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A Method for Chiral Thiophosphonate Synthesis and Its Use in Elucidating the Phosphorus
Stereochemistry of the Hydrolytic C-P Bond Cleavage Reaction of Thiophosphonoacetaldehyde
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Summary: The enzyme phosphonoacetaldehyde hydrolase
{phosphonatase) catalyzes the conversion of phosphono-
acetaldehyde to phosphate and acetaldehyde. Previous
studies have demonstrated that phosphonatase labilizes
the C-P bond in this process by forming a protonated
Schiff base between an active site lysine and the carbonyl
group of phosphonoacetaldehyde. The synthesis of po-
tential stereochemical probes of this C-P bond cleaving
reaction, the chiral [80,70O]thiophosphonoacetaldehyde
enantiomers, and the stereochemical course of their ani-
line-catalyzed hydrolyses to yield acetaldehyde and
[180,170,%01thiophosphate are described.

The advent of C-P bond containing herbicides, pesti-
cides, antibiotics, and neurotoxins, together with the dis-
covery of naturally occurring phosphonates, have promoted
interest in the biological degradation of these compounds.!
To date, two fundamentally different C-P bond cleaving
pathways in bacteria have been uncovered. C-P Lyase?
transforms a number of alkylphosphonates into their re-
spective hydrocarbons and orthophosphate via radical
mechanisms.? In contrast phosphonatase, a component
of the (2-aminoethyl)phosphonate metabolizing pathway,*®
catalyzes the cleavage of phosphonoacetaldehyde to ac-
etaldehyde and orthophosphate via a polar Schiff base
mechanism.?

Central to delineating the mechanisms of phosphoryl
transfer from organophosphates has been the determina-
tion of the stereochemical course of the reactions at
phosphorus.®  We now report a method for elucidating the
phosphorus stereochemistry in the hydrolytic C-P bond
cleavage reactions of phosphonates which is based on the
preparation of chiral [20,70]thiophosphonates.” Herein,
we describe the syntheses and configuration assignments
of the enantiomers of chiral [80,!70}thiophosphonoacet-
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aldehyde (CTPA) and the stereochemical course of their
aniline-catalyzed hydrolysis to form chiral [*20,170,1Q]-
thiophosphate (CTP).

The antipodes of CTPA were prepared by the sequence
shown in Scheme I beginning with the (ethoxyvinyl)thio-
phosphoric dichloride 1. Treatment of 1 with 1 equiv of
Li[*80]-B-(trimethylsilyl)ethoxide® gave the monoester 2
(74%). Reaction of the phosphonyl chloride 2 with the
lithium (S)-a-methylbenzylamide yielded a mixture of the
diastereomeric thiophosphonamides 3 (76%). The indi-
vidual diastereomers of 3 (separated by HPLC) were
treated with cesium fluoride to induce TMS-ethyl ester
C-0 bond cleavage yielding (ca. 100%) the cesium salts
(Rp,Sc)-4 and (Sp,Sc)-4. The absolute configuration at
phosphorus in these substances was determined by X-ray
analysis!® of the crystalline 9-anthracenylmethyl thioester,
(Sp,Sc)-5, formed from the *0 analogue of Sp,Sc diaste-

(9) (a) The [‘80](trimethylsilyl)ethanol was prepared (83%) by oxy-
mercuration of vinyltrimethylsilane in H,!80 /THF by use of the method
of Soderquist (ref 9b). Both GC/MS and 3C NMR analysis indicated
that this alcohol had >85% 20 enrichment. (b) Soderquist, J. A,;
Thompson, K. L. J. Organomet. Chem. 1978, 159, 237.

’;10) The crystallographic data will be reported in a full paper on this
subject.
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Figure 1. Computer-generated drawing resulting from X-ray
crystallographic analysis of (Sp,S¢)-5 formed by reaction of the
180 analogue of (SpSc)-4 with 9-(chloromethyl)anthracene.

reomer of 4 (Figure 1). Since acid hydrolysis of phos-
phonamidic acids is known to proceed with predominant
inversion of phosphorus configuration,!! treatment of the
diasteromers of 4 with 1.5 M PTSA in THF/H,"0?
vielded the respective enantiomers of [*20,!70O]thio-
phosphonoacetaldehyde, (Sp)- and (Rp)-CTPA.

The phosphonatase-catalyzed C-P bond cleavage reac-
tion is known to occur on a protonated, active-site lysine
and phosphonoacetaldehyde (or thiophosphonoacet-
aldehyde)™® Schiff base. Thus, the aniline-catalyzed
dethiophosphonylation of CTPA was investigated as a
chemical model of the enzymatic process. Reactions of the
CTPA enantiomers with a large excess of aniline were run
at pH 8, one found to be optimal for phosphonatase ac-
tivity.!* Whereas thiophosphonoacetaldehyde is stable
in pH 8 buffer for several days, in the presence of 0.22 M
aniline the CTPA enantiomers (12 mM) are quantitatively
converted to CTP within 3 h at 25 °C.

