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tone-dg) 6 1.0 (d, 3 H, CHj), 1.4-1.9 (br m, 3 H, CHCH,COOH),
2.3 (s, 3 H, Ar CHjy), 2.9 (m, 2 H, SCH,), 7.3 (Ay’X’s, 4 H, Ar H),
8.3 (s, 1 H, COOH). Anal. Caled for C,,Hs0,S: C, 64.26; H, 7.19.
Found: C, 64.23; H, 7.18.

4-[3,4-(Methylenedioxy)phenyl]butanoic Acid. The orga-
noborane (10 mmol) was carbonylated and oxidized as shown in
the general procedure to yield 1.76 g (84%); mp 69-72 °C; 13C
NMR (acetone-dg) 8 175.3; MS, m/e 209 (caled 209); 'H NMR
(acetone-dg) 6 2.0 (m, 2 H, ArCH,CHj;), 2.2-2.8 (m, 4 H, ArCH,,
CH,COOH), 5.9 (s, 2 H, OCH,0), 6.6 (s, 3H, Ar H), 9.3 (s, 1 H,
COOH). Anal. Caled for Cy;H,,0,: C, 63.46; H, 5.81. Found:
C, 63.42; H, 5.99.

Decanol. Decanal (5 mmol) prepared and purified as outlined
in the general procedure was reduced with BH;THF to yield 0.71
g (90%); 3,5-dinitrobenzoate derivative mp 57.5-58.5 °C (lit.2
57.7 °C); '*C NMR (CCl,) 5 60.1; '"H NMR (CCl,) 6 0.9 (br t, 3
H, CHy), 1.3 (br s, 14 H, aliphatic CH,), 2.4 (s, 1 H, OH), 3.5 (
t, 2 H, CH,OH).

Cyclohexanemethanol. Cyclohexanecarboxaldehyde (5 mmol)
was reeduced with BHg THF as described in the general procedure
to yield 0.5 g (88%); 3,5-dinitrobenzoate derivative mp 91-92 °C
(1it.% 94 °C); 3C NMR (CDCl;) 4 54.9; '"H NMR (CDCl,) § 1.0-2.0
(br m, 11 H, CH,, CH), 3.2 (s, 1 H, OH), 3.4 (d, 2 H, CH,0H).

1,12-Dodecanediol. 12-Hydroxydodecanal (5 mmol) was re-
duced with BH,- THF as described in the general procedure to
yield 0.94 g (93%); mp 80-81 °C (lit.2* 80.5-81 °C); 3,5-dinitro-
benzoate derivative mp 89-90 °C; 13C NMR (CCl,) 4 60.3; '"H NMR
(CCly) 6 1.3 (br, 20 H, aliphatic CH,), 3.6 (t, 2 H, CH,OH).

4-(p-Tolylthio)-3-methylbutanol. 4-(p-Tolylthio)-3-
methylbutanal (5 mmol) was reduced with BH;-THF as described
in the general procedure to yield 0.94 g (90%); 3,5-dinitrobenzoate
derivative mp 81.5-82.5 °C; 13C NMR (CCl,) $ 59.8; 'H NMR
(acetone-dg) & 1.0 (d, 3 H, CH,), 1.3-2.0 (m, 3 H, CH,CHCHj,),
2.3 (s, 3 H, Ar CHy), 2.6 (s, 1 H, OH), 2.8 (m, 2 H, SCH,), 3.6 (t,
2 H, CH,0H), 7.2 (AyX,, 4 H, Ar H). Anal. Calcd for
CisHyO6SNy: C, 56.43; H, 4.98; N, 6.93. Found: C, 56.26; H, 5.02;
N, 6.82.

