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Indium-Mediated Allenylation of Aldehydes and Its Application in
Carbohydrate Chemistry: Efficient Synthesis of D-Ribulose and
1-Deoxy-D-ribulose
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A two-step reaction sequence starting with the indium-medi-
ated allenylation of aldehydes with 4-bromo-2-butyn-1-ols
and subsequent ozonolysis of the resulting allenylic product
was developed to generate a variety of dihydroxyacetone de-
rivatives. The regioselectivity of the indium-promoted C-C
bond-forming reaction can be manipulated through hydroxy
protecting groups on 4-bromo-2-butyn-1-ol, yielding either

allenes or alkynes as preferred products. Compared to estab-
lished protocols, the necessary amount of indium for this type
of allenylation can be decreased by a factor of two to four.
The versatility of this strategy was demonstrated in the
stereoselective and straightforward synthesis of D-ribulose
and 1-deoxy-D-ribulose.

Introduction

Indium-mediated reactions, such as the addition of sub-
stituted propargyl bromides to aldehydes, have gained sub-
stantial interest in synthetic organic chemistry.['-?] This re-
action enables the regioselective formation of either homo-
propargylic or allenylic alcohols, the latter being extremely
valuable synthetic intermediates due to their variability in
chemical applications.[*l Suitably substituted propargyl bro-
mides can be retrosynthetically seen as a source of a-hy-
droxyacetyl anion equivalents (Scheme 1), which play im-
portant roles in the concept of “umpolung” reactivity in
synthetic strategies.! However, simple and mild methods
for generating o-hydroxyacetyl anions are relatively
scarcel>® although their application in the synthesis of a
variety of natural products,[”! like cortical steroids, anthra-
cycline antibiotics, or keto sugars, have impressively demon-
strated their synthetic potential.

This publication reports on a facile synthetic sequence,
generating an o-hydroxyacetyl anion equivalent from 4-
bromo-2-butyn-1-ols and utilizing this synthon in an in-
dium-mediated allenylation reaction of various aldehydes.
The resulting allenes are converted into keto moieties by
ozonolysis, thus forming the desired substituted dihydroxy-
acetone derivative. Because the regioselectivity of the in-
dium-mediated reaction can be manipulated by the nature
of the hydroxy protecting group of 4-bromo-2-butyn-1-ol,
the ratio of the allene and alkyne products can be influ-
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Scheme 1. Retrosynthetic concept.

enced within a certain range. We used this strategy for a
stereoselective and efficient synthesis of D-erythro-2-pent-
ulose (D-ribulose) and its 1-deoxy-D-erythro-2-pentulose
analogue.

Results and Discussion

Our initial studies focused on the addition of 1-(benz-
yloxy)-4-bromo-2-butyne (2) to 2,3-O-isopropylidene-D-
glyceraldehyde!® (1) under indium promotion. Compound
1 was used as the starting aldehyde due to its synthetic im-
portance as a starting material in carbohydrate chemistry
and total syntheses.’? The yields obtained are summarized
in Table 1.

Reaction of 1 with the in situ generated organoindium
reagent in water or THF did not yield significant amounts
of products (Table 1, Entries 1 and 2).['% In contrast, by
addition of Lil or LiCl in THF the reaction proceeded
smoothly and afforded good yields of desired allene 3a
(Table 1, Entries 3 and 8).1'"!?] The use of THF/water mix-
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Table 1. Indium-mediated reactions of 2,3-O-isopropylidene-D-
glyceraldehyde (1) with 1-(benzyloxy)-4-bromo-2-butyne (2).

: OH OH __~ogn
/\;)1 In O/\_./H“/\OBH . OM
)-.:O . additive /?6 i )0

=~ ~OBn =
Br/z 3a 3b

Entry®™  Indium Additive Solvent Yield 3a/3bl
[equiv] [equiv] R

1 10 H,0 0 nd
2 1.0 THF ca. 5 nd
3 1.0 Lil (1.0) THF 74 73:27
4 1.0 Lil (1.0) THF/H,O 58 52:48
5 1.0 Lil (3.0) DMF 70 52:48
6 1.0 Lil (2.0) THF 71 69:31
7 1.0 LiBr (2.0) THF 46 70:30
8 1.0 LiCl (2.0) THF 84 70:30
9 1.0 LiF (2.0) THF 0 nd
10 0.55 Lil (1.0) THF 69 78:22
11 0.55 LiCl (2.0) THF nd nd
12 1.0 nBuyNI (1.0) THF 58 69:31
13 10 #BuNCI(10)  THF 0 nd
14 1.0 LiINO; (2.0) THF 0 nd
15 1.0 NacCl (2.0) THF 35 68:32

