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ABSTRACT: Photodecarboxylation−alkylation of conformationally
locked monosaccharides leads to inversion of stereochemistry at C5.
This allows the synthesis of L-sugars from their readily available D-
counterparts. Via this strategy, methyl L-guloside was synthesized
from methyl D-mannoside in 21% yield over six steps.

Modern photoredox catalysis has opened new doors for
organic synthesis and has challenged bond disconnec-

tion approaches.1 It exploits the reactivity of carbon-centered
radicals that are generated either by hydrogen atom transfer
(HAT) or via decarboxylation.2,3 Both processes are
productive, provided that the resulting radical is stabilized by
either orbital overlap of the singly occupied p-orbital with a σ-
bond (hyperconjugation)4 or by neighboring heteroatoms with
lone pairs (conjugation).5

Photoredox catalysis has been utilized in the synthesis of
natural products6−8 and even to derivatize complex bio-
molecules.5,9,10 Its application in the field of carbohydrate
chemistry enables the synthesis of derivatives that are difficult
to access via existing synthesis routes. We showcased this by
employing photocatalytic HAT for the site-selective alkylation
of unprotected glucosides.11 C3-alkylated allosides were
prepared using this approach. Taylor and co-workers recently
demonstrated that, in the presence of diarylborinic acids, the
strategy can be extended to differently configured glycosides.12

We subsequently realized that decarboxylative photo-
alkylation could provide another means to prepare carbohy-
drate derivatives. If C6 in a hexose is a carboxylic acid, as in
uronic acids, it should be amendable to this strategy. In
particular, their pyranoside forms should be suitable substrates.
After decarboxylation, the resulting radical at C5 is stabilized
by the ring oxygen, similar to the classical Barton radical
decarboxylation.13−16 The radical has nucleophilic character
and can attack electron-poor SOMOphiles, such as Michael
acceptors, forming a carbon−carbon bond at the β-position of
the SOMOphile.
Modification, including homologation, of the C6 hydroxyl

group in readily available D-sugars, such as glucose, mannose,
galactose, and N-acetylglucosamine, has been extensively
studied and is well-developed.17−21 Nonetheless, the decar-

boxylative photoalkylation would provide a unique opportunity
to invert the stereochemistry at C5, which leads to the
corresponding C6 functionalized L-sugars and sugar deriva-
tives. In contrast to the commonly found C6-deoxy sugars L-
rhamnose and L-fucose, L-sugars oxidized at C6 are not readily
available. Therefore, the latter have to be prepared either from
C6-deoxy sugars via C−H activation22 or via epimerization
protocols that are mostly lengthy.23 As such, the decarbox-
ylative photoalkylation would fill an unmet need in the
synthesis of L-sugar derivatives, which are a rare but integral
part of biology.24 The challenge in this strategy is the control
of stereochemistry at the (re)formed C5 stereocenter. It
seemed most productive to rely on substrate control, in this
case control over the conformation of the six-membered ring
upon formation of the radical. Inspired by the work of the
Overman group,25 we decided to adopt their method for the
activation of the carboxylic acid at C6using the N-
hydroxyphthalimide ester (NHP ester) as the redox active
group (Figure 1).
While performing our studies, the Wang group published

their results on the decarboxylative photoalkylation of
furanoses and pyranoses.26 Their results showed that the
alkylation of benzyl and benzoyl-protected glycuronides led to
retention of configuration at C5. Here, we present an approach
in a complementary vein, leading, in contrast, to an inversion of
configuration at C5. To illustrate the scope and utility of our
method, we demonstrate how methyl L-guloside is prepared
from methyl D-mannoside in six steps and an overall yield of
21%.
We initiated our investigation with the hypothesis that

radical 1′, generated from the NHP ester 1, would add to a
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SOMOphile, e.g., a Michael acceptor, to give the photo-
alkylation products (see Scheme 1). To indicate the stereo-
chemistry at C5 throughout this paper, regardless the exact
nature of the substituent, and relate this to accepted
nomenclature in carbohydrate chemistry, we denote products
with retention of stereochemistry as “D” and those with
inversion as “L”. Initial success was obtained with methyl
acrylate under the reaction conditions proposed by Overman,
leading to the separable diastereomers 2a and 2b in 24% and
45% yield, respectively. Other SOMOphiles, such as phenyl
vinyl sulfone, acrylonitrile, and methyl vinyl ketone worked as
well with comparable yields and again with a slight preference
for the L-isomer (Scheme 1, products 3, 4, and 5).
Cyclopentenone gave somewhat lower yields (6), because of
a troublesome purification. Diethyl vinylphosphate as a
SOMOphile caused problems in purification and multiple
addition but still afforded the desired product (7). Use of the
less-polarized SOMOphile 3-methoxy methyl acrylate gave the
corresponding xyloside, rather than the desired product (8).
Reduction of the substrate is an expected side reaction, also
observed by Okada in the original report of the reaction
associated with NHP esters.27 Alkynes were not suitable as
SOMOphiles; methyl propiolate provided a mixture of
uncharacterized products, whereas phenyl acetylene yielded
the xyloside. For both alkynes, the desired products (9 and 10)
were not obtained.
The study proceeded with the NHP esters of methyl 2,3,4-

