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Abstract: The fragmentation of 8-halophosphonic acids was proposed to occur with formation of monomeric metaphosphate.
In direct contrast to the hydrolysis of phosphoric acid esters, this fragmentation reaction occurs without nucleophilic assistance.
Several recent studies on the stereochemistry of phosphate ester solvolysis provide unambiguous proof that metaphosphate
is not a free intermediate, even though earlier kinetic data indicated a minimal amount of bond formation between the phosphorus
and the leaving group in the transition state. Since the degree of stereochemical integrity in phosphorus substitution reactions
provides a method of “clocking” the lifetime of an intermediate metaphosphate, the stereochemistry of ester formation during
the Conant-Swan fragmentation reaction was determined. The reaction of (1,2-dibromo-2-phenylethyl)-[(R)-
160,170, %0 ] phosphonic acid with 1-[(1,1-dimethylethyl)dimethylsilyloxy]-(S)-butan-3-ol produced an ester in which the phosphorus
underwent stereochemical inversion. This result implies that metaphosphate is not a free intermediate under the conditions
of this reaction. The Conant~Swan fragmentation reaction necessarily proceeds through a preassociative mechanism in either

a concerted or stepwise fashion.

For almost 30 years, chemists have postulated that meta-
phosphates are intermediates in the hydrolysis of phosphate esters!
and represent the active phosphorylating agents of intermediary
metabolism.? The anion® and methyl esters* of metaphosphate
can exist as discrete species in the gas phase, and considerable
evidence shows that metaphosphate or something similar can act
as a phosphorylating agent in solution.?

Kinetic and stereochemical studies designed to evaluate the
formation of metaphosphate in protic solutions during phosphate
monoester hydrolysis are in apparent conflict. As both Jencks
and Knowles have pointed out, the dichotomy centers on the
question of whether an intermediate is formed with a sufficient
lifetime to escape the solvent cage in which it is formed.>¢ It
appears that the mechanism of solvolysis requires the presence
of the nucleophile in the transition state of the reaction, even
though Brested plots indicate very little bond formation between
the phosphorus and the nucleophile,” It is not surprising then
that methanolysis of 2,4-dinitrophenyl phosphate occurs with
inversion of configuration at phosphorus,® as predicted by the
preassociation mechanism formalized by Jencks.® In the case of
the second-order transfer of PO;™ from 3-methoxypyridine or
isoquinoline to a series of substituted pyridines, a linear Bronsted
plot resulted, consistent with a symmetrical transition state re-
quiring simultaneous weak bonding to the nucleophile and leaving
group in a concerted preassociation mechanism.®®

Westheimer and his co-workers have postulated that meta-
phosphate is formed in the Conant-Swan fragmentation reac-
tion'®12 (eq 1). The reaction produces an intermediate which

CH,CH(Br)CH(Br)PO> —
C6H5CH=CHBT + PO3_ + Br~

PO;,” + ROH — ROPO,H- (1)

is an extremely reactive electrophile capable of phosphorylating
ketone oxygens to generate the corresponding enol phosphates.!!1%
In direct contrast to the reactions of phosphate esters in protic
solution, B-halophosphonic acids decompose unimolecularly
without nucleophilic assistance.!?® However, the absence of kinetic
assistance is not an absolute criterion for the existence of meta-
phosphate as a free intermediate. The reaction can still proceed
through a preassociation stepwise mechanism.’

Knowles and co-workers have suggested that the determination
of the stereochemical course of the reactions at phosphorus pro-
vides a clocking mechanism for determining the lifetime of an
intermediate metaphosphate.!> Were a planar, trigonal, freely
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solvated metaphosphate formed, then an initially chiral phosphorus
group would undergo racemization. In order to determine whether
metaphosphate is formed as a “free” intermediate in the Co-
nant-Swan fragmentation, the stereochemical course at phos-
phorus has been determined during the capture of metaphosphate
by an alcohol.