[a] Except where indicated, all reactions were carried out on 0.5-
mmol scale with aldehyde/bromide/indium = 1:1:1 under ultrasonic
conditions. [b] Isolated combined yields of allenes and alkynes.
[c] nd = not determined. [d] Starting materials were not fully con-
sumed.

tures or DMF as solvent led to a decrease in the combined
yields and regioselectivity (Table 1, Entries 4 and 5). The
best results were obtained by addition of 1 to a suspension
of indium (1 equiv.), propargyl bromide 2 (1 equiv.), and
either Lil (I equiv.) or LiCl (2 equiv.) in anhydrous THF
under ultrasonic conditions (Table 1, Entries 3 and 8).[13]
However, nearly half of the metallic indium remained un-
changed in the reaction mixture after consumption of start-
ing materials 1 and 2.['* Reducing the amount of indium
to 0.55 equiv. resulted in nearly the same combined yields
of allene 3a and alkyne 3b (Table 1, Entry 10), whereas the
regioselectivity shifted towards desired allene 3a. In this
case, by substituting Lil with LiCl (Table 1, Entry 11) only
trace amounts of products were observed. Additionally, a
further decrease in the amount of indium to 0.2 equiv. led
to incomplete consumption of starting materials 1 and 2.
For practical reasons, we used the optimized reaction con-
ditions of Entry 10 (Table 1) for further studies.
Interestingly, the allenylation of 1 was highly diastereo-
selective (>96% de), whereas the propargylation gave mix-
tures of diastereomers ranging from 4:1 to 2:1
(erythrolthreo).I'>1 The configuration of the stereocenter
formed in product 3a was unambiguously assigned by
transformation of the allenylic alcohol into the correspond-
ing D-erythro-2-pentulose (25).['%1 The observed anti rela-
tionship between the newly generated hydroxy group and
the C2 hydroxy group of starting aldehyde 1 can be easily
rationalized by the Felkin-Anh model.[!”]
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WWW.Eurjoc.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The organoindium species involved in this type of reac-
tion was the subject of numerous investigations.['3:1° The
data summarized in Table 1 suggest some basic mechanistic
considerations. In general, propargyl iodides proved to be
more reactive than bromides, albeit leading to lower
yields.”1 The addition of Lil to the reaction mixtures ac-
celerated the formation of the reactive organoindium spe-
cies, presumably by in situ generation of the corresponding
propargyl iodides.”!l The addition of LiCl instead of Lil
beneficially influenced the combined yield of alkyne- and
allene-type products (Table 1, Entries 6 and 8).[>?l However,
only in the case where Lil was applied could the amount of
indium be decreased significantly (Table 1, Entries 10 and
11). Using tetrabutylammonium salts instead of lithium
salts only in the case of nBuyNI led to product formation
(Table 1, Entries 12 and 13).1?3! In general, Grignard-type
reaction conditions were superior to Barbier-type ones.[!?"]

Because indium chelates to oxygen functionalities,>*l we
hypothesized that the hydroxy protecting group of com-
pound 2 is crucial for the regioselective formation of 3a and
3b (Scheme 2).125] The results are summarized in Table 2. In
analogy to the investigations of Lin et al. on siliconated
propargyl bromides,**l we observed that bulky protecting
groups favor the formation of the allenylic alcohols (i.e., 3a
and 8a; Table 2, Entries 1 and 6) presumably via intermedi-
ate B (Scheme 2). As expected, changing the protecting
group from benzyl to methyl decreased the regioselectivity
for the formation of 4a while increasing the combined yield
(Table 2, Entry 2). Unprotected 4-bromo-2-butyn-1-ol (5;
Table 2, Entry 3) reversed the regioselectivity of the reaction
presumably by formation of intermediate A (Scheme 2),
thus yielding mainly homopropargylic alcohol 5b. In ad-
dition, acetyl- or Cbz-protected 4-bromo-2-butyn-1-ol may
stabilize allenylic intermediate C by formation of a six-
membered transition state, thus yielding propargylic deriva-
tives (i.e., 6b and 7b; Table 2, Entries 4 and 5) preferentially.
Further evidence for intermediate C was obtained by the
following observations: Compounds with an oxygen atom
too distant for chelating the allenylic intermediate or lack-
ing an oxygen atom (Table 2, Entries 7 and 8) almost exclu-
sively gave allenylic products 9a and 10a.

