25. The experimental rate constants and activation
energies can be used to obtain a minimum H,,
value (76). With a density of states of 0.3 eV~ per
gold atom, a reorganization energy of 0.9 eV, and
a rate constant of 3 X 10® s~', nonadiabatic
electrochemical Marcus theory gives a minimum
H,, value of 52 cm~" at 298 K. The calculated H,,
in the case of the n = 4 model compound was 2.6
cm~'. Calculated H,, values cannot be directly
compared with experimental H,, values because
the model system has a ferrocene group where the
experimental system has gold atoms. To account
for this difference, we assume tight coupling be-
tween the bridge and one carbon atom of the
ferrocene in the model system and tight coupling
between the bridge and one gold atom in the
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experimental system. Additionally, we assume that
the additional vinylene in the model system is
equivalent to the methyl thiol in the experimental
system. The quantum calculation gives a wave
function amplitude on the ferrocenyl carbon of
0.14. Division of the calculated H,, by this coeffi-
cient yields a more appropriate value of 18 cm~?
for comparison with the lower limit of the exper-
imental H,, value. This value is within a factor of 3
of the minimum obtained from experiment. Given
the uncertainties in the calculation, we consider
this result consistent with the conclusion that the
rate is not limited by the electronic coupling.

26. L. D. Zusman, Chem. Phys. 49, 295 (1980).

27. ). Barthel, K. Bachhuber, R. Buchner, H. Hetzenauer,
Chem. Phys. Lett. 165, 369 (1990). T, = (e../e )y,

Automated Solid-Phase
Synthesis of Oligosaccharides

Obadiah J. Plante, Emma R. Palmacci, Peter H. Seeberger*

Traditionally, access to structurally defined complex carbohydrates has been
very laborious. Although recent advancements in solid-phase synthesis have
made the construction of complex oligosaccharides less tedious, a high level of
technical expertise is still necessary to obtain the desired structures. We
describe the automated chemical synthesis of several oligosaccharides on
a solid-phase synthesizer. A branched dodecasaccharide was synthesized
through the use of glycosyl phosphate building blocks and an octenediol
functionalized resin. The target oligosaccharide was readily obtained after
cleavage from the solid support. Access to certain complex oligosaccharides
now has become feasible in a fashion much like the construction of oli-

gopeptides and oligonucleotides.

The understanding of oligosaccharides and gly-
coconjugates in nature is still in its infancy (7).
Cell surface glycoconjugates are involved in sig-
nal transduction pathways and cellular recog-
nition processes and have been implicated in
many disease states (2). A major impedi-
ment to the rapidly growing field of molec-
ular glycobiology is the lack of pure, struc-
turally defined carbohydrates and glycocon-
jugates. These biomolecules are often found
in low concentrations and in microheteroge-
neous form in nature, greatly complicating
their identification and isolation. The pro-
curement of sufficient quantities of defined
oligosaccharides required for detailed bio-
physical and biochemical studies therefore
relies on efficient synthetic methods.
Although much progress has been made
in oligosaccharide synthesis (3), the con-
struction of complex carbohydrates remains
time consuming and is carried out by a
small number of specialized laboratories.
The necessary functionalization of all hy-
droxyl groups present on a monosaccharide
is one of the main challenges in oligosac-
charide construction. The development of a
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protecting group scheme that allows for the
manipulation of individual hydroxyl groups
is pivotal for the success of the synthetic
route. Permanent protecting groups, such as
benzyl ethers, are installed at positions
where a free hydroxyl will be present in the
final deprotected molecule. Temporary pro-
tecting groups, such as esters, are used to
mask hydroxyls that will be exposed at a
certain stage of the synthesis. The liberated
hydroxyl group then serves as a nucleophile
in the reaction with a glycosylating agent.