The absolute configuration of the [!20,70,Q]thio-
phosphate generated in each reaction was assigned by
using a procedure adapted from those described by Webb
and Trentham! and Tsai.l® Accordingly, the thio-
phosphate product was transformed into (Sp)-[8-
180, 170,101ATPSS (65% yield) by an enzymatic reaction
sequence with overall retention of the phosphorus con-
figuration. The P4 regions of the 3P NMR spectra of the
ATPgBS isomers produced from (Rp)-CTPA and (Sp)-
CTPA by this sequence are shown in Figure 2, parts a and
b, respectively. The major resonance displayed in Figure
2a arises from ATPSS containing !0 in the nonbridging
position, thus indicating that the (Sp)-CTP enantiomer
results from dephosphonylation of (Rp)-CTPA predomi-
nantly. The major resonance seen in Figure 2b arises from
ATP3S containing 120 in the bridging position thus in-
dicating that (Rp)-CTP derives from (Sp)-CTPA predom-
inantly. After taking into account the percent of 1’0 en-
richment in the starting CTPA enantiomers, the extent
of isotope washout (ca. 10%) occurring in the hydrolysis
and or ensuing enzymic reactions, and the enantiomeric
purity (ca. 60% ee) of the CTPA isomers used,'® these data
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Figure 2. The $-P region of the P NMR spectrum of (Sp)-
[8-180,70]ATPSS derived from the CTP enantiomer arising from
(Rp)-CTPA (a) and (Sp)-CTPA (b). Chemical shifts are in ppm
relative to 85% HzPO, in D,O (external standard). The spectra
are from a Brucker AM-400 spectrometer (162.04 Hz, 25 °C,
deuterium field lock, spectral width 8333 Hz, aquisition time 3.9
us, pulse width of 12.0 us). The signals centered at 30.3 ppm in
spectrum (b) are for the 3-P resonances for the Rp isomer formed
from ADPgS in the pyruvate kinase reaction,
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demonstrate that the aniline-catalyzed dethio-
phosphonylation of CTPA occurs with ca. 90% inversion

(16) (a) The enantiomer purities of the CTPA antipodes were deter-
mined by using the method of Cullis et al. (ref 16b) to be ca. 60% ee;
Cullis, P. M.; Iagrossi, A.; Rous, A. J. J. Am. Chem. Soc. 1986, 108, 7869.
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of configuration at phosphorus.

These results suggest that the mechanism for C-P bond
cleavage in the protonated, aniline-CTPA Shiff base in-
termediate involves either a concerted displacement with
an in-line arrangement of nucleophile (H,0) and leaving
group (PhNHCH=CH,) or a dissociative process via a
tightly paired metathiophosphate intermediate (Scheme
I1).17 The stereochemical course of the enzyme catalyzed

(17) Hydrolyses of chiral thiophosphate esters occur with inversion of
configuration accompanied, to varying degrees, by racemization.!®
Pressure effects on the rate of hydrolysis of 2,4-dinitrophenyl thio-
phosphate dianion gives evidence for a dissociation mechanism.?®

(18) Cullis, P. M.; Misra, R.; Wilkins, D. J. J. Chem. Soc., Chem.
Commun. 1987, 1594.

CTPA reaction is now being probed by use of this poten-
tially general methodology.
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Summary: The alkylation of 3-methyl-, 3-benzyl-, or 3-
isobutyl-5H,10bH-oxazolo[3,2-¢][1,3]benzoxazine-2-
(3H),5-dione proceeded with retention of configuration (83
to >97% ds), and the resulting products were hydrolyzed
to afford a-alkyl a-amino acids.

In connection with our recent synthesis of dipeptide
isosteres containing y- or é-lactams, we needed an expe-
dient route to multigram quantities of optically pure
(S)-a-allylphenylalanine 1.8 Schollkopf reported a syn-
thesis of 1 [90% ee (S)] in 1978 and to our knowledge no
other synthesis has been reported.! Since that initial
report of Schollkopf, a number of routes to a-alkyl e-amino
acids have appeared in the literature.> However, a smaller
number of these routes have addressed the synthesis of
a-allylated amino acids.® In this paper, we report a general
and efficient synthesis of a-alkyl a-amino acids which is
also suitable for the preparation of a-allylated amino acids.

The starting material for our synthesis was reported in
1971 by Block and Faulkner as part of their work on
peptide coupling reactions.” They showed that the con-
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employs mild basic conditions for final deprotection would expand the
scope of this methodology.
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Table I. Survey of Electrophiles

R
1
A~H §  LiHmos, "~ R T R1 \ O
' lo THF,R'X, o ¢
OYN W DMPU.-78°C o
(o)
2a-c
major minor
entry R RIX ratio®5 /5’ % yield®
1 Ph allyl bromide >3L1 94
2 Ph ethyl iodide 31:1 74
3 Ph methyl iodide 8:1 66
4 i-Pr  allyl bromide >31:1 81
5 i-Pr methyl iodide 5:1 82
6 H allyl bromide 11:1 74

¢Ratios determined by analysis of 300-MHz NMR spectrum.
bYield refers to single isomers except as noted in text.

densation of various amino acids with salicylaldehyde and
phosgene produced oxazolidinones 2a—c in 65-70% yield
(Scheme I). These compounds are tricyclic versions of
the oxazolidinones that Seebach and others have used for
the synthesis of a-alkyl a-amino acids.®**® Block and
Faulkner found that treatment of 2a with 1 equiv of n-
hexylamine resulted in the immediate precipitation of the
corresponding carboxamide—urea 3 in 47% yield. None
of the expected product 4 was isolated, and this approach
to peptide synthesis was abandoned. Upon seeing this
result, we reasoned that the addition of hydroxide ion to
an alkylated derivative of 2a—c should also occur and that
this would directly lead to the desired amino acid (eq 1).
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