4-[3,4-(Methylenedioxy)phenyllbutanol. 4-[3,4-(methy-
lenedioxy)phenyl]butanal (5 mmol) was reduced with BHz THF
as described in the general procedure to yield 0.95 g (98%);
3,5-dinitrobenzoate derivative mp 82-83 °C; 13C NMR (CCl,) &
61.7; 'H NMR (CDCly) 6 1.5 (m, 4 H, ArCH,CH,CH,), 2.4 (m,
2 H, ArCH,), 3.4 (t, 2 H, CH,0H), 5.8 (s, 2 H, OCH,0), 6.6 (s,
3 H, Ar H). Anal. Calcd for C1gH;403N,: C, 55.67; H, 4.15; N,
7.21. Found: C, 55.57; H, 4.02; N, 7.16.
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The replacement of sugar hydroxyls by hydrogen, the
preparation of deoxy sugars, is important in natural
products chemistry where deoxy sugars are frequently
encountered as constituents of these materials. Most of
the preparative methods that have been introduced re-
cently involve photolysis?™ or other free-radical reactions.®
Although these latter reactions can be quite stereoselective,
they tend not to be stereospecific,® and further, they
sometimes® give poor yields when primary hydroxyls are
converted to methyl groups. Deoxygenation via Sy2 re-
action by hydride reagents, which would not be subject to
the above disadvantages, has seen little use in sugar
chemistry because, ordinarily, the inconvenient reagent
lithium aluminum hydride is required for the displace-
ments which are limited to the overall conversion of pri-
mary hydroxyls to methyl groups; ordinarily activated
secondary sugar hydroxyls are too unreactive to be dis-
placed by lithium aluminum hydride but rather suffer O-S
cleavage.” The introduction into sugar chemistry of the
triflate leaving group by Maradufu and Perlin® and ela-
borated by Hall and Miller® has provided a leaving group
that permits many displacement reactions to be carried
out smoothly at secondary sugar carbons,'®!! and we de-
scribe below the reaction of sugar triflates,both primary
and secondary, with sodium borohydride which, in many
cases, can be carried out under very mild conditions and
which can be used, by employing sodium borodeuteride,
to stereospecifically introduce deuterium into sugars.

The reaction of the triflate 2!2 of 1,2:3,4-di-O-iso-
propylidene-a-D-galactopyranose (1) gave, with excess so-
dium borohydride in acetonitrile at room temperature, an
excellent yield of the 6-deoxy sugar 3. By contrast, the

cH,
ROCH,
o 0

°

1 1
1 R:=H 3
2 R=S0,CF,

tri-n-butylstannane reduction of 6-O-(imidazolylthio-
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2805
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(12) Curiously, this compound is noted as an intermediate in ref 10,
and Hall's manuscript? is cited as the first preparation of 2. However,
in ref 9 the attempt to prepare 2, using pyridine as the acid acceptor,
yielded the pyridinium triflate salt derived from 1 in 90% yield. The 'H
NMR spectrum recorded for 2 in ref 10 does not accord with the spectrum
we observed for that compound.
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carbonyl)-1,2:3,4-di-O-isopropylidene-a-D-galactopyranose
gave 31% of 8 and 57% of 1.5

When the allose triflate 5° was treated under the above
conditions, an excellent yield of the 3-deoxy sugar 6 was

OCH,
%IH o) 0,

-
4 R:080,CF;;R,=H 9

5 R,zH;R,=0S80,CF;

8 Ry=R:H

7 Ry=DjRzH

8 R,zOH;R,=H
R,OCH,

Q CF.SO0, 0

N OCH,
OB,
10 R,=H; R2=°H|R3=Bn
11 Ry=H;R,=080:CFR,=B,,
12 Ry=R;=H;Ry=Bp
13 Ry:D;, R; :H.R;:B"
14 R;=H; R,=OHiR;=B,
15 Ryz=H; R,=0S0,CF,R,=B,
16 Ry: R1=H;R:;B:

obtained. Further, when sodium borodeuteride was used
as the displacing agent, a quantitative yield of product was
obtained whose 'H spectrum was in excellent agreement
with that presented by Patroni and Stick® for the sub-
stitution of the exo hydrogen by deuterium; i.e., the
product was that of the Sy2 reaction, 7. Only traces of 6
were present. The proton-decoupled *C spectrum showed
C-3 as a triplet as expected.