Experimental Section

General. The reagents used were of the highest purity commercially
available. All solvents and liquid reagents were distilled from appropriate
drying agents under nitrogen immediately before use. Trioctyl- and
tributylamines were passed through a small column of neutral alumina
before use. Solid reagents were recrystallized or sublimed (PCls and
potassium tert-butoxide). Deuterated solvents were obtained from
Merck, Sharp & Domme. Enzymes were purchased from Sigma. Mi-
croanalyses were performed by Galbraith Laboratories.

'H NMR spectra were obtained by using a Varian CFT-80 spec-
trometer and are reference to TMS. 3P NMR spectra were obtained
on a Varian XL-100 (40 MHz) or a Brucker WM-300 (121.5 MHz)
instrument and are reference to external phosphoric acid. *C NMR
spectra were obtained on the Brucker instrument. Optical rotations were
determined by using a Perkin-Elmer 241 polarimeter. An AEI MS-9 was
used for mass spectra. Phosphate esters were derivatized with V,0-bis-
(trimethylsilyl)acetamide in pyridine before their mass spectra were de-
termined. The peak ratios were corrected for 13C, 2H, ¥'Cl, Si, and °Si
where appropriate. Melting points were taken on a Thomas Hoover
melting point apparatus and are uncorrected.

Column chromatography was performed by using E. Merck silica gel
60 (63-200 um) or 40-63 um for flash chromatography. Ion-exchange
chromatography was performed by using Bio-Rad AGI-x8 or Dowex
50-x8 for anion and cation exchange, respectively. Phosphate esters were
purified by anion-exchange chromatography by using linear gradients of
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Conant-Swan Fragmentation Reaction

triethylammonium bicarbonate (TEAB) (pH 7.4). Phosphate esters were
qualitatively and quantitatively determined by the procedure of Ames'*
following enzymatic digestion with alkaline phosphatase.

Materials. Dihydro-(1,2-dibromo-2-phenyl-1-ethyl)phosphonic Acid
(I). Dihydro-{(E)-2-phenylethenyl]phosphonic acid was synthesized by
the procedure of Kenyon:'% mp 157-159 °C (lit.!% 157-159 °C); 3'P
NMR (CD,0D/CH,0H, 5/1,v/v)§ 16.10 (s) (dd, J, = 17.7, J, = 21.7
Hz); 'TH NMR (acetone-dg) 6 7.81-7.31 (m, 6 H), 6.66 (app.t,J = 17.4
Hz, 1| H). The unsaturated phosphoni¢ acid (1.2 g) was dissolved in
CHCl,, and 1.1 equiv of bromine was added. A portion of the solvent
was removed and the solution cooled to 0 °C. White crystals formed
which were isolated by filtration (1.9 g): mp 141-142 °C; 3P NMR
(CD,0D/CH,0H) 4 11.82 (s), 'H coupled 'P NMR (dd, J, = 10.8, J,
= 6.0 Hz); 'H NMR (acetone-dg) § 7.67-7.27 (m, 5 H), 5.59 (dd, J, =
6.3, J, =8 Hz, 1 H), 4.78 (dd, J, = 11.3, J, = 8.0 Hz, | H). Anal.
(CgH¢Br,0,P-H,0) C,H,P.