The stereospecific formation of glycosidic
bonds is the central challenge in carbohydrate
chemistry (Fig. 1). The chemical formation of a
glycosidic linkage involves activation of a gly-
cosyl donor to create a reactive electrophilic
species that couples with a nucleophilic acceptor
hydroxyl. This coupling reaction can take two
possible pathways resulting in formation of ei-
ther - or B-anomers. Current methods to con-
trol the stereochemistry of the anomeric center
rely on the participation of a neighboring func-
tionality, such as an ester-protecting group on
the C2 hydroxyl. Formation of a cyclic oxonium
ion intermediate shields one face of the mole-
cule, leading exclusively to the formation of
trans-glycosidic linkages. Cis-glycosidic bonds
are difficult to construct with high specificity
because neighboring group participation is not
possible.

where 7 is the longitudinal polarization time, ¢, is
the infinite-frequency dielectric constant, ¢, is the
static dielectric constant, and 7, is the Debye relax-
ation time.
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The evolution of a solid-phase paradigm for
the construction of oligosaccharides was initiat-
ed with Frechet’s synthesis of di- and trisaccha-
rides on a polymer support in 1971 (4). Since
then, solid-phase oligosaccharide synthesis has
seen many advancements. Various glycosyl do-
nors, such as anomeric sulfoxides (5) and anhy-
drosugars (), have been applied to the synthesis
of carbohydrates on a polymer support. Several
linkers serving to connect the growing oligosac-
charide chain to the polymer support have been
introduced with different reactivities and cleav-
age procedures (6). Notably, a combinatorial
split-and-mix approach on a support resulted in
the synthesis of a library of N-acylated di- and
trisaccharides (7). Although advancements in
solid-phase chemistry have allowed for the con-
struction of complex molecules, the manipula-
tions remain tedious and time consuming.

Ultimately, a general, automated method
for oligosaccharide assembly will allow for
the rapid preparation of structures of interest.
Oligonucleotides (8) and oligopeptides (9)
are now routinely prepared in an efficient
manner on automated synthesizers with solid-
phase strategies. The solid-phase paradigm
lends itself particularly well to automation of
oligosaccharide synthesis as the repetitive na-
ture of glycosylation and deprotection can
easily be framed into a coupling cycle. Ex-
cess reagents can be used to drive reactions to
completion, and resin washes can remove any
soluble impurities. Only a single purification
step is necessary after the sugar is liberated
from the solid support.

Mindful of the advantages of solid-sup-
port synthesis, we considered several key
issues for the development of an automated
oligosaccharide synthesizer: (i) an instrument
capable of performing repetitive chemical
manipulations at variable temperatures, (ii)
the design of an overall synthetic strategy
with either the reducing or the nonreducing
end of the growing carbohydrate chain at-
tached to the support (10), (iii) selection of a
polymer and linker that are inert to all reac-
tion conditions during the synthesis but
cleaved efficiently when desired, (iv) protect-
ing group strategies consistent with the com-
plexity of the target oligosaccharide, and (v)
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stereospecific and high yielding glycosyla-
tion reactions.

Rather than designing a new machine, we
opted to reengineer an existing apparatus used
in automated peptide synthesis (/7). Several
adaptations were necessary before the peptide
synthesizer could be used for carbohydrate syn-
thesis (/2). Using this modified peptide synthe-
sizer, we undertook a systematic investigation
of the variables involved in automated solid-
phase oligosaccharide synthesis. We chose the
“acceptor bound” strategy for solid-phase oli-
gosaccharide synthesis (/3). In this method, the
reactive glycosylating agent is delivered in so-
lution while the nucleophilic acceptor hydroxyl
group is exposed on the solid support. Produc-
tive coupling events result in support-bound
oligosaccharides that are purified by simply
washing the soluble side products through a
filter. Removal of a temporary protecting group
on the newly formed saccharide unit reveals
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another hydroxyl group, thereby continuing the
coupling cycle.