These results led us to examine the relative reactivity of
1-(benzyloxy)-4-bromo-2-butyne (2) towards a variety of
different aldehydes (Table 3). In summary, citronellal gave
lower yields than aromatic and a,B-unsaturated aldehydes
(Table 3, Entries 1-4). 2-Phenylpropionaldehyde and the
serine-derived “Garner aldehyde” gave good to excellent
diastereoselectivity (Table 3, Entries 5 and 6).> As ob-
served for 4-hydroxybenzaldehyde, a free hydroxy group is
tolerated in carbonyl substrates (Table 3, Entry 3).

Furthermore, we examined the potential reactivity of 1-
(benzyloxy)-4-bromo-2-butyne (2) towards water-soluble
substrates (Table 3, Entries 7-11). In these cases, we added
an aqueous solution of the corresponding aldehydes to the
preformed indium intermediate, resulting in THF/water
mixtures of 2:1. As depicted in Table 3, a freshly prepared
solution of formaldehyde reacted smoothly with 2, yielding
compound 17a in excellent yield. In analogy, aqueous solu-
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Scheme 2. Allenylation vs. propargylation: influence of hydroxy
protecting groups on regioselectivity. The corresponding organo-
indium(III) species are not shown.[']

Table 2. Indium-mediated reactions of 2,3-O-isopropyliden-D-glyc-
eraldehyde (1) with substituted propargyl bromides.

Entry®® BrCH,CCR!', R' = Yield [%o]® Allene/Alkyne
1 CH,OCH,Bn (2) 69 78:22 (3a/3b)
2 CH,OCH; (4) 80 60:40 (4a/4b)
3 CH,OH (5) 70 28:72 (5a/5b)
4 CH,OAc (6) 70 45:55 (6a/6b)!
5 CH,OCbz (7) 65 49:51 (7a/7b)
6 CH,OTBDPS (8) 48 67:33 (8a/8b)
7 CH; (9) 75 98:2 (9a/9b)
8 CCCH,O0H (10) 40 >99:1 (10a/10b)

[a] All reactions were carried out on 0.5-mmol scale with aldehyde/
bromide/Lil/indium = 1:1:1:0.55 under ultrasonic conditions.
[b] Isolated combined yield. [c] Partial acetyl migration in allenylic
product 6a was observed (1-OAc/3-OAc = 56:44).

tions of glycolaldehyde and chloroacetaldehyde were used
and again satisfactory yields were obtained (Table 3, En-
tries 8 and 9). With unprotected D-glyceraldehyde, the syn
allenylation product was obtained in high diastereoselectiv-
ity (Table 3, Entry 10).?71 Unprotected D-arabinose pro-
duced an inseparable mixture of corresponding allene 21a
and alkyne 21b in low yield (Table 3, Entry 11).8] The
change in regioselectivity of Garner’s aldehyde and D-
glyceraldehyde (Table 3, Entries 6 and 10) in comparison to
the other aldehydes used is remarkable, although we do not
have a satisfactory explanation of this phenomenon at the
moment.

Subsequently, as proof of concept for the present meth-
odology, allene 3a was converted into corresponding pent-
ulose 25 (Scheme 3). Ozonolysis of the allene functionality
of 3a at —78 °C in dichloromethane gave 2-keto derivative
22 in excellent yield. Deprotection of the benzyl and acet-
onide protecting groups was achieved by standard pro-
cedures to yield p-erythro-2-pentulose (25).1>°]
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Table 3. Indium-mediated allenylation of aldehydes with 1-(benz-
yloxy)-4-bromo-2-butyne (2).

Io) OH
In
J ] OH
R! —> R OBn + )\/an
+ . R1

Br. 4 OBn
2 11a-21a 11b-21b
Entry! Aldehyde Indium Yield Allene/Alkyne!®
[equiv.] lequiv.]  [%]™
1 Y\/\(VO 0.55 58 78:22 (11a/11b)
2 Ovo 0.55 90  76:24 (12a/12b)
HO.
3 Qo 0.55 60 7624 (13a/13b)
4 Q\NO 0.55 881 78:22 (14a/14b)"
5 ©)v° 0.55 83 70:30 (15a/15b)
s o]
6 %N]Vo 1 77 35:65 (16a:16b)
Boc
o
7 ey 0.66 87 74:26 (172/17b)
8 Hoj 0.55 86 61:39 (18a/18b)
9 0
9 o 0.55 58 83:17 (192/19b)!
7
10 e 1 53 38:62 (20a/20b)
OH
OH ?
11 HOW 1 5 50:50 (21a/21b)
OH OH