O-tribenzyl-β-glucuronide and methyl 2,3,4-O-tribenzyl-α-
mannuronide (34 and 35; see the Supporting Information).
The yields and D:L ratios for β-glucuronide products 11 and 12
were comparable to those of α-glucuronide 2 and 4. We
obtained the products of the α-mannuronide 13 as an
inseparable mixture of the expected diastereomers with, in
this case, a slight preference for D-isomer 13a.
At this point, it was clear that, although the reaction protocol

was fine, the stereochemistry of the product was not fully
under control. In the literature, the stereoselectivity of radical
glycosylation at C1, a related process, has been well-studied.
Protected glucosides give α-C-glycosides via a radical
intermediate that adopts a boat conformation so that the C2
acyl/alkoxy substituent is axial, maximizing overlap of the lone
pair on the ring oxygen, the radical at C1, and the σ*CO orbital
at C2.28,29 Under similar conditions, xylosides yield mainly β-

C-glycosides, presumably via the inverted 1C4 chair inter-
mediate, because of its stability, relative to the boat
conformer.30 Moreover, the reactivity of the SOMOphile has
an effect on the stereoselectivity.31 We concluded that the
fluxional nature of the glycosyl radical was the reason for the
poor stereoselectivities observed with perbenzylglycuronides.
The Matsuda group showed that the stereochemical

outcome of radical glycosylations can be controlled by locking
the substrate either in the 4C1 conformation using the butane
diacetal (BDA) protecting group or in the 1C4 conformation,
using a boronate ester.32 They revealed that conformationally
restricted C1 radicals are predominantly attacked from the
axial direction, because of the overlap in the transition state of
the σ*‡ orbital of the forming C−C bond with the lone pair of
the ring oxygen. This special case of the anomeric effect
determines the outcome of the reaction. Approach from the
top face, although less hindered, disrupts this favorable overlap,
leading to a less-stable transition state.
We realized that a similar approach could be used to

enhance the L-selectivity of the decarboxylative photoalkylation

Figure 1. Our previous work on glucoside C−H activation and new
approaches to C5 activation via photodecarboxylation.

Scheme 1. Scope of the Decarboxylative Photoalkylation
Reaction*

*Only the L-products are shown. aRu(bpy)3Cl2·6H2O. Solvent: 7:3
THF:water. bRu(bpy)3(PF6)2. Solvent: dry THF.

cTCNHPI ester was
used instead. dYield for the L-product. Products are separable by
column chromatography, but the D-product was impure. D:L ratio
determined by HPLC. eYield adjusted for co-eluting phthalimide.
fYield calculated after subsequent deprotection. gMixture of
diastereomers. hD-product contaminated with coeluting unknown.
iReduction to xyloside. jIntractable mixture.
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of glycuronides. The rigid 6,6-trans-fused bicyclic system that
is formed upon protection of a 1,2-trans diol with the BDA
group33−36 should restrict the conformational freedom of the
glycosyl radical. This reasoning is supported by our DFT
calculation (ZORA-BLYP-D3(BJ)/TZ2P) of the BDA-man-
nosyl, BDA-galactosyl, and BDA-2-deoxyglucosyl C5 radical.
The 4C1conformer is, by far, the most stable conformer. (See
the Supporting Information.) This is consistent with the ab
initio calculations of Matsuda et al. on the conformers of a C1
radical.30 As in the case of a C1 radical, axial attack of the C5
radical should be favored, leading to the L-product (see Figure
2).

Therefore, we embarked on the synthesis of the BDA-locked
NHP-esters of glycuronides. Mannuronide 17 was prepared in
50% yield over three steps without intermediate purification by
reacting the C3-OH and C4-OH in 14 with butanedione,
oxidizing the primary OH with TEMPO/BAIB37 and
esterifying the resulting acid with N-hydroxyphthalimide (see
Scheme 2).
NHP-ester 17 was subjected to the photoalkylation reaction

with acrylonitrile to give 18 in 77% yield, with a rewarding D:L
ratio of 1:11, overwhelmingly favoring the L-isomer. The
presence of the D-isomer was confirmed after quantitative
removal of the BDA group.33 A small amount of double
addition product was also isolated (18s). In an attempt to
minimize the formation of 18s, the amount of acrylonitrile and
Hantzsch ester was varied, but this did not result in a
significantly improved yield. Compound 25 adopts the 1C4
conformer, as judged from the coupling constants in the
variable temperature 1H NMR spectra (J1,2 = 1.5 Hz in 18 and
8.2 Hz in 25).

