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ABSTRACT

Borodeuteride reduction of methyl D-gluco-hexodialdo-1,5-pyranoside (2)
gave a 3 2 mixture of the 6(S) and 6(R) methyl 6-deuterio-a-p-glucopyranosides (3),
converted into other products having the same epimeric distribution at C-6, including
the tetraacetate (5) of 3, 6-deuterio-D-glucitol hexaacetate (6), 3,5,6-tri-O-acetyl-6-
deuteri0-1,2- O-1sopropylidene-e-D-glucofuranose (7), and methyl 2,3-di-O-acetyl-4,6-
O-benzylidene-6-deuterio-a-D-glucopyranoside (4) The deutertum-decoupled pmr
spectrum of 4 permitted differentiation of the 6-epimers and assignment of configura-
tion at C-6 for the complete sertes of derivatives The favored, but not exclusive,
disposition of the 5-acetoxymethyl group in compounds 5-7 has the acetoxyl group
antiparallel to C-4

INTRODUCTION

The 1individual assignment of the n m r signals of nonequivalent protons m a
methylene group adjacent to an asymmetric center remains a controversial problem
In studies of the series of dihydrofurfuryl and tetrahydrofurfuryl alcohols!, sugar
derivatives*~#, and 1n nucleoside systems>, the majority of investigators have resorted
to arbitrary assignments based on comparison of values of vicinal coupling with an
adjacent proton, some of the interpretations have been contradictory In an elegant
synthesis affording ethanol-I-d of known absolute configuration, Lemieux and
Howard® prepared 5-deuterio-f-D-xylopyranose tetraacetate by a route mvolving
reduction of 3-O0-benzyl-1,2-O-1sopropylidene-a-D-xylo-pentodialdo-1,4-furanose with
Iithium aluminum deuteride, and they showed by p m r spectroscopy that the product
contamned 65% of the 5(R) 1somer Perlin and co-workers? have recently described the
synthesis of specifically 4-deuterated 1-threofuranose derivatives In neither study were
signal assignments made for a methylene group that 1s free to rotate

The present study developed from a common interest 1 our itwo laboratories
in the synthesis of specifically deuterated carbohydrates® and in the biosynthesis of
deuterated, bacterial cellulose®. Work from the Ohio State laboratories'® has
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established a simple route, by photolysis of methyl 6-azido-6-deoxy-«-D-gluco-
pyranoside (1), to the corresponding 6-aldehyde 2 Reduction of 2 with borodeuteride
should afford methyl a-D-glucopyranoside (3) monodeuterated at H-6 or H-6'

CH_N, CHO CHDOH
(o} O o}
ou 1 ho OH NeBD4 OoH
z2 H1*
HO OmMe OH OMe HO OMe
OH OH OH
1 2 3

Inasmuch as this reduction might present some stereoselectivity leading to unequal
yields of the 6(R) and 6(S) 1somers, the reaction offered the possibility for unequivocal
differentiation of the n m r signals for the two methylenic sites, by conversion of 3
mto a fused, bicyclic [4 4 0] system for which the n m r assignments are unambiguous
(Jax,ax '-)é Jeq,ax)

This article’ ! demonstrates that the reduction of 2 with sodium borodeuteride
1s indeed stereoselective, giving a 3 2 mixture (3) of the 6(S) and 6(R) monodeuterated
denivatives, these were individually differentiated and assigned by examination of
the derived mixture (4) of methyl 2,3-di-O-acetyl-4,6-O-benzylidene-6-deuterio-«-D-

glucopyranosides The glycosides 3 provided the starting point for synthesis of regio-
and stereo-specifically defined derivatives (including p-glucose, D-glucitol hexaacetate,
and 1,2-0O-isopropylidene-a-D-glucofuranose triacetate) all monodeuterated at C-6
and having the 6(S) and 6(R) forms present in the ratio of 3 2, and permutted the
favored steric disposition of the primary acetoxymethyl group in methyl «-D-gluco-
pyranoside tetraacetate to be determined