[a] Except where indicated, all reactions were carried out on 1.0-
mmol scale with aldehyde/bromide/Lil = 1:1:1 under ultrasonic
conditions. Solvents: THF (Entries 1-6), THF/H,O = 2:1 (En-
tries 7-11). [b] Isolated combined yield. [c] Yield is adjusted to ac-
count for recovered starting materials. [d] Diastereomeric ratios of
allenylic products (antilsyn): 15a (1:10), 16a (40:1), 20a (1:8), and
21a (1:20). [e] Cinnamyl aldehyde only gave regiospecific 1,2-ad-
dition products. [f] Chloride was substituted by iodide in a ratio of
1:3 in the allenylic products. [g] Instead of Lil, LiCl (2 equiv.) was
used.

The versatility of the present methodology was further
demonstrated by an efficient synthesis of 1-deoxy-D-rib-
ulose (29).3%311 In a three-step synthesis, 29 was obtained
in an overall yield of 51% starting from 1 and by using 1-
bromo-2-butyne as an acetyl anion equivalent.’?l In com-
parison to the literature,**] when adding Lil the applied
quantities of 1-bromo-2-butyne and indium were decreased
by a factor of two and four, respectively. Because 3a is a
fully orthogonally protected precursor, the sequence of de-
protection steps can be easily altered, giving rise to various
derivatives of pentulose (24, 26, and 28).
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Scheme 3. Synthesis of D-erythro-2-pentulose (25) and 1-deoxy-D-
erythro-2-pentulose (29).

Conclusions

Hydroxy-protected 4-bromo-2-butyn-1-ols (i.e., 2, 4, 6—
8) are versatile synthetic equivalents for o-hydroxyacetyl
anions. This fact is demonstrated by their application in a
short and efficient indium-mediated synthesis of D-erythro-
2-pentulose (25) in 32% overall yield. The regioselectivity
of the indium-promoted C-C bond-forming reaction can be
influenced by the protecting group on 4-bromo-2-butyn-1-
ol (for 2, 4-8). Due to chelation control, the addition of
unprotected 4-bromo-2-butyn-1-ol (5) to aldehydes yields
mainly alkyne-type products, whereas the addition of 1-
(benzyloxy)-4-bromo-2-butyne (2) leads to allene-type de-
rivatives preferentially. Compared to established synthetic
protocols, the amount of indium was decreased by a factor
of two to four. Furthermore, the reaction presented toler-
ates aqueous reaction conditions, thus significantly broad-
ening the scope of this method. The applicability of this
concept is further demonstrated by a three-step synthesis of
1-deoxy-D-erythro-2-pentulose (29).

Experimental Section

General Considerations: All allenylations were carried out in oven-
dried Erlenmeyer flasks under an argon atmosphere. Ultra-
sonication was performed in a conventional ultrasound cleaning
bath at room temperature. Indium (powder, 100 mesh) was pur-
chased by Sigma—Aldrich. Anhydrous THF was distilled from po-
tassium under an atmosphere of argon. 'H and '*C NMR spectra
were recorded with either a Bruker Avance DRX 400 MHz or
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DRX 600 MHz spectrometer. Unless otherwise stated, all NMR
spectra were measured either in CDCl; solutions and referenced to
the residual CHCl; signal (‘H, 6 = 7.26 ppm; '3C, 6 = 77.16 ppm)
or in D,O solutions (HDO, 'H, 6 = 4.79 ppm). High-resolution
mass spectrometry (HRMS) was performed with a Finnigan MAT
900 with resolution of 10000. Optical rotations were measured with
a P341 Perkin—Elmer polarimeter. Flash chromatography was per-
formed by using Merck silica gel 60 (0.004-0.063 mm). TLC moni-
toring was done on Merck plates (silica gel 60 F,s4), and com-
pounds were visualized by treatment with a solution of (NH,)e-
Mo,0,4-4H,0 (48 g) and Ce(SOy), (2 g) in 10% H,SO4 (1 L), fol-
lowed by heating, or with an aqueous KMnO, solution. 2,3-O-
Isopropylidene-D-glyceraldehyde and O-protected 4-bromobut-2-
yn-1-ol were prepared by following literature procedures.®2* For
the preparation of the formalin solution, paraformaldehyde (1.08 g,
36 mmol) was heated at reflux in water (20 mL) containing concen-
trated H3PO4 (200 pL) for 1.5 h until a clear solution was obtained.