To explore the compatibility of glycosylat-
ing agents and protecting groups with a solid-
phase linker and a polymer support, we inves-
tigated the construction of polymannosides.
The synthesis of a-mannosides has been the
focus of substantial research because of their
occurrence in biological structures such as gly-
colipids and N-linked glycoproteins (/4, 15). A
series of a-(1—2) mannosides (Scheme 1, 3 to
5) served as our initial targets for automation
because structures of this type have been syn-
thesized previously in solution and on the solid
support (/6). Trichloroacetimidate donor 2 was
chosen as the donor building block because it
can be prepared on a multigram scale, is acti-
vated at room temperature, and bears a C2-ester
functionality to control the anomeric configura-
tion of the polymer (/7). Activation of 2 was
carried out under acidic conditions with the
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Fig. 1. Stereochemical issues in the synthesis of carbohydrates: Oligosaccharides require the
formation of a particular stereoisomer (« or 3 anomer) during each coupling event. The use of
participating groups, such as esters, leads to exclusive formation of trans-glycosidic linkages.
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Scheme 1. Automated oligosaccharide synthesis with trichloroacetimidates. Glycosylation condi-
tions: 25-wmol scale: 25 pwmol of resin (83 mg, 0.30 mmol/g loading); 10 equiv. donor 2 (160 mg);
0.5 equiv. TMSOTf (1 ml, 0.0125 M TMSOTf in CH,Cl,) repeated two times for 30 min each.
Deprotection conditions: 25-p.mol scale: 10 equiv. NaOMe (0.5 ml, 0.5 M NaOMe in MeOH) in 5
ml of CH,Cl, repeated two times for 30 min each.
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Lewis acid trimethylsilyl trifluoromethanesul-
fonate (TMSOTT). Removal of the acetyl ester-
protecting group was accomplished under basic
conditions with sodium methoxide.

To allow for the use of acidic and basic
reaction conditions in the coupling cycle, we
investigated a polymer support and linker for
compatibility (/8). A variety of commercially
available polymer supports were examined.
Merrifield’s resin (1% cross-linked polysty-
rene) and polystyrene-based Argopore dis-
played excellent properties throughout the
coupling cycle. Our previous work demon-
strated that olefinic linker 1 was stable to the
coupling cycle conditions while readily
cleaved from the solid support at the end of
the synthesis by olefin cross metathesis. By
varying the concentration and quantity of re-
agents as well as the reaction times, we ar-
rived at the cycle shown in Table 1. Applying
the conditions in Table 1 with octenediol
functionalized 1% cross-linked polystyrene,
the synthesis of pentamannoside 3 was car-
ried out in 14 hours (Scheme 1).

Analysis of the resin-bound oligosaccharide
is essential for the successful development of a
solid-phase synthesis method (/9). Two-dimen-
sional nuclear magnetic resonance (2D-NMR)
analysis of the resin-bound pentamer 6 was
performed with high-resolution magic angle
spinning (HR-MAS) NMR techniques (Fig. 2).
Analysis of the NMR spectra revealed charac-
teristic anomeric signals between 97 and 103
parts per million. Further homonuclear total
correlation spectroscopy (TOCSY) HR-MAS
analysis confirmed the presence of five unique
anomeric protons (20). In accordance with pre-
vious experiments, minor line broadening was
observed in the spectra of the resin-bound sam-
ple (21). Overall, the HR-MAS NMR data of
the polymer-bound pentamer corresponded un-
equivocally with an authentic pentamer sample
prepared in solution. The remarkable purity of
the resin-bound pentasaccharide 6, after nine
synthetic steps without any purification, en-
couraged us to explore the synthesis of larger
structures. Heptamer 4 and decamer S were
prepared in average yields of 90 to 95% per
step. The short reaction times, 3 hours per
monomer unit, allowed for the synthesis of 4 in
20 hours and 42% overall yield. As a compar-
ison, we manually synthesized heptamannoside
4 on the solid support in 14 days and 9% overall
yield (/8). These results demonstrate that the
synthesis of a linear oligosaccharide is fast and
high yielding when constructed on an automat-
ed synthesizer.

Given the success with the automated
o-mannoside construction, the fully protected
phytoalexin elicitor (PE) 3-glucan 7 was se-
lected as a more complex target structure
(Fig. 3) (22). The presence of a fungal B-glu-
can oligosaccharide triggers the soybean
plant to release antibiotic phytoalexins. The
response initiated by the PE B-glucans in the

SCIENCE www.sciencemag.org



host soybean plant is the most studied de-
fense mechanism in plants. These oligosac-
charides have been synthesized previously in
solution (23) and on the solid support (24)
and were expected to serve well as a bench-
mark in our automation endeavor.