(2R ,4S,5R)- and (2S,4S,5R)-3,4-Dimethyl-5-phenyl-2-{(E)-2-
phenylethenyl]-1,3,2-oxazaphospholidin-2-one (III). Styrene (14 mmol)
was dissolved in 40 mL of benzene, and 11 mmol of PCl; was added. The
creamy yellow suspension was stirred for 2 h at room temperature.
Water (11 mmol) was added in 10 portions to the stirred suspension over
a period of 1.5 h. The clear solution was frozen and the solvent lyo-
philized. The remaining oil was distilled. The product, {(E)-2-phenyl-
ethenyl]phosphonic dichloride (II) crystallized on standing (1.14 g, 45%):
bp 100-103 °C/0.05 mmHg (lit.!* 107-110/0.2 mmHg); P NMR
(CDCl;) 32.92 (s). A solution of 0.78 g of /-ephedrine and 0.9]1 g of
triethylamine in 10 mL of benzene was slowly added to a benzene solu-
tion of the phosphonic dichloride (1 g in 8 mL of benzene). When
addition was complete (1 h), the mixture was stirred for a further 30 min
and filtered, and the solvent was removed. The resulting solid was re-
dissolved in § mL of CHCl; and subjected to flash chromatography, in
three portions (eluant, ethyl acetate). The fractions from the chroma-
tographic separation were analyzed by TLC. Two compounds were
eluted: (a) R, = 0.4 (0.56 g, 40%) and (b) R, = 0.23 (0.57 g, 41%). Ila:
3Ip NMR (CDCl;) 8 29.72 (s); mp 144.5-146 °C; '"H NMR (CDCly)
§7.83-7.26 (m, 11 H), 6.32(dd, J, = 17.2, J, = 19.3 Hz, 1 H), 5.53 (dd,
Jy=6.1,J,=43Hz | H),3.68 (m, | H), 2.68 (d,J = 10.2 Hz, 3 H),
0.88 (d, J = 6.6 Hz, 3 H). Anal. (C,sH,NO,P) C,H,N,P. Ilib: 3P
NMR (CDCl,) § 27.18 (s); 'H NMR (CDCl;) 4 7.95-7.12 (m, 11 H),
6.17(dd, J, = 17.2,J,=19.6 Hz, 1 H), 5.82(d,J = 5.9 Hz, | H), 3.78
(m, | H), 2.77 (d, J, = 9.4 Hz, 3 H), 0.79 (d, / = 6.6 Hz, 3 H). Anal.
(CsH3NO,P) C,HN,P.

(35)-1-{(1,1-Dimethylethyl)dimethylsilyloxy]-3-butanol (IV). To4 g
of (S)-1,3-butanediol (Aldrich, lot No. JK 3027 EK, [a]?; 25.0° (c I,
ETOH) was added 6.64 g of imidazole in 10 mL of dry DMF. The
solution was cooled to 0 °C and 6.69 g of tert-butyldimethylsilyl chloride
was added in four portions at 10-min intervals. The reaction mixture was
stirred for an additional 1 h at 0 °C and then 12 h at room temperature.
Ether was added (20 mL) and the organic layer extracted with H,O. The
ether layer was dried over Na,SOy,, and the solvent was removed. The
product was fractionally distilled twice from CaH,: bp 44 °C/0.06
mmHg; yield 7.56 g (85%); '"H NMR (CDCl;) 6 4.15-3.70 (m, 3 H),
3.19(s, 1 H),1.65(q,J =6 Hz, 2 H), 1.19 (d, J = 6.2 Hz, 3 H), 0.90
(s, 9 H), 0.07 (s, 6 H); 13*C NMR (CDCl,) § 68.00, 62.57, 40.09, 25.08,
23.33, 18.08, -5.58. (Compare to ref 16).

{(E)-2-Phenylethenyl]{'*0]phosphonic Dichloride (II-'*0). PCl; was
sublimed into a tared, dry 50-mL flask (16.35 mmol), and 15 mL of
freshly distilled benzene was added. Styrene (8.175 mmol) was added
via syringe, and the creamy yellow suspension was stirred for 2.5 h.
H,"0 (Biorad, 95% '®0) was added in portions (12 X 25 uL). After the
final addition, the clear solution was stirred for 20 min, the mixture was
frozen, and the solvent and P*QCl; were removed in vacuo. The material
remaining was vacuum-distilled bulb to bulb, yield 1.75 g (48% based
on H,'*0): 'H NMR (CDCl,) 5 7.69 (dd, J, = 17.1, J, = 30.3 Hz, 1
H), 7.59-7.26 (m, 5 H), 6.67 (dd, J, = 34.4, J, = 17.]1 Hz, | H); mass
spectrum, m/z (M*) (corrected for 3’Cl) 222 (92.8%), 220 (7.2%).

