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ABSTRACT
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An integrated set of reactions and conditions that allow an eight-step one-flask synthesis of the protected derivatives of c-di-GMP and the
[Rx,R,] and [R;,S;] thiophosphate analogues is reported. Deprotection is also carried out as a one-flask procedure, with the final products
isolated by crystallization from the reaction mixture. Chromatography is only used for separation of the thiophosphate diastereomers.

The bacterial signaling molecule, cyclic diguanosine mono-
phosphate (c-di-GMP, 7) isincreasingly recognized as having
widespread consequences for human health through its
multiple roles, which include regulation of biofilm formation
as well as virulence.* Further, c-di-GMP has now been
identified as a specific and high affinity ligand for the GEMM
class of bacterial riboswitches that regul ate gene expression.®
Recent crystal structures of the bound riboswitch aptamer®”
suggest a molecular mechanism for the c-di-GMP signaling
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pathway through formation of a unique helix. These struc-
tures demonstrate asymmetrical binding of c-di-GMP, with
the guanines deeply buried, but with the ribose phosphate
ring partially exposed.

Better synthetic methods for c-di-GMP, as well as
analogues and derivatives, are essential to fully explore and
define its pathways and molecular mechanisms. Our first goa
in revisiting the synthesis of c-di-GMP and its thiophosphate
analogues was to develop afast and convenient route to gram
scale quantities from low-cost commercially available starting
materials. Six laboratories, including ours, have reported
routes to synthesis of c-di-GMP and a few analogues.® *°
These approaches use arange of chemistries, with two using
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Scheme 1. Syntheses of c-di-GMP, 7, and the [R,,Rj], 8a, and [R;,S)], 8b, Thiophosphate Analogues
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phosphate triester chemistry for both the initial coupling and
the cyclization,®** while the others begin with an amid-
ite” ™15 or H-phosphonate coupling** and then use a
triester®*> or H-phosphonate cyclization.**** A common
feature of al of these approaches is the small amount of
c-di-GMP prepared, with none reporting amounts over 200
mg and most much less. All rely on reversed-phase HPLC
for final purification, and al but the solid-phase route®®
require several silica chromatography steps during the
synthesis. The small amount of c-di-GMP obtained limits
the opportunity for the preparation of derivatives. Further,
as a phosphate triester cyclization does not lend itself to the
preparation of thiophosphates, prior to our recent work® only
the analogue with a single thiophosphate had been re-
ported.2* We have recently prepared and characterized all
of the thiophosphate diastereomers of c-di-GMP containing
one, two, or three sulfur atoms,® but in such modest yields
that opportunities for further study are limited, beyond
confirming that they showed polymorphism similar to that
we had found for c-di-GMP itself.X” Thiophosphate
analogues of defined stereochemistry are of particular
interest as probes of phosphate/metal interaction and
because of the resistance of thiophosphates to enzymatic
hydrolysis.
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The method for preparation of c-di-GMP and c-di(gua-
nosine-monothiophosphate) we now report uses the standard
commercia N-isobutyryl-2"-O-TBS-protected guanosine phos-
phoramidite, 1, as the common starting material for both of
the guanosines incorporated and was designed such that the
reagents used in each step do not interfere with subsequent
steps, alowing the syntheses to be carried out as one-flask
procedures. Two particular examples of the degree of
integration of the reagents are that the dichloroacetic acid
used for the first detritylation provides in the next step the
pyridinium ion that is the promoter of the amidite coupling
reaction and that the dichloroacetate does not interfere with
the H-phosphonate cyclization reaction. Thus, the eight steps
to get to the protected cyclic derivatives 5a—c, which are
isolated by extraction, are carried out by sequential addition
of reagents without isolation of intermediates. We have also
developed a two-step, one-flask deprotection procedure in
which the final products are isolated by crystalization,
without the need for a fluoride scavenger,™® ion-exchange,
or reversed-phase HPLC. There are no chromatographic steps
in the preparation of c-di-GMP, 7. The separation of the
protected thiophosphate diastereomers 5b and 5¢, on asilica
column, is the only chromatographic step.