DISCUSSION

The procedure already reported'® for photolytic conversion of the azide 1
mto the “aldehyde™ 2 (presumably a mixture of hemiacetalic forms) was followed,
and the product was reduced with aqueous sodium borodeuteride to give the 6-
epimeric methyl 6-deuterio-a-D-glucopyranosides (3) The mass spectrum of the
tetraacetates (5) of 3 (see Experimental) confirmed that a single deuterium atom had

been mcorporated 1nto the methyl «-D-glucopyranoside molecule.
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Benzyhdenation of the deuterated glycosides 3 followed by acetylation gave the
6-epimeric methyl 2,3-di- O-acetyl-4,6- O-benzyhdene-6-deuterio-a-D-glucopyrano-
stdes (4), whose n m r spectrum 1n benzene-dg was analyzed completely by the pro-
gram T-LAOCOON after deuterium decoupling (to suppress the H-D couplings and
thus afford sharp signals for the protons originally coupled with the deuterium atom)
That part of the spectrum containing the H-5 and H-6 signals (and also the H-4
pattern) 1s shown in Fig 1 The spectrum differs from that of 1ts non-deuterated
analog'? 1 that (a) the signals of H-6b (signal b) and H-6a (signal @) appeared as
doublets mstead of 4-line patterns, and (b) the integrated intensity for H-65 plus
H-6a totalled one proton instead of two, the proton intensity of the H-5 pattern,
which was more complex, remained at umty The H-6b signal was of intensity 0 60
proton and showed a spacing Js ¢, =5 0 Hz, and the H-6a signal had intensity 0 40
proton and showed a spacing J5 ¢, = 11 Hz, the H-6b and H-6a signals are separated
by 62 Hz and are well separated from the H-5 signal, indicating that the first-order
spacings correspond closely to the true coupling-constants

The nmr data for 4 permut the following conclusions (@) monodeuteration
at C-6 to the extent of >95% had been effected, and there was no detectable 1ncor-
poration (<5%) of deuterium at C-5, (b) the reduction with borodeuteride proceeded
stereoselectively, giving 60% of one C-6 epimer and 40% of the other, and (¢) the
major 6-epumer had the (S) co dguration at C-6, and the minor 6-epimer, the (R)
configuration at C-6

The third conclusion follows from the observed spectral mtegrals and Js ¢
couphngs for the H-6 silgnas, and the well estabhshed!? '3 CI (D) conformation of
the locked, frans-decalin type of ring system 1n derivatives such as 4 The low-field
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Fig 1 The deutertum-decoupled, 100-MHz nmr spectrum of the mixture 6R(a) and 6S(b) of
methyl 2,3-di-O-acetyl-4,6-O-benzylhidene-6-deuterio-x-D-glucopyranoside 1somers (4) in benzene-ds,
in the region showing the H-4, H-5, and H-6 signals
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proton (Hb) at C-6 shows a small coupling with H-5, and evidently 1s gauche disposed
to H-5, this isomer is preponderant. The high-field proton (Ha) at C-6 has a large
couphing with H-5, and 1s antiparallel to H-5, this is the minor 1somer The conforma-
tions of the two 1somers may be depicted 1n the Newman projection as follows

H 4 D-6a H 4 H-6a
e <> O-5 G - O-5
Ph (o] " H-6b Ph (e} " D-6b
1 as L ns
6(S) configuration (60%) 6(R) configuration {40 %)

Physical differences arising from isotopic substitution are so slight that separa-
tion of these 1somers by any physical technique at present available is out of the
question (as with the other 6-epimeric pairs reported here), but the two 1somers are
clearly differentiated by n m r spectroscopy

Fine structure observed in the H-5 signal of compound 4, a splitting of about
0 6 Hz of each principal peak in the pattern, appears to result from a long-range
coupling of H-5, most probably w:th H-1 This coupling (J ~0 6 Hz) 1s 1n accord
with Iiterature values'* for a long-distance coupling across four bonds, through an
oxygen atom, between an axial and an equatorial proton

