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Abstract
The design, syntheses, and enzymatic activity of two submicromolar competitive inhibitors of
aspartate transcarbamoylase (ATCase) are described. The phosphinate inhibitors are analogs of N-
phosphonacetyl-L-aspartate (PALA) but have a reduced charge at the phosphorus moiety. The
mechanistic implications are discussed in terms of a possible cyclic transition-state during enzymatic
catalysis.

Since the discovery of N-phosphonacetyl-L-aspartate 1 (PALA) in 1971, and its subsequent
evaluation for use in cancer chemotherapy, the inhibition of aspartate transcarbamoylase
(ATCase) has received considerable attention.1 To date, no inhibitor has been reported to be
more potent than PALA.2 Recently, based on crystallographic studies, Kantrowitz designed
inhibitor 2, which is nearly as potent as PALA, but is less highly charged due to the presence
of an amide group in the aspartyl moiety.3 To the best of our knowledge, inhibitors of ATCase,
which are restricted to a monoanionic species where PALA’s phosphonate group is located,
have not been studied. Herein, we report the first phosphinate inhibitors 3 and 4 of ATCase.
Inhibition with these phosphinates has mechanistic implications and may provide a new
direction for the design of compounds with a reduced charge and improved pharmacological
profiles.

Analyzing the role of the charge at the phosphonate moiety of 1 is interesting based on the
proposal of an ordered cyclic transition-state for the proton transfer from nitrogen to oxygen
(Scheme 1).4 Additionally, H-phosphinate 3 could constitute a prodrug of PALA if oxidation
takes place in vivo.

H-Phosphinate 3 was synthesized as shown in Scheme 2. Cinnamyl alcohol was converted into
cinnamyl-H-phosphinic acid 5 using a palladium-catalyzed allylation reaction.5 Reaction of
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5 with triethyl orthoacetate provided the protected intermediate 6 in excellent yield.6
Ozonolysis of 6 to the aldehyde, followed by oxidation7 gave 7, which was reacted without
purification with L-aspartic acid dibenzyl ester to form amide 8. Deprotection through catalytic
hydrogenation, followed by acid hydrolysis provided 3 cleanly, and in good yield after
purification by ion-exchange chromatography. The possible presence of PALA was ruled out
based on NMR analysis of the final product, as well as the ion-exchange purification.

Hydroxymethyl phosphinate 4 was synthesized as shown in Scheme 3. Hydroxymethyl-H-
phosphinic acid8 was silylated and reacted9 with the bromoacetyl derivative of aspartic acid
in a well-known Arbuzov-like reaction. Esterification with diphenyldiazomethane10 provided
10, which was purified by column chromatography over silica gel. Catalytic debenzylation
provided the desired phosphinate 4 cleanly and in quantitative yield. No ion-exchange
purification was necessary in this case.

Compounds 3 and 4, as well as PALA, were evaluated against the catalytic subunit of ATCase
which was purified from the strain/plasmid combination pEK17/EK1104 as previously
described.12 The results are shown in Table 1. Both phosphinates are weaker inhibitors than
PALA by one to two orders of magnitude (12 – 26 fold). This is not unexpected if ATCase
binds the phosphate dianion as suggested in Scheme 1. However, the loss in inhibition observed
with the monoanionic phosphorus moieties of 3 and 4, is perhaps not as pronounced as what
such a profound modification would entail. For example, in the case of 3-dehydroquinate
synthase (DHQ synthase), which is an example of an enzyme exploiting its substrate charged
state for catalytic gain, a similar modification results in a three to four orders of magnitude loss
in inhibition.13 Carboxylate 11 was synthesized (Scheme 4) and evaluated in order to establish
if simply providing a single negative charge is responsible for the inhibition observed with 3
and 4. Compound 11 was completely inactive against ATCase, thus confirming the importance
of the phosphorus geometry for inhibition with the phosphinate inhibitors.

Interestingly, H-phosphinate 3 might also be oxidized in vivo to PALA thus providing a
potential prodrug of the anticancer compound.6a, 14 In fact, there is some precedent for the
oxidation of H-phosphinate compounds into the corresponding phosphonates: for example, 3-
aminopropyl-H-phosphinate (CGP 27492), a potent GABAB receptor agonist, is oxidized to a
significant extent when administered to rats.6a In terms of inhibitor design, the possibility of
synthesizing cyclic phosphinate inhibitors to mimic the transition-state shown in Scheme 1
should be investigated. Even with an initial loss in binding affinity, the resulting transition-
state analogs might lead to potent time-dependent inhibition.

In conclusion, we have synthesized the first phosphinate inhibitors of ATCase. Although the
observed inhibition constants are consistent with the enzyme initially binding to the phosphate
dianion of carbamyl phosphate, inhibitors 3 and 4 show significant potency. In fact, these
appear to be the most potent non-phosphonate inhibitors of ATCase. Additionally, H-
phosphinate 3 could function as an oxidatively activated PALA prodrug. Implementing the
charge reduction simultaneously in both the phosphorus moiety as in 3 and 4, and in the
aspartate moiety as in 2 might result in useful inhibition while decreasing the overall charge
of PALA. This, and cyclic inhibitors to mimic the postulated transition-state, will be the object
of future studies.