The reduction of the glucose triflate 4° pointed up some
of the limitations of the process. Compound 4 is much less
reactive toward displacement reactions than 5 and is
known to be prone to the elimination of triflic acid. In-
deed, upon reaction with sodium borohydride, the minor
product (15% yield) was 6 accompanied by 23% of the
elimination product 9 and 42% of the product of attack
at sulfur, compound 8. This latter type of cleavage is the
usual reaction when secondary sugar mesylates and tosy-
lates are reduced with lithium aluminum hydride.”!3

The tri-O-benzy! sugar 104 was converted to its triflate
11 and subjected to the standard reaction conditions.
Again, a quantitative yield of the 4-deoxy sugar 12 was
obtained whose 'H spectrum showed two well-separated
one-proton multiplets upfield from the methoxyl singlet.
The large couplings of the more upfield multiplet clearly
identified it as the axial hydrogen. When the reduction
of 11 was repeated with sodium borodeuteride, a good yield
of the Sy2 product 13 was obtained. The H and '°C
spectra showed the high degree of conversion to 13; only
traces of 12 could be noted in the spectra.

An attempt to apply the reduction to the triflate of a
benzoate-blocked sugar, 17,5 was not successful. A large
number of products were formed according to TLC,
probably as a result of elimination and/or deacylation.
Attempts to carry out displacements on this triflate with
weak nucleophiles (e.g., CN-) have given similar results.!6
However, the reaction can tolerate O-benzoates since the
reduction of the triflate 15 of the 6-O-benzoyl sugar 14,7

(13) Umezawa, S.; Tsuchiya, T.; Hinemo, H. Bull. Chem. Soc. Jpn.
1970, 43, 1212.

(14) Garegg, P. J.; Hultberg, H. Carbohydr. Res. 1981, 93, C10-11.

(15) Reed, L. A., III; Goodman, L. Carbohydr. Res. 1981, 94, 91.

(16) Unpublished work.

(17) Jarrell, H. C.; Szarek, W. A. Can. J. Chem. 1979, 57, 924,
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where O-benzyl groups appear at C-2 and C-3, gave the
4-deoxy sugar 16. The H spectrum showed almost the
identical pattern for the protons at C-4 that was seen in
the spectrum of 12, and the retention of the O-benzoyl
group was clear.

Aside from the obvious limitations of the reduction that
were seen with 4 and 17, the low rate of the reaction under
the conditions used is a disadvantage. Undoubtedly, a
higher temperature could be used with most of the com-
pounds without complicating the reduction, and possibly
more advantageous solvents could be employed. We ef-
fected the reduction in DMF, but solvent removal was
troublesome with the oils that were encountered in this
work. It is also possible that sodium cyanoborohydride
might be a better reducing agent for these triflates than
sodium borohydride since that reagent has been used to
reduce tosylates under mild conditions.!®

Experimental Section

General Methods. Melting points were determined with a
Meltemp apparatus (Laboratory Devices, Cambridge, MA) and
are uncorrected. NMR spectra were recorded with Varian EM-
360A (*H), EM-390 (*H), and CFT-20 (*%C) spectrometers, for
solutions in CDCIly with Me,Si as an internal standard unless
otherwise noted. Chemical shifts are reported in é units. Optical
rotations of 1% solutions in chloroform were measured with a
Perkin-Elmer Model 141 automatic polarimeter at the sodium
D line (literature citations also refer to the D line). Flash chro-
matography'® was performed with Woelm 32-63 silica gel.
Thin-layer chromatography (TLC) separations were performed
by using Brinkman Polygram SiL. G/UV,g, plates, sometimes
employing a short bed/continuous development chamber (Regis,
Morton Grove, IL). Spots were detected with UV light or with
a 20% aqueous sulfuric acid spray, followed by carbonization. The
solvent system used was ethyl acetate/hexane (5/95 to 60/40 v/v)
unless otherwise noted. The general workup procedure for most
products isolated after acylation was to pour the reaction mixture
into ice-cold saturated sodium bicarbonate solution, extract into
chloroform or dichloromethane (10-15 mL/g), wash with cold 3
N aqueous hydrochloric acid (often omitted in the triflate
preparation), cold saturated sodium bicarbonate, and cold water,
and dry over anhydrous magnesium sulfate followed by evapo-
ration in vacuo, generally below 40 °C. Elemental analyses were
obtained from Micro-Analysis, Inc. (Wilmington, DE).

