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Following in vivo use of mycophenolic acid, the O-aryl and O-acyl glucuronides, as well as the recently
discovered O-aryl glucoside (Scheme 1), are all found as metabolites. We describe convenient prepara-
tions of all three derivatives. The phenolic glycosides are obtained by phase-transfer-catalysed alkylation
of methyl mycophenolate in very high yield, as an excellent alternative to the Kénigs-Knorr reaction. We
carefully optimised our earlier synthesis of the acyl glucuronide to give a highly pure product in a much

improved yield. Finally, we describe the value of a synthetic acyl glucuronide in demonstrating its reac-
tivity towards a known target protein with superior response to the naturally obtained material.

© 2009 Elsevier Ltd. All rights reserved.

The mould metabolite mycophenolic acid 1 (Scheme 1) was
first isolated from a Penicillium species in 1896.! Its potential
as an antibacterial and an antifungal agent was reported in
1946;%3 later there was considerable interest in its antiviral
and antitumour®® activities and many semi-synthetic analogues
were prepared.® Recently, 1 and its derivatives have become
established as highly effective immunosuppressive’® drugs in
the course of transplant surgery. The human metabolic products
of 1 are therefore of great importance. Interestingly, a new anti-
cancer indication has recently been found for 1; its hydroxamic
acid derivatives show significant activity as histone deacetylase
(HDAC) inhibitors.®

Following in vivo administration, the major metabolite of 1 is
the O-aryl (phenolic) glucuronide 2,'° apparently a purely detox-
ifying metabolite. A much smaller part of the dose (ca. 1.25%)!"
is converted into the O-acyl glucuronide 3; this compound
appears to retain activity as an inhibitor of the proliferation of
mononuclear leukocytes'? and it has also been implicated in
unfavourable interactions with liver proteins.">~'®> Finally, the
aryl glucoside 4 has also been identified as a human metabo-
lite:® this Letter also gave evidence for the formation of an acyl
glucoside in the kidney, but probably not in therapeutically sig-
nificant amounts.

It is important that analytical standards of compounds 2-4
should be available for analysis and toxicology. The synthesis of
2 via the classical Kénigs-Knorr procedure is known!” and an enzy-
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matic preparation of 3 was achieved using homogenised horse li-
ver'8 after removing small amounts of 2 by preparative HPLC; no
preparation of 4 has been reported. We now report efficient chem-
ical syntheses of 2-4, avoiding heavy metals'® for 2 and 4. Further,
the selective acylation method for acyl glucuronide synthesis,%2!
has been optimised to yield highly pure 3 in very good yield. We
also report on the protein reactivity of synthetic 3.

For the preparation of aryl glucuronide 2, an ester of 1 is neces-
sary. It was best to heat 1 with methanol and the acid ion-ex-
change resin IR-120, or treat with tosic acid at 20 °C, to afford
methyl ester 5!7 in high yield and purity, Scheme 2. The use of
CH,N; or Me3SiCHN; invariably led to over-reaction, with forma-
tion of the phenolic O-methyl ether.

Using the Kénigs-Knorr synthesis'” of 2, we found that it was
simplest to react 5 with an excess (1.5 equiv) of glycosyl bromide
622 in quinoline with Ag,COj3 catalysis. In this way, all the methyl
ester 5 was converted to afford the desired conjugate 7 in high
yield and purity after recrystallisation: excess 5, in contrast, could
only be fully removed by chromatography.

In general, it is desirable to avoid the use of heavy metal cata-
lysts in glycosidation. Glycosidation of phenols by the trichloroace-
timidate method using, for example, BF;%3 is normally excellent,
but here cyclisation of 5 occurs, giving the tetrahydropyran deriv-
ative 8.24 This side-reaction also prohibits the glucuronidation of 5
using perester 9 or hemiacetal 10 with a strong Lewis acid.?>®> We
found that the cyclisation of 5 was much slower with the mild Le-
wis acid ZnCly; coupling of 5 with 11 using ZnCl, as catalyst was
therefore attempted, but no conjugate 7 could be obtained and 8
was again formed slowly.
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Scheme 1. Carbohydrate phase 2 metabolites of mycophenolic acid 1. It is understood that the same UDPGT isoform, namely UGT1A10, is involved in the biosynthesis of 2

and 3.
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An excellent alternative method for the transformation of 5 into
7 involves phase-transfer alkylation: initially we used the in situ
formed Li phenolate of 5.!° Reaction of this salt (Scheme 2) with
6 in a water/(CH,Cl), mixture catalysed by "BusN* Br~ gave satis-
factory conversion into 7, although it was difficult to drive the
reaction to completion: pure 7 was obtained in approximately
40% yield after chromatography. Glycosyl iodide 122> did not give
a better yield.