Standard Conditions for Allenylation (Method A): Synthesis of Com-
pounds 3a-21a and 3b-21b

Representative Procedure of the Reaction of Aldehydes with Indium
and Substituted Propargyl Bromides: To a suspension of powdered
indium (32 mg, 0.275 mmol) and Lil (67 mg, 0.5 mmol) in dry THF
(4 mL) was added 1-(benzyloxy)-4-bromo-2-butyne (2; 120 mg,
0.5 mmol). After the mixture was sonicated for 20 min under an
argon -atmosphere, 2,3-O-isopropylidene-D-glyceraldehyde (1;
65 mg, 0.5 mmol) was added. The reaction mixture was further
sonicated until TLC monitoring (hexane/ethyl acetate = 3:2)
showed complete consumption of the starting material. The reac-
tion was quenched by the addition of a saturated solution of
NaHCOj; (5 mL). The aqueous phase was separated and extracted
with ethyl acetate (3 X 15 mL). The combined organic layers were
washed with thiosulfate solution (2%) and brine, dried with
MgSO,, filtered, and concentrated. The regioisomers were sepa-
rated by silica gel column chromatography (hexane/ethyl acetate =
5:1) to yield 3a (78 mg, 54%) and 3b (22 mg, 15%). The yield of
the reaction was not decreased by scaling up to 2 mmol.

1-O-Benzyl-2-deoxy-2-C-ethenylidene-4,5-O-isopropylidene-D-erythro-
pentitol (3a): [a]¥ = +20.2 (¢ = 1.0, CH,Cl,). '"H NMR (400 MHz,
CDCly): 6 = 7.38-7.27 (m, 5 H, Ar-H), 4.974.93 (m, 2 H, CH,),
4.56 (d,2J=11.9Hz, 1 H, CH,), 4.53 (d, 2J = 11.9 Hz, 1 H, CH,),
4.36-4.30 (m, 1 H, CH), 4.26 (dt, 2/ = 11.3 Hz, °>J = 2.2 Hz, 1 H,
CH,), 4.22 (m, 1 H, CH), 4.14 (dt, 2/ = 11.3 Hz, °J = 1.8 Hz, 1 H,
CH.,), 4.05 (dd, 2J = 8.4 Hz, 3J = 6.3 Hz, 1 H, CH>), 4.01 (dd, 2J
=8.4Hz 3/ =6.1Hz 1 H, CH,), 2.64 (d, 3J = 4.4 Hz, 1 H, OH),
1.43 (s, 3 H, CHj3), 1.35 (s, 3 H, CH3) ppm. '3C NMR (400 MHz,
CDCl;): 0 =207.2 (C), 137.8 (C), 128.6 (2 CH), 128.1 (2 CH), 128.0
(CH), 109.4 (C), 100.4 (C), 77.9 (CH,), 77.5 (CH), 72.5 (CH,), 71.2
(CH), 69.8 (CH,), 65.8 (CH,), 26.7 (CH3), 25.3 (CH;) ppm. IR
(film): ¥ = 3433, 2931, 1957, 1062, 738, 698 cm~'. HRMS (ESI):
caled. for C;H,,04Na [M + Na]* 313.1416; found 313.1411.

(2R)-7-(Benzyloxy)-1,2-O-isopropylidenehept-5-yne-1,2,3-triol (3b):
Mixture of two diastereomers: major/minor = 2.8:1.0. 'H NMR
(400 MHz, CDCls, major isomer): 0 = 7.37-7.27 (m, 5 H, Ar-H),
4.59 (s, 2 H, CH,), 4.19-4.15 (m, 2 H, CH,), 4.11-4.04 (m, 2 H,
CH,), 4.01-3.94 (m, 1 H, CH), 3.80-3.74 (m, 1 H, CH), 2.63-2.48
(m, 2 H, CH>), 1.42 (s, 3 H, CH3), 1.36 (s, 3 H, CH3) ppm. '3C
NMR (400 MHz, CDCl;, major isomer): o = 137.6 (C), 128.6 (2
CH), 128.2 (2 CH), 128.0 (CH), 109.5 (C), 82.3 (C), 79.2 (C), 77.5
(CH), 71.9 (CH,), 70.4 (CH), 66.0 (CH,), 57.8 (CH,), 26.8 (CH3),
25.3 (CHj;), 24.1 (CH,) ppm. IR (film): ¥ = 3377, 2825, 2240, 1062,
747. 699 cm™!. HRMS (ESI): calcd. for C,;H,,04Na [M + Na]*
313.1416; found 313.1406.
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Typical Procedure for Ozonolysis (IMethod B): Synthesis of Com-
pounds 22, 23, and 28