Acknowledgments
We thank the National Institute of General Medical Sciences/NIH (R01 GM067610 for LC and JLM, and 5RO1
GM026237 for ERK) for the financial support of this research.

Coudray et al. Page 2

Bioorg Med Chem Lett. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



References
1. (a) Collins KD, Stark GA. J Biol Chem 1971;246:6599. [PubMed: 4943676] (b) Grem JL, King SA,

O’Dwyer PJ, Leyland-Jones B. Cancer Research 1988;48:4441. [PubMed: 3293772] (c) Fleming RA,
Capizzi RL, Muss HB, Smith S, Fernandes DJ, Homesley H, Loggie BW, Case L, Morris R, Russell
GB, Richards F. Clin Cancer Res 1996;2:1107. [PubMed: 9816275]

2. (a) Pfund E, Lequeux T, Masson S, Vazeux M, Cordi A, Pierre A, Serre V, Hervé G. Bioorg Med
Chem 2005;13:4921. [PubMed: 15975800] (b) Grison C, Coutrot P, Comoy C, Balas L, Joliez S,
Lavecchia G, Oliger P, Penverne B, Serre V, Hervé G. Eur J Med Chem 2004;39:333. [PubMed:
15072842] (c) Gagnard V, Leydet A, Le Mellay V, Aubenque M, Morère A, Montero J-L. Eur J Med
Chem 2003;38:883. [PubMed: 14575935] (d) Folhr A, Aemissegger A, Hilvert D. J Med Chem
1999;42:2633. [PubMed: 10411483] (e) Ben-Bari M, Dewynter G, Aymard C, Jei T, Montero JL.
Phosphorus, Sulfur Silicon Relat Elem 1995;105:129. (f) Laing N, Chan WWC, Hutchinson DW,
Oberg B. FEB Lett 1990;260:206. (g) Lindell SD, Turner RM. Tetrahedron Lett 1990;31:5381. (h)
Dutta PL, Foye WO. J Pharm Sci 1990;79:447. [PubMed: 2352167] (i) Farrington GK, Kumar A,
Wedler FC. J Med Chem 1985;28:1668. [PubMed: 4067992] (j) Kafarski P, Lejczak B, Mastalerz P,
Dus D, Radzikowski C. J Med Chem 1985;28:1555. [PubMed: 4067984] (k) Goodson JJ, Wharton
CJ, Wrigglesworth R. J Chem Soc Perkin Trans 1 1980:2721.

3. (a) Eldo J, Heng S, Kantrowitz ER. Bioorg Med Chem Lett 2007;17:2086. [PubMed: 17336518] (b)
Eldo J, Cardia JP, O’Day EM, Xia J, Tsuruta H, Kantrowitz ER. J Med Chem 2006;49:5932. [PubMed:
17004708]

4. (a) Wang J, Eldo J, Kantrowitz Evan R. J Mol Biol 2007;371:1261. [PubMed: 17603076] (b) Heng S,
Stieglitz KA, Eldo J, Xia J, Cardia JP, Kantrowitz ER. Biochemistry 2006;45:10062. [PubMed:
16906764] (c) Huang J, Lipscomb WN. Biochemistry 2006;45:346. [PubMed: 16401065] (d) Kosman
RP, Gouaux JE, Lipscomb WN. Proteins: Structure, Function, Genetics 1993;15:147. (e) Gouaux JE,
Krause KL, Lipscomb WN. Biochem Biophys Res Commun 1987;142:893. [PubMed: 3548720] (f)
White JC, Hines LH. Biochem Pharmacol 1984;33:3645. [PubMed: 6508821]

5. (a) Bravo-Altamirano K, Montchamp JL. Org Lett 2006;8:4169. [PubMed: 16928101] (b) Bravo-
Altamirano K, Montchamp JL. Org Synth 2008;85:96.

6. Triethyl orthoformate has been used occasionally to protect H-phosphinic acids: (a)Froestl W, Mickel
SJ, Hall RG, von Sprecher G, Strub D, Baumann PA, Brugger F, Gentsch C, Jaekel J, Olpe HR, Rihs
G, Vassout A, Waldmeier PC, Bittiger H. J Med Chem 1995;38:3297. [PubMed: 7650684](b)Stano
A, Mucha A, Kafarski P. Synth Commun 1999;29:4269. However, triethyl orthoacetate has not been
previously used for this purpose and we are planning a full study on the scope and utility of this H-
phosphinic acid protection in the near future: Coudray, L.; Montchamp, J.-L. unpublished results

7. Nicolaou KC, Theodorakis EA, Rutjes FPJT, Sato M, Tiebes J, Xiao XY, Hwang CK, Duggan ME,
Yang Z, Couladouros EA, Sato F, Shin J, He HM, Bleckman T. J Am Chem Soc 1995;117:10239.