Use of solid phase-transfer catalysis?® [K,CO3 as base in CHCl;
solvent, a minimum amount of water (1:1 molar ratio with the
bromosugar) and 2 equiv of 6] gave a much cleaner reaction:
hydrolysis of 5 was avoided and 7 was obtained in 82% yield. We
believe that this is the first application of these conditions for
glucuronidation: the use of traces of H,O was mentioned only in
a footnote in the original paper?® but appears crucial and very
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effective. PhnCH,N"Et; Cl~and "BugN* Br~ are good catalysts, with
"BuyN*Br~ marginally superior, and Cs,COs is an excellent base.
Zemplen deprotection of 7 (using an excess of base since two
carboxylates are formed in this step) afforded aryl glucuronide 2
in excellent yield and purity after acidification using IR-120(H"),
filtration, evaporation and trituration with ether. Originally,
acetone was used,'” but MeOH gave a much cleaner product.
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We have already outlined the preparation of acyl glucuronide
32021 ip fair yield, using our selective acylation method, from ester
13 or 14, and we now report a careful optimisation of this method.
The use of the benzyl ester 14 is now preferred, Scheme 3; depro-
tection of allyl esters requires soluble Pd(0) catalysts*® and
removal of Pd residues may be troublesome.

Thus reaction of 1 with 14 using HATU and either N-methyl-
morpholine (NMM)?° or N-ethylmorpholine (NEM) in acetonitrile
afforded benzyl ester conjugate 15 in 55-60% yield after chroma-
tography. It proved best to maintain a 1:1 ratio of 1 to 14 so as
to minimise the formation of close-running materials that were
difficult to separate fully from 15. We suspected that these
by-products might be due to the free phenolic OH group, and to
investigate this, 1 was converted into its O-benzyl ether 16.
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Scheme 2. Synthesis of O-aryl glucuronide 2. Reagents and conditions: (i) MeOH, Amberlite IR-120 (H"), heat, 93%; (ii) quinoline, Ag,COs, 0-20 °C or LiOH, "BuyN* Br,
(CH,Cl),-H,0, heat, or K,COs, CHCl3, PhCH,N*Et; CI-, trace H,0, 82%; (iii) aq NaOH, MeOH, then IR-120 (H"), 98%.
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Scheme 3. Synthesis of O-acyl glucuronide 3. Reagents and conditions: (i) 14, HATU, NMM or NEM, MeCN, 3 A MS, 20 °C, 82%; (ii) H,, 10% Pd-C, THF-'PrOH, or catalytic

transfer hydrogenation, 95%.

Bis-benzylation of 1 using K,CO3; and benzyl bromide in DMF gave
the bis-benzyl derivative 17, then hydrolysis of the benzyl ester
afforded the protected acid 16, Scheme 4.

Both steps proceeded in excellent yield,?” but 16 did not give a
better yield than 1 in the conjugation step with 14, and there were
difficulties in the deprotection of the intermediate. Instead
(Scheme 3), when the solution of 1, 14 (1.1 equiv) and NMM
(4 equiv) in MeCN was stirred and dried with 3 A sieves under N,
for 2 h before addition of HATU (1.1 equiv), ester 15 was obtained
in a much improved yield (82%) as the single 1p-anomer (Jca. 5.5,
d, J=8 Hz for H-1). For debenzylation of 15, either conventional
hydrogenation or catalytic transfer hydrogenation (1,4-cyclohexa-
diene, 'PrOH, 60 °C) could be used but it was crucial to use only
'PrOH as solvent, to avoid reduction of the trisubstituted double
bond: using THF as co-solvent led to C=C reduction (LC-MS evi-
dence), in proportion to the THF: 'PrOH ratio. Filtration, evapora-
tion and trituration with ether then afforded highly pure product
3: see the 'H NMR spectrum (Supplementary data).

Finally the previously unsynthesised O-aryl glucoside 4 was
prepared, Scheme 5. Here again the Kénigs-Knorr procedure!” or
the two-phase alkylation method'® was viable, but the above
two-phase method using minimal added water?® was best. Thus
reaction of glucosyl bromide 18 with methyl ester 5 gave an excel-
lent (92%) yield. The resulting fully protected intermediate 19
finally crystallised from ether-hexane and was subjected to depro-
tection as described for 2. Glucoside 4 was obtained in excellent
yield and purity.