1-O-Benzyl-4,5-O-isopropylidene-D-erythro-2-pentulose (22): Ozone
was bubbled through a solution of compound 3a (145 mg,
0.5 mmol) in CH,Cl, (25 mL) at —78 °C until the color of the mix-
ture turned blue. Dry air was bubbled through the solution until
the blue color disappeared. After addition of PPh; (157 mg,
0.6 mmol), the mixture was allowed to reach room temperature by
stirring overnight. The solvent was removed under reduced pres-
sure, and the crude material was purified by flash chromatography
(hexane/ethyl acetate = 4:1) to yield compound 22 (133 mg; 95%).
[a]¥ = —57.3 (¢ = 0.3, CH,Cl,).'"H NMR (400 MHz, CDCl,): 6 =
7.39-7.26 (m, 5 H, Ar-H), 4.62 (s, 2 H, CH,), 4.57 (d, 2J = 18.2 Hz,
1 H, CH,), 4.29 (d,2J =179 Hz, | H, CHs), 4.17 (dd, 2J = 6.7 Hz,
3] = 6.4Hz, 1 H, CH,), 4.12-3.93 (m, 3 H, 2 CH, CH,), 3.29 (d,
3J=5.8Hz 1 H, OH), 1.42 (s, 3 H, CHj3), 1.33 (s, 3 H, CH3) ppm.
13C NMR (400 MHz, CDCls): 6 = 208.0 (C), 137.1 (C), 128.7 (2
CH), 128.3 (CH), 128.2 (2 CH), 110.4 (C), 76.2 (CH), 75.3 (CH),
73.7 (CH,), 73.6 (CH,), 67.1 (CH,), 26.7 (CH3), 25.2 (CH3) ppm.
IR (film): ¥ = 3386, 2934, 1729, 1067, 739, 698 cm~!. HRMS (ESI):
caled. for C sH»OsNa [M + Na]* 303.1208; found 303.1206.

1-Deoxy-4,5-O-isopropylidene-D-erythro-2-pentulose (23):
Method B was applied to compound 9a (92 mg, 0.5 mmol) for
ozonolysis to yield product 23 (68 mg; 78 %). [a]¥ = -90.6 (¢ = 0.5,
CH,Cl,). '"H NMR (400 MHz, CDCls): 6 = 4.14-4.01 (m, 3 H, CH
CH.), 3.95-3.87 (m, 1 H, CH), 3.47 (d, 3J = 5.4 Hz, | H, OH), 2.3
(s, 3 H, CH3), 1.49 (s, 3 H, CHj3), 1.35 (s, 3 H, CH3) ppm. 3C
NMR (400 MHz, CDCls): 0 = 209.1 (C), 110.4 (C), 77.6 (CH), 76.4
(CH), 67.5 (CH,), 27.7 (CH3), 26.8 (CH;), 25.4 (CH3) ppm. IR
(film): ¥ = 3424, 2989, 1716, 1069 cm™!. HRMS (ESI): calcd. for
CgH4,04Na [M + Na]* 197.0790; found 197.0794.

4,5-O-Isopropylidene-D-erythro-2-pentulose (24): Pentulose deriva-
tive 22 (21 mg, 0.075 mmol) was dissolved in ethanol (2 mL) and
hydrogenated in the presence of 10% palladium-on-charcoal (1 mg)
with a balloon of hydrogen. The catalyst was removed by filtration,
and the solvent was removed under reduced pressure to yield com-
pound 24 (10 mg, 72%). [a]®) = -71.5 (¢ = 0.5, CH,Cl,). 'H NMR
(400 MHz, CDCl,): 6 = 4.68 (dd, 2J = 20.1 Hz, 3J = 5.0 Hz, 1 H,
CH,), 4.40 (dd, 2J = 20.0 Hz, 3J = 3.5 Hz, 1 H, CHs), 4.24 (dd, 3J
=7.7Hz,3J=52Hz, 1 H, CH), 4.14 (dd, 2J = 8.9 Hz, 3J = 6.3 Hz,
1 H, CH,), 4.07 (dd, 2J = 8.9 Hz, 3J = 5.0 Hz, 1 H, CH,), 3.99
(ddd, 3J = 7.8 Hz, 3J = 6.3 Hz, 3J = 5.1 Hz, 1 H, CH), 3.24 (d, 3J
= 5.4Hz, 1 H, OH), 3.05 (t, *J = 49 Hz, 1 H, OH), 1.49 (s, 3 H,
CHs3), 1.36 (s, 3 H, CH3) ppm. '*C NMR (400 MHz, CDCl): § =
210.7 (C), 110.6 (C), 76.0 (CH), 75.4 (CH), 67.6 (CH,), 67.3 (CH,),
26.7 (CHj3), 25.1 (CH3) ppm. IR (film): ¥ = 3411, 2925, 1726,
1066 cm~!. HRMS (EI): calcd. for C;H; ;06 [M — CH3]* 175.0606;
found 175.0610.