1,2:3,4-Di-O -isopropylidene-6-O -triflyl-a-D-galacto-
pyranose (2). The general procedure of Hall and Miller® was
employed except that 2,6-dimethylpyridine, rather than pyridine,
was used as the acid acceptor. A mixture of 2.72 g (10.45 mol)
of 1,2:3,4-di-O-isopropylidene-a-D-galactopyranose (1) and 1.85
mL (15.88 mmol) of dry 2,6-dimethylpyridine in 40 mL of dry
dichloromethane was treated with 2.50 mL (14.86 mmol) of triflic
anhydride. A conventional workup gave 3.40 g (83%) of product,
recrystallization of which from hexane gave colorless crystals: mp
48.5-50 °C; [«]*" -49.9°; 'H NMR 5.49 (d, 1 H, J = 4.5, H,),
4.67-4.53 (2 d, H; and Hg), 4.42-4.03 (m, 3 H, H,, H,, and Hy),
1.51, 1.42, 1.33 (3 s, 12 H, Ip).

6-Deoxy-1,2:3,4-di- O -isopropylidene-a-D-galactopyranose
(8). A mixture of 2.63 g (6.70 mmol) of 2, 0.688 g (18.19 mmol)
of powdered sodium borohydride, and 30 mL of dry acetonitrile
was stirred at room temperature for 48 h when TLC (10/90 v/v,
continuous development) showed that no triflate was present. The
solvent was evaporated, the residue was dissolved in 50 mL of
water, and the solution was extracted with two 30-mL portions
of dichloromethane. The extracts were dried and evaporated to
leave 1.50 g (92%) of a syrup that was chromatographically ho-
mogeneous. The syrup was chromatographed on 90 g of silica
gel with ethyl acetate/hexane (10/90 v/v) for elution to give 1.01
g (68% recovery) of product: mp 33-34 °C; [«]® -50.0° [lit.> mp
33-35 °C, {«]'® -53.6° (¢ 1.2, CHCI,)]; 'H NMR spectrum con-
sistent with the literature.®

(18) Warner, P. M,; Lu, S. L.; Myers, E.; Dehaven, P. W.; Jacobson,
R. A. J. Am. Chem. Soc. 1977, 99, 5102,
(19) Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923.
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3-Deoxy-1,2:5,6-di-O-isopropylidene-a-D-ribo-hexofuranose
(6). A mixture of 0.67 g (17.7 mmol) of powdered sodium bo-
rohydride, 2.30 g (5.86 mmol) of the allose triflate 5, and 30 mL
of dry acetonitrile was stirred at room temperature for 95 h when
TLC showed the disappearance of 5. A workup as for 3 yielded
1.24 g (87%) of a chromatographically homogeneous syrup.
Chromatography of this material over 90 g of silica gel with ethyl
acetate/hexane (15/85 v/v) for elution gave a 90% recovery of
material that crystallized upon refrigeration and had [«]% -5.60°
[lit.? [«}*' —6.3° (¢ 1.9, CHCly)] and 'H and 3C spectra that agreed
with the recorded®® descriptions.