For the synthesis of the branched B-(1—3)/
B-(1—6) PE structure, we envisioned the use of
two different glycosyl phosphate donors, 8 and
9. Recently, we introduced glycosyl phosphates
as glycosylating agents that are readily prepared
from glycal precursors and that performed well
in solution and on a solid support (25). Strategic
protecting group considerations prompted us to
use the levulinoyl ester as a 6-O temporary
protecting group and the 2-O-pivaloyl group to
ensure complete B-selectivity in the glycosyla-
tion reaction. Deprotection of the levulinoyl es-
ter was accomplished with a hydrazine solution
in pyridine/acetic acid, whereas the phosphate
building block was activated with TMSOTT.

Unlike peptide and nucleic acid synthesis,
many of the manipulations involved in oligo-
saccharide chemistry are not carried out at room
temperature. Drawing from solution-phase
studies, we were cognizant that the use of gly-
cosyl phosphates, like many donors (26),
would require low temperature for optimal re-
sults. To address this need, we designed a tem-
perature-controlled reaction vessel. The vessel
is enclosed by a cooling jacket that is easily
attached to a commercial cooling apparatus.
Model reactions with phosphate donor 8 dem-
onstrated the ease of incorporating a tempera-
ture variable in the automation cycle.

The coupling and deprotection conditions
were adjusted for the use of glycosyl phos-
phates and levulinoyl esters, resulting in the
cycle shown in Table 1 (phosphate cycle).
The activation of phosphate donor 8 at
—15°C required shorter reaction times than
were needed for trichloroacetimidate 2, as
determined in preliminary solution-phase
studies. As anticipated from previous studies
(27), the levulinate ester could be rapidly
removed at +15°C (15 min), compared with
longer reaction times necessary for acetyl
ester cleavage. The levulinoyl group depro-
tection cycle incorporates a different washing
cycle (pyridine/acetic acid) than the acetyl
group to ensure removal of any excess hyd-
razine. As in the synthesis of polymannosides
3 to 5, double glycosylations and double
deprotections were used. Incorporation of
these modifications to the automated cycle
resulted in an excellent yield [92% by high-
pressure liquid chromatography (HPLC)
analysis] of a model B-(1—6) trisaccharide.

The automated cycle was then applied to the
synthesis of more complex PE oligosaccharides
with alternating phosphate building blocks
(Scheme 2). Branched hexasaccharide 10 was
constructed in 10 hours in >80% yield as
judged by HPLC analysis. Also, we prepared
dodecasaccharide 7 (Fig. 3) in 17 hours and
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>50% yield using the same cycle. Notably, the
solution-phase synthesis of only two phosphate
building blocks was necessary, which greatly
reduces the manual labor usually required to
assemble a structure of this size. The expedient
generation of material through automation rep-
resents a major improvement over conventional
methods for polysaccharide synthesis.

We have demonstrated that both glycosyl
phosphates and trichloroacetimidates are useful
donors in the automated synthesis of oligosac-
charides, as well as the utility of acetate and

levulinate esters as temporary protecting
groups. To illustrate the generality of this meth-
od, we synthesized trisaccharide 13, incorporat-
ing all aspects of our automated chemistry. This
trisaccharide motif occurs in complex type N-
linked glycoprotein structures and contains two
challenging linkages. Glycosylations of the C2
position of mannose with glucosamine donors
and the C4 hydroxyl of glucosamine with ga-
lactose donors are notoriously difficult reac-
tions, often leading to the formation of unwant-
ed side products (28).

Table 1. Cycles used with trichloroacetimidate and phosphate donors.