8. Cristau HJ, Herve A, Virieux D. Tetrahedron 2004;60:877.
9. Representative examples: (a)Rosenthal AF, Gringauz A, Vargas LA. J C S Chem Commun 1976:384.

(b)Thottathil JK, Przybyla CA, Moniot JL. Tetrahedron Lett 1984;25:4737.(c)Boyd EA, Regan AC,
James K. Tetrahedron Lett 1994;35:4223.(d)Boyd EA, Corless M, James K, Regan AC. Tetrahedron
Lett 1990;31:2933.(e)Malachowski WP, Coward JK. J Org Chem 1994;59:7625.(f)Reck F, Marmor
S, Fisher S, Wuonola MA. Bioorg Med Chem Lett 2001;11:1451. [PubMed: 11378375](g)Ribière P,
Altamirano-Bravo K, Antczak MI, Hawkins JD, Montchamp JL. J Org Chem 2005;70:4064. [PubMed:
15876098](h)An H, Wang T, Maier MA, Manoharan M, Ross BS, Cook PD. J Org Chem
2001;66:2789. [PubMed: 11304203]

10. (a) Manthey MK, Huang DTC, Bubb WA, Christopherson RI. J Med Chem 1998;41:4550. [PubMed:
9804694] (b) Smith LI, Howard KL. Org Synth Coll Vol 1955;3:351. (c) Javed MI, Brewer M. Org
Synth 2008;85:189.

11. Pastra-Landis SC, Foote J, Kantrowitz ER. Anal Biochem 1981;118:358. [PubMed: 7337232]
12. Nowlan SF, Kantrowitz ER. J Biol Chem 1985;260:14712. [PubMed: 3902838]
13. Tian F, Montchamp JL, Frost JW. J Org Chem 1996;61:7373. [PubMed: 11667663]
14. (a) Howson W, Mistry J, Broekman M, Hills JM. Bioorg & Med Chem Lett 1993;3:515. (b) Magnin

DR, Dickson JK Jr, Logan JV, Lawrence RM, Chen Y, Sulsky RB, Ciosek CP Jr, Biller SA, Harrity
TW, et al. J Med Chem 1995;38:2596. [PubMed: 7629799]

Coudray et al. Page 3

Bioorg Med Chem Lett. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 1.
ATCase-catalyzed transformation and postulated transition-state
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Scheme 2.
Reagents and conditions: (a) H3PO2 (2.0 equiv.), Pd(OAc)2 (0.2 mol %), xantphos (0.22 mol
%), DMF, 85 °C, N2, 7 h, 95 %; (b) CH3C(OEt)3 (6.0 equiv.), BF3•OEt2 (0.16 equiv.), rt,
N2, 24 h, 80 %; (c) O3, CH2Cl2, −78 °C then Me2S (6.8 equiv.), −78 °C to rt, N2, 14 h; (d)
NaClO2 (1.5 equiv.), NaH2PO4.H2O (1.5 equiv.), 2-methyl-2-butene (2.0 equiv.), tBuOH/
H2O, 0 °C then rt, 1 h; (e) L-aspartic acid dibenzyl ester p-toluenesulfonate (1.8 equiv.), DMAP
(2.5 equiv.), EDC•HCl (3.5 equiv.), Et3N (2.0 equiv.), THF, rt, N2, 16 h, 70 % from 6; (f)
H2, Pd/C, THF/H2O, 17 h; (g) Amberlite IR 120 plus, THF/H2O, 80 °C, 15 h, 57 % from 8
after ion exchange chromatography.
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Scheme 3.
Reagents and conditions: (a) N-(bromoacetyl)-L-aspartic acid dibenzyl ester (1.0 equiv.),
HMDS (2.5 equiv.), TMSCl (2.5 equiv.), toluene, reflux, 14 h; (b) Ph2CN2, toluene, rt, 10 min,
50 % from 9; (c) H2, Pd/C, THF/H2O, 24 h, 100 %.
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Scheme 4.
Reagents and conditions: (a) L-aspartic acid dibenzyl ester p-toluenesulfonate (1.0 equiv.),
DMAP (2.5 equiv.), EDC•HCl (2.5 equiv.), Et3N (1.1 equiv.), THF, rt, N2, 5 h, 78 % from 6;
(b) H2, Pd/C, THF/H2O, 24 h, 83%.
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Table 1
a Inhibition constants for PALA and phosphinates 3 and 4

Inhibitor Inhibition Constant (Ki)
b Inhibition Type

PALA 1 16 ± 2 nM competitive

H-phosphinate 3 417 ± 85 nM competitive

Hydroxymethylphosphinate 4 193 ± 32 nM competitive
a
Colorimetric assay detecting the formation of N-carbamoyl-L-aspartate.11 The E. coli catalytic subunit of ATCase was used.

b
Inhibition relative to carbamyl phosphate Km = 28 ± 7 μM.
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