From the foregoing results for compound 4, 1t was possible to make firm assign-
ments for the individual methylene protons in derivatives, prepared from 4, in which
the methylene group was no longer spatially fixed in a locked, 6-membered ring-
system In each example, the major (60%) 1somer (protonated at the position desig-
nated b) 1s the 6(S) form, and the minor (40%) 1somer (protonated at the position
designated g) 1s the 6(R) form

O ,H () O, D

(R)

c () c
(s)

Acetylation of compound 3 gave the 6-epumeric methyl 2,3,4,6-tetra-O-acetyl-
6-deutenio-o-p-glucopyranosides (5) The nmr spectrum of 5 in benzene-d; was
analyzed completely, and the assignments previously made'? by proton decoupling
with the non-deuterated analog were fully substantiated, notably as concerns the

H(a)
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independent attribution of the H-3 and H-4 signals, by use of theoretical spectra
calculated for 7 spins with the aid of the LAOCQON 1teration program The lowest-
field signal 1s that of H-3

That portion of the spectrum of compound 5 showing the H-5 and H-6 signals,
under deuterium decoupling, 1s shown 1in Fig 2 Again, the result of monodeuteration
at C-6 1s evident, with the 6-epimers being present n the ratio of 3 2. In this example,
the product 1n which the 6-proton exhibits the larger coupling with H-5 1s the major
one First-order values show Js ¢, [major product, 6(S)} =4 6 Hz and Js ¢, [minor
product, 6(R)] = 2 4 Hz, the separation of the two H-6 signals 1s 16.6 Hz Once again,
there 1s evidence of a small (0 6 Hz), long-distance couphng of H-5.
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Fig 2 The deuterium-decoupled, 100-MHz nmr spectrum of the mixture 6R(a) and 6S(b) of
methyl 2,3,4,6-tetra-O-acetyl-6-deuterio-o-D-glucopyranoside 1somers (5) in benzene-ds, i the
region showing the H-5 and H-6 signals

Free rotation about C-5-C-6 1n compound 5 allows, 1 principle, the existence
of the three limiting rotamers possible Rotamer A can be excluded as a significant
contributor to the conformational population, because of the minimal value (2 4 Hz)
of Js a3 this exclusion would be expected as this rotamer has the acetoxyl groups at

4-H 4-H -H
| a | OAc 4 ] b
(o4 o-5 C. O-5 C. O-5
AcO/ Aco/ AcO/
AcC b b a a OAc
H-5 H-5 H-5
A B c

C-4 and C-6 1n eclipsed orientation The magmtudes of the couplings observed accord
with an equilibrium 1n which rotamers B and C both contribute significantly; rotamer
C has the 6-acetoxyl group antiparallel to C4, whereas rotamer B has this group
bisecting the C-4-O-5 angle The minor, 6(R) 1somer has the proton at position g 1n
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gauche onentation to H-5 i both rotamer B and C, so that J; ¢, 1s small, whereas
the major, 6(S) 1somer, having the proton at position b, has the 5- and 6-protons
gauche-disposed 1n rotamer B and antiparallel in rotamer C, and the observed Js ¢
value of 4 6 Hz reflects contributions from the two rotamers

The final two compounds examined were prepared from 6-deuterio-p-glucese
by standard reactions Reduction and acetylation gave 6-deuterio-D-glucitol (1-
deutenio-L-gulitol) hexaacetate (6), whose deuterium-decoupled nmr spectrum

CHOAc
HCOAC
AcOCH
HCOAc
HCOAc
Hb~—C—Da
OAc
6

(see Fig 3) yielded the first-order values J5 6, 3 8 Hz and J5 45 5 8 Hz, the separation
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Fig 3 The deuterium-decoupled, 100-MHz nmr spectrum of the mixture 6R(a) and 6S(b) of
6-deuterio-p-glucitol hexaacetate 1somers (6) in chloroform-d, 1n the region showing the 1-CH. and
6-CHD proton-signals

of the H-6a and H-6b signals was 16 Hz The major product (S) was the form having
the larger coupling Three C-5-C-6 rotamers are, 1n principle, possible Rotamer A
can be excluded because of the low value of J5 ¢, This rotamer has a parallel interac-
tron between O-4 and O-6, such interactions are known to be unfavored n alditol
acetates'® and o.her acyclic sugar systems'® Rotamer C appears to be the favored,
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but not exclusive, rotamer, substantial contribution from rotamer B (having the
6-acetoxyl group bisecting the C-4-OAc-5 angle) 1s evidently also involved Another
possible explanation for the J; ¢, value observed would be the existence of a favored
orientation arsing from slight torsional distortion of conformer C

