES being
present on thex face of the glucose molecule in both of the
dominant rotamersg@ and gt). lts relatively fixed location
means that its solvation environment is relatively unchanging,
and thus solvent effects on its chemical shift, such as polar
deshielding effect& are observed. The H6R proton is present
on thea andj faces in thegg and gt rotamers, respectively,
and thus, its solvation environment varies resulting in small
chemical shift effects. This hypothesis is supported by the
results for the galactose derivatives where both protons shift
from the a to § faces and there is no evidence that either
chemical shift is affected significantly by changes in solvent.
A similar mechanism would apply to the peracetylated ¢ase.
The fact that the feature is not observed for larger substituents
such as benzoyl groups is due to perturbation of the solvent
shell caused by the large nonpolar phenyl ring. In these
situations, H6S and H6R have similar solvent effects and no
reversal is observed.

Unlike compounda, for 6, there was no relationship between
solvent polarity and the chemical shift difference of HER and
H6S. This result is consistent with the proposed mechanism
presented above. For compouhdnd for other glucopyranose
derivatives with OH-6 free, the hydroxyl group has a different
solvation shell in different rotamers. Thus, despite the fact that
H6S spends most of its time on tleside of the molecule as

interpreted as being the result of the magnetic anisotropy of do 2a, 7, and8, the solvation shell changes as the rotamers

the acetyl groups on O6 and O4.

To evaluate the relative importance of solvent effects and
anisotropy on these chemical shift effects, tHeNMR spectra
of methyl 2,3,4,6-tetré@-acetyla-p-glucopyranoside8) and
methyl 2,3,4,6-tetr&-benzoyle-D-glucopyranosided) were
recorded in a number of solvents and the HG#6S chemical
shift differences were determined. As previously obsefved
for solutions in chlorofornd, the signal of H6R appeared at a
greater frequency than that of H6S in all solvents &r
Surprisingly, the signals of H6R f& also appeared at a larger
frequency in all solvents although the chemical shift differences

were much smaller, contrary to the observation made for the

B-analogue in chloroforna:”*
The H6R-H6S chemical shift differences f@a, 6, 8, and9

OR
0
RO
RO
RO
OCH,
8 R=Ac
9R=Bz

were correlated with the Kirkwood functiory, eq 4), which

interconvert and the chemical shift of H6S is no more sensitive
to solvent than that of HER.

Conclusions

The solvent dependence of the population of the hydroxy-
methyl rotamers ob-glucopyranoses has been determined by
examination of two derivatives through analysiS#fs yer and
3Jus Hes Values and by consideration of evidence for hydrogen
bonding through infrared spectroscopy &ddon values. The
application of nonstaggered geometries from MM3 calculations
for the derivation of rotamer coupling constants rather than
assuming perfect staggering resulted in improved values of
rotamer populations. Vibrational averaging based on a Boltz-
mann distribution of populations of conformations in each
rotamer potential energy well did not improve the calculated
populations further.

Unlike galactose derivatives, when O-6 is substituted, glucose
rotamer equilibria are independent of solvent polarity. When
0-6 is unsubstituted, there are changes in rotamer population
as solvent polarity increases; however, once the solvent is of
sufficiently high polarity, intramolecular hydrogen bonding
ceases to be significant and the rotamer populations are identical

to the populations when hydrogen bonding is not structurally

has been used to examine solvent dielectric effects on neutralyossiple. Thus, hydroxymethyl rotational preferences in water

polar molecules (see Figure )72 For 2a and 8, the H6S-
H6R chemical shift difference depends egn with slopes of
—0.39 and—0.64 ppm, while for6 and9, the chemical shift
differences are almost solvent independent. Z&pthe chemical
shift reversal in wated, is caused by the change in solvent

polarity. Regression analysis indicates that the signal of H6S
moves to a higher frequency as solvent polarity increases while

that of HBR remains fixed (3.52 0.09 ppm). When the solvent
polarity reaches its maximum in watds; H6S has shifted
beyond H6R to give the chemical shift reversal (see Figure 8).

(71) Rao, V. S.; Perlin, A. SCan. J. Chem1983 61, 2688-2694.

(72) (a) Onsager, LJ. Am. Chem. Socl936 58, 1486-1493. (b)
Abraham, R. J.; Cooper, M. AJ. Chem. Soc. B967 202-205. (c)
Abraham, R. J.; Siverns, T. M. Chem. Soc., Perkin Trans1972 1587
1594.

are not affected by hydrogen bond donation of OH-6 to water.
It has been shown through infrared ald NMR analysis

that significant intramolecular hydrogen bonding takes place

in all rotamers in nonpolar solvents and that intramolecular
hydrogen bonding is present (although much weakened) in
solvents as polar as acetonitrile.

The absence of a solvent effect on the relative populations
of the gt and gg rotamers for fully methylated derivativea
must mean that both rotamers are stabilized equally as polarity
increases. The observed stabilization of theotamer from
negligible to just observable as polarity increases is probably

(73) Buckingham, A. D.; Schaefer, T.; Schneider, WJGChem. Phys.
1960 32, 12271233.
(74) Bock, K.; Thggersen, Hinn. Rep. NMR Spectrosk982 13, 1-57.
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due to reduced electrostatic repulsions between O-4 and O-6solvent effect on the chemical shift difference is attributed to
and favorable solventsolute interaction because this rotamer the fact that one of the two protons stays on the same side of
has the largest dipole moment. In nonpolar solvents, the the pyranose ring in the two populated rotamers while the other
derivative with O-6 not methylate@) had enhanced populations  proton exchanges environments. If larger substituents are
of thetg andgg rotamers that reverted to the same populations present on O-6 or if OH-6 is not substituted, the solvent cage
as present forawhen the polarity of the solvent was increased is disrupted and the normal chemical shift order is observed.
to that of water. The decrease of the population of tipe
rotamer is due to the loss of intramolecular hydrogen bonding ~Acknowledgment. T.B.G. and G.D.R. thank NSERC for a
of OH-6 to O-4. The decrease in the population of tige research grant and scholarships, respectively. We are grateful
rotamer of6 in favor of the gt rotamer as solvent polarity {0 Dr. M. Lumsden of ARMRC, Dr. lan Burton of IMB, and
increases is ascribed to loss of its somewhat stronger hydrogerPr- J. R. Brisson of NRC for recording 400-, 500-, and 600-
bonding and to the fact that thg rotamer has a larger dipole MHz NMR spectra, respectively. We are grateful to ARMRC
moment. for providing NMR time to record the other spectra. We thank
The well-knowr#3 “reversed” chemical shift order of the two ~ Dr- A. S. Serianni for the generous gift of #€]glucose.

C6 protons of peracetylated glucopyranose derivatives was . . . . .
shown to be a result of solvent effects in addition to the accepted S”ppomf‘g Inf(_)rmatlon Available: Table_s containing the
complete simulation results for the seven spin patterns (5 pages,

explanation, the anisotropy of the acetyl group. It was . >
demonstrated that permethylated derivatives also give thep”nUPDF)' See any current masthead page for ordering

chemical shift reversal as does methyl 2,3,4,6-t€tdaenzoyl- information and Web access instructions.
a-D-glucopyranoside while thgg-analogue does not. This  JA981958L