. Time
Step Function Reagent (min)
Trichloroacetimidate cycle
1 Couple 10 equiv. donor and 0.5 equiv. TMSOTf 30
2 Wash Dichloromethane 6
3 Couple 10 equiv. donor and 0.5 equiv. TMSOTf 30
4 Wash Dichloromethane 6
5 Wash 1:9 methanol:dichloromethane 6
6 Deprotection 2 X 10 equiv. NaOMe (1:9 60
methanol:dichloromethane)
7 Wash 1:9 methanol:dichloromethane 4
8 Wash 0.2 M acetic acid in tetrahydrofuran 4
9 Wash Tetrahydrofuran 4
10 Wash Dichloromethane 6
Phosphate cycle
1 Couple 5 equiv. donor and 5 equiv. TMSOTf 30
2 Wash Dichloromethane 6
3 Couple 5 equiv. donor and 5 equiv. TMSOTf 30
4 Wash 1:9 methanol:dichloromethane 4
5 Wash Tetrahydrofuran 4
6 Wash 3:2 pyridine:acetic acid 3
7 Deprotection 2 X 20 equiv. hydrazine (3:2 pyridine:acetic acid) 30
8 Wash 3:2 pyridine:acetic acid 3
9 Wash 1:9 methanol:dichloromethane 4
10 Wash 0.2 M acetic acid in tetrahydrofuran 4
1 Wash Tetrahydrofuran 4
12 Wash Dichloromethane 6
65
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Fig. 3. Dodecamer phytoalexin elicitor B-glucan.
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Scheme 2. Automated oligosaccharide synthesis with glycosyl phosphates. Glycosylation condi-
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The automated synthesis of trisaccharide
13 required the preparation monosaccharide
building blocks (2, 11, and 12). Donor 2 was
chosen on the basis of the glycosylation and
deprotection protocols developed for the syn-
thesis of a-(1—2) mannosides. Glucosamine
donor 11 was designed with the phthalimide
amine-protecting group to confer 3-selectiv-
ity during glycosylation. Incorporation of a
levulinate ester at the C4 position of 11 al-
lows for rapid deprotection with hydrazine as
demonstrated in the synthesis of the PE
B-glucans. Galactosyl phosphate 12 was cho-
sen to fashion the terminal glycosidic linkage
on the basis of the high reactivity of this
donor with unreactive substrates (25).

The automated synthesis of trisaccharide 13
was carried out with the cycle described in
Scheme 3 (29). HPLC analysis of the crude
reaction mixture after cleavage from the sup-
port indicated a 60% overall yield. Subsequent
removal of all protecting groups was carried out
to demonstrate that oligosaccharides prepared
in an automated fashion are efficiently depro-
tected. Cleavage of the phthalimide group with
hydrazine (30) and N-acetylation with acetic
anhydride were followed by removal of the
pivaloyl group with LiOH (5). Global debenzy-
lation proceeded smoothly with concomitant
reduction of the olefin functionality to afford
n-pentyl glycoside 14 in 62% yield from the
fully protected trimer 13. The cleavage condi-
tions described here for the removal of phtha-
loyl, pivaloyl, and benzyl groups are routine
procedures (3/) that can be applied to a wide
variety of substrates.

In summary, these examples illustrate major
improvements in time and yield as compared
with manual syntheses of oligosaccharides. A
glycosylation/deprotection cycle was devel-
oped and applied to the synthesis of a decamer
of an a-(1—2) mannoside. Two phytoalexin
elicitor -glucans, hexasaccharide 10 and do-
decasaccharide 7, were constructed in rapid
fashion with glycosyl phosphates. Trisaccha-
ride 13 was assembled with both glycosyl
phosphate and trichloroacetimidate donors
and a protecting group strategy based on
acetate and levulinate esters. The automated
method described above represents an impor-
tant advance toward streamlining the synthe-
sis of oligosaccharides.