4-H 4-H 4-H
I a [ OAc I b
C QAC C QAac < OAC
AcO/ ACO/ Aco/
AcO b b a a QAC
H-5 H-5 H-5
8

The final example, namely, 3,5,6-tr1-O-acetyl-6-deuterio-1,2-O-1sopropylidene-
e-D-glucofuranose (7), analyzed similarly, showed J5 4, 2 5 Hz and J5 g5 6 5 Hz, and
the H-6b signal was 60 Hz upfield of the H-6a signal, the 6-epimer having the large

Oac
Dg—C—HbD
AcOCH o
OAc
¢
O-CMe,
7

coupling was preponderant By arguments analogous to those presented for the
rotamers about C-5-C-6 of compounds 5 and 6, rotamer C appears favored, with
sigmificant contribution from rotamer B, from conclusions drawn for acychic systems,
rotamer A (in this instance, having the ring-oxygen atom, instead of an acetoxyl group,

TABLE I
P.M R ~SPECTRAL PARAMETERS FOR COMPOUNDS 4, 5, 6, AND 7

Major product Solvent Cherncal shifts (5) Coupling constants (Hz)
{6(S) configuration]

H-6b H-6a Js 6b Js 62

Methyl 2,3-d1-O-acetyl-4,6-O-

benzylhidene-6-deuterio-o-D-

glucopyranoside (4) CeDg 41 348 50 11
Methyl 2,3,4,6-tetra-O-acetyl-

6-deuterio-e-p-gluco-

pyranoside (5) CeDg 425 408 46 24
6-Deuterio-p-glucitol hexa-
acetate (6) CDCl; 411 427 58 38

3,5,6-Tri-O-acetyl-6-deuterio-1,2-
O-1sopropylidene-o-D-
glucofuranose (7) CsDs6 395 455 65 25
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at C-4) would be disfavored, because of interactions between O-6 and the oxygen
atom of the furanose ning

These results, histed in Table I, permit the following conclusions to be made
From the stereoselectivity of the reduction of compound 2, and the spectral analysis
of compound 4, the signals of the proton sites at C-6 are assigned unambiguously for
compounds 4, 5, 6, and 7; the absolute chirality at C-6 of these compounds 1s hikewise
established.

These assignments of individual protons in the methylene group of an exocychc
—CH,OAc group are in accord with those suggested (without evidence from specific
deuteration) by Lemieux and Stevens? and Horton and coworkers®, the proposals
made by Hall and co-workers* are not 1n accord with these results, and their argument
mn favor of the overniding influence of an electronegative substituent on a proton
antiparallel to it does not appear valid

It may be noted that, in each case, the preponderant isomer shows the larger
coupling, except for the fused-ring derivative 4, for which the reverse is true In the
latter compound, free rotation about C-5-C-6 1s not possible, and O-4 and O-6 are
forced by the ring into a 1,3-parallel orientation The other derivatives, 1n which free
rotation about C-5-C-6 1s possible, evidently do not assume this rotameric form

Finally, the structural component -CHOAc-CHDOACc, which 1s present in
compounds 6 and 7 but absent from 4 and 5, appears to be a factor in determining the
relative field-positions of the two protons examined, H-6a resonates upfield of H-6b
for 4 and 5, and downfield for 6 and 7

EXPERIMENTAL

Spectra — P m r. spectra were obtained with a Varnian HA-100 spectrometer
for 10-30% solutions, with tetramethylsilane as the internal reference-standard
Deuterium decoupling at the 15 3 MHz rradiating frequency was performed with an
“NMR Specialties” HD-60B heteronuclear spin decoupler Observed coupling-
constants and chemical shifts may not be defimitive values, as calibration of each
signal was not performed Exact values of these parameters for the non-deuterated
products have been reported!? 13:19 variations through 1sotopical substitution may
be expected to be very minor, but the effect of concentration or of temperature modi-
fication may be appreciable, and the temperature of the probe 1s markedly increased
by deuterium irradiation

Mass spectra were recorded with an A E I MS-9 spectrometer.