To assess the generality of the approach, the methyl
glycosides of N-acetylglucosamine, 2-deoxyglucose, and
galactose were similarly converted to the corresponding
NHP esters and subjected to decarboxylative photoalkylation
with various SOMOphiles (see Scheme 1, 18−24). The
mannuronides and galacturonides provided the L-product with
high selectivity upon alkylation with acrylonitrile (18 and 24),
while the NHP esters of N-acetylglucosaminuronide and 2-
deoxyglucuronide showed a somewhat lower L-selectivity upon
alkylation (22 and 24). The stereoselectivity was sensitive for
the SOMOphile used (18, 19 and 21). Nevertheless, the L-
product was always favored. This scope demonstrated the
functional group tolerance of the current strategy as well, as
free hydroxyl groups and amides were tolerated. During the
course of the investigation, the NHP ester of methyl
galacturonide was found to be susceptible to hydrolysis, and,
therefore, the reaction was performed in anhydrous tetrahy-
drofuran (THF) with the organic soluble Ru(bpy)3(PF6)2.
Yields and selectivities were comparable, as expected. The
procedure was further fine-tuned by switching N-hydroxyph-
thalimide to N-hydroxytetrachlorophthalimide (TCNHPI), the
latter pioneered by Baran and co-workers as a redox-active
group.38,39 This avoided coelution of the byproduct
phthalimide. To demonstrate the utility of the methodology
for oligosaccharide synthesis, L-thio-guloside 20, a donor in
glycosylation reactions, was prepared in 48% yield.
To compare our results with those of Wang et al., the

TCNHPI -ester of methyl 2-deoxyglucuronide 26 was used in
their benchmark reaction with the p-fluoroaniline imine of
ethyl glyoxylate (Scheme 3). Contrary to the aforementioned
SOMOphiles, the isolated product 27 had the D-configuration.
Combining this result with the previously observed low
selectivity with the NHP esters of the perbenzyl glycosides,
we hypothesize that the addition of radical 1′ to the imine is
reversible, leading to the thermodynamic product, whereas the
addition to a Michael acceptor is irreversible, leading to a

Figure 2. (Top) Results of DFT geometry optimization of the
mannosyl radical for both the chair and the half-chair conformer.
(Bottom) Prediction of the stereochemical outcome of the C5
alkylation in both the α-galactosyl and α-mannosyl radical modeled
after Matsuda et al. The chair conformation and Newman projection
viewed from the ring oxygen are depicted.

Scheme 2. L-Selective Decarboxylative Alkylation of
Methyl-α-Mannoside 14
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mixture of D- and L-products. This also explains the poor
selectivity observed in the reaction of NHP-glycoside esters
without conformational lock (see Scheme 3, bottom).
With these results in hand, we decided to apply our

methodology to the synthesis of L-gulose from D-mannose. L-
Gulose is a rare sugar that has been synthesized previously via
different routes40−43 and is part of the important anticancer
drug bleomycin A2.

44
L-Guluronic acid forms, together with D-

mannuronic acid, the biopolymer alginic acid, which is widely
found in the cell walls of brown algae and the pathogenic
bacterium P. aeruginosa.45 A strategy to introduce the required
hydroxymethylene unit was found using ethyl (Z)-β-
bromoacrylate as the SOMOphile, which eliminates HBr
after photoalkylation to produce the corresponding alkene 28
in 70% yield (Scheme 4). We noted that ozonolysis, followed
by reductive workup, invariably led to epimerization of the
axial C5 substituent. Therefore, the BDA group was removed
first, allowing ring flip, so that the C5 substituent would be
equatorial. In the event, ozonolysis, followed by reductive

workup using NaBH4, afforded methyl L-guloside 29 in 59%
yield with retention of stereochemistry.
In this investigation, we have synthesized alkylated glyco-

sides from their corresponding NHP esters via decarboxylative
photoalkylation. The stereochemical outcome of the reaction
could be controlled by locking the substrate in a 4C1 chair
conformation via its butane diacetal derivative. This strategy
provides the products with inversion of stereochemistry at C5,
when Michael acceptors are used as SOMOphiles. Compared
to most of the previous strategies to prepare L-hexoses, the
current strategy has the advantage that the pyranose
connectivity is preserved. This is important, since most
synthetic manipulations of monosaccharides rely heavily on
the substrate control provided by the rigid pyranose form.46
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