Typical Procedure for Isopropylidine Cleavage
(Method C): Synthesis of Compounds 25, 28, and 29

of Ketoses

D-erythro-2-Pentulose (25): To a suspension of 4,5-O-isopropylid-
ene-D-erythro-2-pentulose (24; 9 mg, 0.047 mmol) in water/THF
(1:1, 0.8 mL) was added Amberlyst 15 (H* form, 6 mg), and the
mixture was stirred at room temperature. After TLC monitoring
showed conversion of the starting material, the pH of the solution
was adjusted to 7 by addition of 0.05 N NaOH. The resin was re-
moved by filtration and washed with water, and the solvent was
lyophilized. The crude product was purified by flash chromatog-
raphy over silica gel (ethyl acetate/MeOH = 8:1) to yield 25 (6.1 mg,
86%). Equilibrium of three compounds: o/f/open = 58:24:18.
[a]® = ~14.0 (¢ = 0.25, H,0). The spectroscopic data were identical
with those reported.['®!
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(Method D): Synthesis of Compounds 26 and 27

1-O-Benzyl-2-deoxy-2-C-ethenylidene-D-erythro-pentitol (26): To a
suspension of compound 3a (34 mg, 0.117 mmol) in water/THF
(1:1, 2 mL) was added Amberlyst 15 (H* form, 40 mg), and the
mixture was stirred at room temperature. After TLC monitoring
showed conversion of the starting material, the resin was removed
by filtration and washed with methanol, and the solvent was re-
moved under reduced pressure to yield compound 26 (28 mg; 97%).
[a]f) = +14.8 (c = 0.25, MeOH). '"H NMR (400 MHz, D,0): § =
7.58-7.36 (m, 5 H, Ar-H), 5.12 (s, 2 H, CH,), 4.64 (s, 2 H, CH,),
4.27-4.13 (m, 3 H, CH, CH,), 3.89-3.77 (m, 2 H, CH,), 3.73-3.61
(m, 1 H, CH,) ppm. '3C NMR (400 MHz, D,0): § = 207.0 (C),
137.1 (C), 128.8 (2 CH), 128.7 (2 CH), 128.4 (CH), 100.4 (C), 78.7
(CH,), 73.2 (CH), 71.8 (CH,), 70.5 (CH), 67.9 (CH,), 62.5 (CH,)
ppm. IR (film): ¥ = 3377, 2926, 1956, 1055, 745, 698 cm~!. HRMS
(ESI): caled. for C14H;304Na [M + Na]* 273.1103; found 273.1099.

(2R,35)-4-Methylhexa-4,5-dien-1,2,3-triol (27): Method D was ap-
plied to compound 9a (46 mg, 0.25 mmol) for deprotection to yield
product 27 (35 mg, 98%). [a]) = +25.9 (¢ = 0.35, MeOH). 'H
NMR (400 MHz, D,0): 6 = 4.88-4.80 (m, 2 H, CH,), 4.08 (dt, 3J
= 7.5Hz, °J = 1.4Hz, 1 H, CH), 3.85 (dd, 2J = 11.7Hz, 3J =
2.78 Hz, 1 H, CH,), 3.81-3.74 (m, 1 H, CH), 3.66 (dd, 2J =
11.7Hz, 3J = 6.6 Hz, 1 H, CH.,), 1.75 (t, 3J = 3.22 Hz, 3 H, CH3)
ppm. *C NMR (600 MHz, D,0): § = 206.9 (C), 98.5 (C), 76.0
(CH,), 73.4 (CH), 72.7 (CH), 63.0 (CH,), 14.0 (CH;) ppm. IR
(film): ¥ = 3317, 2926, 1961, 1035 cm™!. HRMS (ESI): calcd. for
C,;H,,03;Na [M + Na]* 167.0684; found 167.0680.