Methyl 6-deuterio-a-D-glucopyranoside (3) — Following the procedure already
descnibed!?, methyl o-D-glucopyranoside was converted, by way of its 6-chloro-6-
deoxy and 6-azido-6-deoxy (1) analogs, by photolysis and mild hydrolysis, into methyl
6-aldehydo-a-D-gluco-hexodialdo-1,5-pyranoside (2) This product was reduced as
described !, but with sodium borodeuteride instead of sodium borohydride, to give
the title compound 3, 1solated crystalline in a yield comparable to that for the non-
labeled compound, the material had the same m p and [«]; as the non-labeled
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product Compound 3 was exclusively monodeuterated at C-6, and was a 3 2 mixture
of the 6(S) and 6(R) 1somers (see Discussion section)

Methyl 2,3-di-O-acetyl-4,6-O-benzylidene-6-deuterio-o-D-glucopyranoside (4) —
By the standard procedure, compound 3 was condensed with benzaldehyde in the
presence of zinc chloride, and the crystalline product was acetylated (acetic anhydride—
pyridine) to give crystalline 4, 1dentical by mixed m p. with non-deuterated 4 (see ref
12), i1t contained the 6(S) and 6(R) isomers 11 the ratio of 3 2 (see Discussion section)

Methyl 2,3,4,6-tetra-O-acetyl-6-deuterto-a-p-glucopyranoside (5) — Acetylation
of 3 with acetic anhydride-pynidine gave 5 having the same m p as non-deuterated 5
(see ref 12), mfe 332 (25%, M~ — OCH,), 303 (9%, M* —HOAGC), 289 (11%,

¥ _ CHDOAG), 244 (85%, M™ — OAc—HOAC), the 6(S) and 6(R) 1somers were

present n the ratio of 3 2

1,2,3.4,5,6-Hexa-O-acetyl-6-deuterio-D-glucttol (1,2,3,4,5,6-hexa-O-acetyl-1-deu-
terio-L-gulitol) (6) — The glycoside 3 (600 mg) was heated 1n 3m hydrochloric acid
(15 ml) for 15 h at 80°, the decolorized solution was de-iomized with Amberlite IR-45
(OH ™) 1on-exchange resin, and the solution was evaporated The product, which was
mdistinguishable from D-glucose by chromatography {glc¢ of the per-O-(trimethyl-
silyl) denivative on 20% SE-30 at 190°], was reduced with aqueous sodium boro-
hydride The product was 1solated and acetylated (acetic anhydride-pyridine) in the
conventional way to give 6, m p 97-98° (it !7 value for the non-deuterated analog,
mp 99°), chromatographically homogeneous (g1c¢ on 20% SE-30 at 190°) Tt con-
tamned the 6(R) and 6(S) deuterated 1somers in the ratio of 3 2

3,5,6-Tri-O-acetyl-1,2-O-1sopropylidene-6-deuterio-a-D-glucofuranose (7) — The
foregoing procedure was nterrupted before the reduction step, and the 6-deuterio-p-
glucose was converted!® into 6-deuterio-1,2-0O-1sopropylidene-a-D-glucofuranose,
this was acetylated (acetic anhydride-pyridine) to give 7, which, crystallized from
chloroform, had m p 74-75°, 1identical by mixed m p with an authentic, non-deuter-
ated sample!® The product was a 3 2 mixture of the 6(S) and 6(R) 1somers Nmr
data (benzene-dg, 100 MHz) 6 56 d (J; , 35 Hz, H-1),405 d (J, ; 05 Hz, H-2),
555 d (J34 30Hz, H-3), 435 dd (Js,5 90 Hz, H-4), 53 (two quadruplets, Js ¢,
25 Hz, Js ¢ 6 5 Hz, H-5), 4 55 d (H-64), 3 95 d (H-6b)
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