3-Deoxy-1,2:5,6-di- O -isopropylidene-a-D-[3-2H]gluco-
furanose (7). The above experiment was repeated with 1.51 g
(3.85 mmol) of 5,° 0.50 g (11.9 mmol) of sodium borodeuteride,
and 30 mL of dry acetonitrile, and a quantitative yield of a
chromatographically homogeneous product was obtained. The
material was purified by flash chromatography!® over 30 g of silica
gel to give an 84% yield of material that was used for the NMR
studies. In the 'H spectrum, Hs,,4, appeared as a singlet at 2.17,
and H,,, appeared as a trace signal. In the decoupled 3C
spectrum, C; appeared as a triplet centered at & 35.86.

Reaction of 1,2:5,6-Di-O -isopropylidene-3-O -triflyl-a-D-
glucofuranose (4) with Sodium Borohydride. A mixture of
2.50 g (6.37 mmol) of 4,° 0.72 g (19.03 mmol) of sodium boro-
hydride, and 45 mL of acetonitrile was heated at 60 for 9 days
when TLC [ethyl acetate-hexane (5/95 v/v)] showed only a trace
of 4. The solvent was evaporated and the residue partitioned
between water (150 mL) and dichloromethane (125 mL). The
organic solution was dried and evaporated to give 1.47 g of a yellow
solid whose TLC showed several spots. Flash chromatography'®
of & portion (0.62 g) of the residue on about 50 g of silica gel with
ethyl acetate/hexane (40,/60 v/v) for elution gave, after separation
of a small amount of 4, partial separation of the three major
reaction products 6, 8, and 9. Rechromatography of fractions that
contained more than one component eventually gave 0.15 g (23%)
of 9 {mp 48.5-49.5 °C (lit.%° mp 50-52 °C)], 0.10 g (15%) of 8,
and 0.30 g (42%) of 8 (mp 105.5-108.5 °C, undepressed on mixture
with authentic 8), listed in the order of elution. All three materials
had 'H NMR spectra that duplicated those of authentic samples.

Methyl 2,3,6-Tri-O-benzyl-4-O-triflyl-a-D-glucopyranoside
(11). The standard processing® of a mixture of 0.50 g (1.08 mmol)
of methyl 2,3,6-tri-O-benzyl-a-D-glucopyranoside (10),' 0.15 mL
(1.86 mmol) of pyridine, 0.26 mL (1.55 mmol) of triflic anhydride,
and 20 mL of dry dichloromethane yielded 0.60 g (93%) of a yellow
oil that, after being recrystallized from 95% ethanol, had a melting
point of 80 °C. Anal. Caled for CyH3 F30.S: C, 58.38; H, 5.24.
Found: C, 58.60; H, 5.46.

Methyl 2,3,6-Tri-O-benzyl-4-deoxy-a-D-xylo-hexo-
pyranoside (12). A slurry of 2.0 g (3.35 mmol) of the triflate
11, 0.80 g (21.2 mmol) of powdered sodium borohydride, and 160
ml. of acetonitrile was stirred at room temperature for 72 h when
TLC [ethyl acetate-hexane (5/95 v/v), continuous development]
showed the disappearance of the starting material 11. A workup
as for 3 yielded 1.50 g (100%) of a colorless oil. A portion (0.50
g) of the residue was subjected to flash chromatography!® over
about 50 g of silica gel using ethyl acetate/hexane (15/85 v/v)
for elution. The collected fractions that showed a single spot upon
TLC were evaporated to give 0.50 g of colorless oil: [«]% +27.4°;
'H NMR 7.26 (s, 15, Ar), 4.85-4.09 (m, 7, H, and ArCH,), 4.07-3.63
{(m, 2 H, H, and H;), 3.57-3.17 (m, 6 H, H,, H; and CHj3), 2.15-1.89
{m, 1 H, H,,), 1.65-1.13 (m, 1 H, H,,,); *C NMR 99.07 (C)), 66.75
(Cg), 55.14 (CHy), 38.96 (C,), plus signals for aromatic carbons,
for the benzyl carbons, and for C, and C3 which showed some
overlapping with the benzyl resonances. Anal. Caled for CygHgyO5:
C,74.98; H, 7.19. Found: C, 75.23; H, 7.15. Compound 12 was
unstable and became yellow on storage at room temperature.