We now demonstrate the great value of pure synthetic acyl
glucuronides in studying protein interactions. Mycophenolic acid
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Scheme 5. Synthesis of mycophenolic acid O-glucoside. Reagents and conditions: (i) quinoline, Ag,CO3, 0-20 °C or LiOH, "BusN* Br—, (CH,Cl),—

PhCH,N*Ets CI-, trace H,0, 92%; (ii) aq NaOH, MeOH, then IR-120 (H*), 98%.

1 is the active metabolite of the immunosuppressive drugs myco-
phenolate mofetil (MMF) and mycophenolate sodium (MPS), both
of which are widely used in immunosuppressant protocols after

Table 1

Affinity labelling of human r-IMPDH with two different sources of acyl glucuronide 3
Gel 2 Lane Concentration and source of 3 Incubation time (h) Response
(a) No NaCNBHj5 (Gel 2)

1 0mM §* 24 -

2 0 mM N° 24 -

3 10mM S 24 -

4 10 mM N 24 -

5 50 mM S 24 +

6 50 mM N 24 -

7 100 mM S 24 A
8 100 mM N 24 +

9 200 mM S 24 ++
10 200 mM N 24 +
Gel 1 Lane

(b) With NaCNBH3 (Gel 1)

1 10mM S 24 +

2 10 mM N 24 +

3 50 mM S 24 ++
4 50 mM N 24 ++
5 100 mM S 24 +++
6 100 mM N 24 +++
7 200 mM S 24 +++
8 200 mM N 24 +++

2 § =synthetic 3 prepared as in text.
b N = naturally obtained material (biochemically synthesised).
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Scheme 6. Rearrangement and reduction of acyl glucuronide-protein adducts. Here X-NH, is a protein Lys side-chain.

solid organ transplantation.?® The immunosuppressant action of 1
resides in the uncompetitive, selective and reversible inhibition of
inosine-5’-monophosphate dehydrogenase (IMPDH), resulting in a
decreased de novo synthesis of guanine nucleotides with conse-
quent impairment of nucleic acid synthesis.?® MPA 1 is primarily
metabolised in the liver to the inactive metabolite 2, but also to a
lesser extent to the chemically reactive metabolite 3.2° Covalent
binding of acyl glucuronides to proteins is considered an initiat-
ing event for the organ toxicity of drugs containing a carboxylic
acid group.'*!” In a previous study we showed that 3 is an inhib-
itor of IMPDH,!? a key enzyme in the de novo synthesis of purine
nucleotides, and is also capable of forming protein adducts in
ViVO.13'3O'31

Using a previously described method®? for the analysis and
characterisation of 3, the above synthetic material was compared
with a biochemically synthesised sample regarding their modifi-
cation of IMPDH. By HPLC analysis, the two samples of 3 had
virtually identical purity (1-1.5% aglycone present). We have
previously shown® that the acyl glucuronide isolated from trans-
plant recipients treated with mycophenolate mofetil, although
apparently homogeneous according to HPLC, is in fact a mixture
of acyl isomers by ester group migration to 0-2, 3 and 4. It is
feasible to improve the stability of 3 by acidification,* in com-
mon with other O-acyl glucuronides.’®> The synthetic material
showed a superior ability to conjugate with protein in the
absence of NaCNBH3 trapping, but the two showed very similar,
concentration-dependent responses with NaCNBH; present
[Table 1; see Supplementary data for the Western blot analysis
(figure)].

This confirms the value of the synthetic material. The significant
difference in response between the two batches of 3 and IMPDH in
the absence of reducing agent is interesting, and may reflect the
two possible modes of reaction (in the absence of NaCNBH3) shown
in Scheme 6. Thus both direct transacylation of the acyl residue
and glycation [reaction of an amine at C(1)], forming initially an
imine, then a rearranged (Amadori) product are possible. If the
initial purity of synthetic 3 is higher (i.e., less acyl migration has
occurred), it could more readily undergo transacylation as this
pathway is known to occur much more readily with an anomeric
ester rather than a 2, 3 or 4-ester group after migration.'”> On the
other hand, the glycation pathway requires acyl migration to occur
first.

In conclusion, we have achieved convenient high-yielding prep-
arations of the phase 2 metabolites of mycophenolic acid, com-

pounds 2-4. The value of pure synthetic 3 in studying protein
reactivity is clearly shown. These procedures will be most valuable
in providing analytical standards for all who are engaged in
research on the therapeutic and toxic effects of mycophenolic acid
1 and add to our understanding of the important topic of acyl
glucuronide-protein reactivity and potential toxicity.'®
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