As shown in Scheme 1, the first step is hydrolysis of the
first portion of the guanosine phosphoramidite, 1, by treat-
ment with pyridinium trifluoroacetate in acetonitrile contain-
ing 2 equiv of water. The hydrolysis takes less than 1 min
to give the H-phosphonate diester, 2, which is immediately
treated with tert-butylamine to remove the cyanoethyl group.
This reaction is complete within 10 min, and the solution
is then concentrated to remove tert-butylamine prior to
detritylation with 3% dichloroacetic acid (DCA) and 10 equiv
of water in methylene chloride. The detritylation requires
less than 10 min. The water prevents retritylation, which
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otherwise occurs to a significant extent upon quenching the
DCA with pyridine. After changing the solvent to dry
acetonitrile, the coupling with 1.3 equiv of a second portion
of 1 to give 3 is complete within 2 min.

Oxidation using tert-butylhydroperoxide, or sulfurization
using 3-((dimethylaminomethylidene)-amino)-3H-1,2,4-dithi-
azole-5-thione (DDTT),® is carried out immediately after
the coupling. The oxidation or sulfurization requires no more
than 30 min. The solution is concentrated to change the
solvent back to methylene chloride for the second detrityl-
ation, again using DCA/water, to give the linear dimer 4a
or 4b. The reaction is quenched by addition of pyridine,
followed by concentration to remove methylene chloride and
water. Cyclization is then effected by addition of 3—3.5
equiv of 5,5-dimethyl-2-oxo-2-chloro-1,3,2-dioxaphosphi-
nane (DMOCP)%° to the pyridine solution of 4a or 4b and is
complete within 5—10 min. Pivaloyl chloride or adamantoyl
chloride also work well, but we have found that DMOCP
gives dlightly cleaner results. Significantly, we have found
that high dilution is not necessary for this H-phosphonate
cyclization, which is done at a concentration of 20 mL/mmol.
The excess DMOCP is quenched with water, followed by
addition of either iodine or 3H-1,2-benzodithiol-3-one.>#?
The oxidation or sulfurization requires 5 min. Excessiodine
is consumed by addition of the mixture to a solution of
aqueous sodium bisulfite, to which sodium bicarbonate is
added after 10 min. For the thioates, the reaction mixture is
added directly to a sodium bicarbonate solution.

The protected mixed diester/triester derivatives 5a—c are
isolated by extraction of the agueous mixture with 1:1 diethyl
ether and ethyl acetate. The thiophosphate diastereomers 5b
and 5c are separated and purified by silica chromatography
in yields from 1 of 27 and 23%, respectively. Only two
of the three thiophosphate diastereomers are obtained
because the H-phosphonate cyclization and sulfurization
give only the R, diastereomer.*®?® Treatment of 5a with
tert-butylamine in acetonitrile gives 6a, which is readily
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purified by crystalization from methylene chloride, in
35—45% yield from 1. If desired, 5b and 5c¢ can be similarly
converted to 6b and 6¢, which can be crystallized from water.
The tert-butylamine step, however, is not necessary, as
subsequent methylamine treatment efficiently removes the
cyanoethyl group.

Full deprotectionis carried out in two steps beginning with
treatment with a solution of methylamine in ethanol at room
temperature for 1—2 h. After concentration to dryness, the
residue is dissolved in minimal pyridine and treated with
TEAHF at 50° for 60 min. The final products, 7, 8a, or 8b,
crystallize from the mixture as the triethylammonium salts
upon addition of acetone.

The method reported here is significantly faster and more
convenient than other approaches reported to date, allowing
facile preparation of gram scale amounts of crystalline c-di-
GMP. Of the eight reactions leading to 5a—c, only the 30
min phosphite triester oxidation/sul furization takes more than
10 min. Because of the fast reactions, the overall time for
preparation of 5a—c from 1 is 8—10 h, with most of the
time spent in concentrations on arotary evaporator to change
solvents. The conversion of 5a to 6a takes only an hour,
while the time for crystallization of 6a varies from 1 to 8 h.
The silica separation of 5b and 5c takes most of a day, as
does the final deprotection, so that the overall time for 7, or
8a/8b, is about three days with overall yields from 1 of 30%
for 7, 19% for 8a, and 17% for 8b.

This route to c-di-GMP is based on the most common
commercially available guanosine phosphoramidite, eliminat-
ing the need for preparation of this starting material.
Moreover, since the phosphoramidites of many other nucleo-
sides, and analogues, are also available, this route should be
generaly applicable to preparation of awide variety of other
cyclic dinucleotides, including unsymmetrical molecules, as
well as their thiophosphate anal ogues.
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