Although several limitations still exist in
oligosaccharide construction, it is now pos-
sible to transfer many solution and solid-
phase chemistries to an automated synthe-
sizer. A number of challenges such as the
synthesis of sialic acid containing oligosac-
charides and heparinlike glycosaminogly-
cans still remain. Additional research in
these areas is needed to further advance the
field of oligosaccharide synthesis. The ease
of acquiring defined structures from a ma-
chine will impact the field of glycobiology
such that we may one day be able to fully
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appreciate the importance of oligosaccha-
rides and glycoconjugates in nature.
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Redox State of Mars’ Upper
Mantle and Crust from Eu
Anomalies in Shergottite

Pyroxenes

M. Wadhwa

The oxidation state of basaltic martian meteorites is determined from the
partitioning of europium (Eu) in their pyroxenes. The estimated redox condi-
tions for these samples correlate with their initial neodymium and strontium
isotopic compositions. This is interpreted to imply varying degrees of inter-
action between the basaltic parent melts, derived from a source in the martian
mantle, and a crustal component. Thus, the mantle source of these martian
basalts may have a redox state close to that of the iron-wiistite buffer, whereas
the martian crust may be more oxidized (with a redox state higher than or equal
to that of the quartz-fayalite-magnetite buffer). A difference in redox state of
more than 3 log units between mantle and crustal reservoirs on Mars could
result from oxidation of the crust by a process such as aqueous alteration,
together with a subsequent lack of recycling of this oxidized crust through the

reduced upper mantle.

Determination of the redox state of Mars’ man-
tle and crust would help to estimate elemental
distributions between these silicate reservoirs
and the core, thereby leading to a better under-
standing of the accretion and differentiation
history of the planet. The red color of the
martian surface is attributed to the presence of
ferric minerals in the weathered, highly oxi-
dized regolith (/). The silicate interior (that is,
the mantle and crust) may be less oxidized than
the regolith, but there are no direct estimates of
its redox state. Indirect estimates of the oxida-
tion state of the martian interior are mostly
based on model compositions (specifically,
FeO content) of the bulk silicate portion of
Mars (BSM). Some of these compositions are
derived from cosmochemical models with ad-
justable parameters fit to density distribution
estimates from geophysical data (2—6). Others
are from the bulk compositions of martian me-
teorites (7-9), which are currently the only
samples of the crust of Mars available for study
(10). A general feature of these models has
been the prediction of FeO enrichment in the
BSM relative to Earth’s mantle, attributed to
relatively oxidizing conditions on Mars.
Attempts to obtain estimates of redox con-
ditions on Mars have also been made from the
compositions of Fe-bearing minerals in the
shergottites, a class of martian meteorites com-
posed of basaltic and lherzolitic rocks, parent
magmas of which are thought to represent frac-
tionated partial melts of the martian mantle
(10). Most of these studies rely on the compo-
sitions of coexisting Fe-Ti oxides (//-4) and
indicate a range of oxidation conditions. How-
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ever, because these oxides are among the very
last phases to crystallize and are susceptible to
subsolidus reequilibration, they may not
record primary magmatic redox conditions.
One investigation based on stoichiometric
calculations of Fe>*/Fe?™ in shergottite py-
roxenes suggested that their source region
in the martian mantle may be substantially
reduced (/5). However, a subsequent study
(16) pointed out large uncertainties in the
approach taken by (75). Therefore, the is-
sue of the redox state of Mars’ silicate
interior has so far remained contentious.
Here, magmatic oxidation conditions for the
basaltic shergottites were determined from the
partitioning of Eu in the earliest crystallizing
minerals. Eu is the only rare earth element
(REE) than can exist in the divalent and triva-
lent states under magmatic conditions (other
REEs are trivalent). The Eu mineral/melt dis-
tribution coefficient (Dy,,) for a particular min-
eral is dependent on the Eu®*/Eu?™ ratio in the
magma, which in turn is predominantly a func-
tion of the prevailing redox condition during
crystallization (/7). Partitioning experiments
for synthetic high-Ca pyroxene (augite) and
plagioclase with compositions similar to those
in the angrites (a class of basaltic meteorites)
have established the relation between Dy /D4
for these minerals (used as a proxy for the
Eu?*/Eu®* ratio in the melt) and oxygen fu-
gacity ( foz) (18). Although analogous experi-
ments (that is, over a wide range of f, condi-
tions) have not been performed for the basaltic
shergottites, the relation between D /D, and
Jo, for shergottite minerals may be similar to
that for angrite minerals because (Dg,/
D_ )i values from a set of experiments on a
shergottite analog composition (19, 20) fall on
the same curve as that defined by the data from
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