1-O-Benzyl-D-erythro-2-pentulose (28): Method C was applied to
compound 22 (39 mg, 0.139 mmol) for deprotection to yield prod-
uct 28 (27 mg; 81%), or compound 26 (25 mg, 0.1 mmol) was ozon-
ized in a mixture of MeOH/CH,Cl, (9:1) according to method B
to yield product 28 (21.6 mg; 90%). Equilibrium of three com-
pounds: o/B/open = 62:25:13. [a]y) = -20.7 (c = 2.25, MeOH). 'H
NMR (600 MHz, CD3COCD;+D-0, a-isomer): 6 = 7.39-7.23 (m,
S5 H, Ar-H), 4.65-4.46 (m, 2 H, CH,), 4.22-4.17 (m, 1 H, CH), 4.06
(d, 3/ =53Hz, 1 H, CH),3.92(dd, %/ =9.4Hz, 3/ =53Hz, 1 H,
CH,), 3.78 (dd, 2J = 9.3 Hz, 3/ = 3.6 Hz, 1 H, CH,), 3.52 (d, 2J =
10.6 Hz, 1 H, CH,), 3.44 (d, 2J = 10.2 Hz, 1 H, CH,) ppm. 'H
NMR (600 MHz, CD;COCD;+D,0, B-isomer): 0 = 7.39-7.23 (m,
5 H, Ar-H), 4.65-4.46 (m, 2 H, CH,), 4.45-4.38 (m, 1 H, CH), 4.04
(dd, 2J = 8.9 Hz, 3J = 6.3 Hz, 1 H, CH,), 3.97 (d, 3J = 53 Hz, 1
H, CH), 3.71 (d, 2/ = 10.2 Hz, 1 H, CH,), 3.64 (dd, 2J = 8.9 Hz,
3J=4.7Hz, 1 H, CH,), 3.58 (d, 2J = 10.2 Hz, 1 H, CH,) ppm. 'H
NMR (600 MHz, CD3COCD5s+D,0, open isomer): 6 = 7.71-7.55
(m, 2 H, Ar-H), 7.64-7.60 (m, 1 H, Ar-H), 7.57-7.51 (m, 2 H, Ar-
H), 4.65-4.46 (m, 4 H, 2 CH,), 4.23 (d, 3J = 5.7Hz, 1 H, CH),
3.89-3.84 (m, 1 H, CH), 3.66 (dd, 2/ = 11.0 Hz, 3J = 5.3 Hz, 1 H,
CH,), 3.59 (dd, 2J = 11.2 Hz, 3J = 59 Hz, 1 H, CH,) ppm. 1*C
NMR (600 MHz, CD;COCD5s+D-0, a-isomer): ¢ = 139.3 (C),
129.0 (2 CH), 128.2 (2 CH), 128.1 (CH), 103.3 (C), 73.8 (CH,),
72.2 (CH,), 71.9 (CH,), 71.8 (CH), 71.2 (CH) ppm. '3C NMR
(600 MHz, CD;COCD;+D,0, B-isomer): 6 = 139.2 (C), 128.5
(CH), 1284 (2 CH), 128.1 (2 CH), 106.1 (C), 76.9 (CH), 74.0
(CH,), 72.3 (CH,), 71.9 (CH,), 71.6 (CH) ppm. '*C NMR
(600 MHz, CD;COCD;+D-0, open isomer): 6 = 209.7 (C), 139.5
(C), 132.9 (2 CH), 132.6 (2 CH), 132.5 (CH), 77.0 (CH), 744
(CH,), 74.2 (CH), 73.3 (CH,), 62.9 (CH,) ppm. HRMS (ESI):
caled. for C,H4OsNa [M + Na]* 263.0895; found 263.0893.

1-Deoxy-D-erythro-2-pentulose (29): Method C was applied to com-
pound 23 (10 mg, 0.057 mmol) for deprotection to yield product 29
(7mg; 91%). Equilibrium of three compounds: «o/f/open =
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14:14:72. [a]®) = =30 (¢ = 0.3, H,0). The spectroscopic data were
identical with those reported.%311 HRMS (ESI): calcd. for CsHoO4
[M —HJ] 133.0501; found 133.0504. HRMS (EI): caled. for CsHgO3
[M — H,O]* 116.0473; found 116.0476.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental and spectroscopic details for compounds 6-8,
10, 4a-21a, 4b-21b, 30a, 30b, 31a, and 31b and 'H and '*C NMR
spectra of compounds 6-8, 10, 22-29, 3a, 3b, 4a-21a, 21b, 30a, 30b,
31a, and 31b.
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