Methyl 2,3,6-Tri-O-benzyl-4-deoxy-a-D-[4-2H]galacto-
pyranoside (13). The above reaction conditions were repeated
by using 1.70 g (2.85 mmol) of 11, 0.98 g (23.3 mmol) of sodium
horodeuteride, and 140 mL of acetonitrile stirred at room tem-
perature for 48 h to give 1.35 g (105%) of a chromatographically
homogeneous oil. Flash chromatography®® of 0.5 g of the residue,
aing the above procedure, yielded 0.4 g of an oil whose 'H spectra

(20) Tewson, T. J.; Welch, M. J. J. Org. Chem. 1978, 43, 1080.

(as compared to that of 12) showed the disappearance of the H,,,
signal, the simplification of the H,., signal to an approximate
doublet, and some simplification of the H,Hs multiplet. The only
change in the '3C spectrum was the conversion of the & 33.96 signal
to a low-intensity symmetrical triplet.

Methyl 6-O-Benzoyl-2,3-di-O-benzyl-4-O -triflyl-a-D-
glucopyranoside (15). Triflation of 1.50 g (3.13 mmol) of methyl
6-0-benzoyl-2,3-di-O-benzyl-a-D-glucopyranoside (14)!7 by the
conventional method gave 1.8 g of residue that crystallized on
standing. Recrystallization from hot petroleum ether (60-80 °C)
gave 1.05 g of white solid, mp 85-90 °C dec. The material was
unstable, and the melting point varied with the temperature of
insertion and the rate of heating. A second recrystallization from
hot hexane gave material with the following: mp 90-91 °C (in-
sertion at 85 °C and heating rate 2 °C/min); 'H NMR 8.02 (d
of d, 2 H, H, and Hg of benzoyl), 7.52-7.14 (m, 13 H, Ar), 5.08-4.00
(m, 10 H, benzyl CH,, H,, H;, H,, H;, Hy), 3.62(d of d, 1 H, H,),
3.37 (s, 3 H, OCHj).

Methyl 6-O-Benzoyl-2,3-di-O-benzyl-4-deoxy-a-D-xylo-
hexopyranoside (16). Reaction of 0.40 g (0.66 mmol) of 15 with
0.20 g (5.3 mmol) of sodium borohydride in 40 mL of acetonitrile
for 18 h resulted in an apparent consumption of the triflate 15
according to TLC [ethyl acetate-hexane (5/95 v/v)]. A con-
ventional workup gave 0.23 g of residue which was subjected to
flash chromatography!® over about 50 g of silica gel with ethyl
acetate-hexane (15/85 v/v) for elution. A single material (0.075
g) as a colorless oil was collected from the earlier fractions, and
later fractions yielded 0.10 g of unchanged 15, demonstrating that
the reaction had not gone to completion. For the oil: 'H NMR
8.02 (d of d, 2 H, H, and Hj of benzoyl), 7.54-7.12 (m, 13 H, Ar),
4.96-4.59 (m, 5 H, benzyl CH,, H,), 4.48-3.79 (m, 4 H, H;, H;,
H,), 3.46 (d of d, 1 H, H,), 3.36 (s, 3 H, OCHj), 2.26-1.99 (m, 1
H, H,), 1.83-1.24 (m, 1 H, H,,,); mass spectrum, m /e 463.2123
(M+) (calcd. for C28H3006’ 463.2121).
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In 1964 the germacranolide aristolactone was assigned
structure 1 (relative stereochemistry of the substituents
at C-6 and C-7 was left undefined), and structure 2 was
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1, aristolactone 2

suggested for isoaristolactone, which was obtained from
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