(25,4S,5R)- and (2R ,4S,5R)-3,4-Dimethyl-5-phenyl-2-{(E)-2-
phenylethenyl]-1,3,2-oxazaphospholidin-2-[1*QOJone (IIla-'*Q,IIIb-'%0).
11-180 (0.875 g) was dissolved in 10 mL of benzene. To 29.4 mL of
benzene was added 3.90 mmol /-ephedrine and 7.82 mmol of triethyl-
amine. The ephedrine solution was slowly added to the phosphonic
dichloride solution over 1.5 h at room temperature. After 2 h of stirring,
the solution was filtered and the amine hydrochloride was washed with
5 mL of benzene. The combined filtrates were frozen, and the benzene
was removed by lyophilization, leaving a fluffy white powder. This was
dissolved in CHCl; and subjected to flash chromatography (ethyl ace-
tate/hexane, 9/1, v/v) in three portions. The two diastereomers were

(14) Ames, B. N. Methods Enzymol. 1966, 8, 115,
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completely separated. (111a-'*0): 'H NMR (CDCl;) é 7.60 (dd, J, =
19.5, J, = 17.2 Hz, 1 H), 7.57-7.23 (m, 10 H), 6.32 (dd, J, = 19.3, J,
=17.2 Hz, 1 H), 553 (dd, J, = 6.1, J, = 43 Hz, | H), 3.68 (m, | H),
2.70 (d, J = 10.1 Hz, 3 H), 0.88 (d, J = 6.6 Hz, 3 H); yield 0.410 g.
(111b-*0): 'H NMR (CDCl;) 4 7.68 (dd, J, = 228, J, = 17.2 Hz, |
H), 7.63-7.23 (m, 10 H), 6.16 (dd, J, = 19.6, J, = 17.1 Hz, 1 H), 5.82
(d,J =6.0Hz,1H),3.78 (m, 1 H), 2.77 (d, J = 9.4 Hz, 3 H), 0.78 (d,
J = 6.6 Hz, 3 H); *'P NMR (CDCl;) & 33.006, 32.960 ('%O shift, ratio
1/10); yield 0.421 g; mass spectrum, m/z (M*) 313 (10.0%), 315
(90.0%).

Dihydro-(1,2-dibromo-2-phenyl-1-ethy){(R )-'¢0,'70,'*0]phosphonic
Acid (I-120,'80). 111b-180 (281 mg) was dried at 0.01 mm for 12 h.
Dioxane (10 mL) containing 1.5 mL of H,"’O (Monsanto Research
Corp., 0 = 28.4%, "0 = 41.8%, 130 = 29.8%) was added followed
immediately by 63 uL of trifluoroacetic anhydride. After 15 min, the
solution was frozen, and the solvent was removed by lyophilization.
Dioxane (1 mL) was added and the mixture freeze-dried again. The
remaining white powder was dissolved in 6 mL of CHCl;, and 0.71 g of
bromine was added. After 4 days at room temperature, the solvent and
excess bromine were removed by rotary evaporation. Benzene (5 mL)
was added and lyophilized. The remaining organish oil was transferred
as a chloroform solution to a dry, amber bottle. Bromotrimethylsilane
(4 mL) was added and the bottle sealed with a Teflon-lined cap. After
4 days at 35 °C, the solvent was blown off under a stream of nitrogen
and ether was added. The ether solution was filtered, and the solvent was
removed from the filtrate. Methanol was added to the remaining brown
oil and then evaporated. Benzene (5 mL) was added and lyophilized.
The pale brown oil was dissolved in 2 mL of CHCl;, and 0.5 mL of
hexane was added. The white precipitate which formed was collected by
centrifugation: 'H NMR (acetone-dg) § 7.66-7.28 (m, 5 H), 5.62 (dd,
J1=179,J,=64Hz, 1 H),479 (dd, J, = 11.3, J, = 7.8 Hz, | H); 3'P
NMR (acetone-dg) 6 15.88 (s); yield, 0.103 g (34% based on 111b-'%0).

Methods. Transfer of Phosphorus from I-170,'%0 to (3S)-1-[(1,1-
Dimethylethyl)dimethylsilyloxy]-3-butanol. The I-'70,*0 from above was
dissolved in 5 mL of CHCl;. Freshly distilled IV was added (2 mL)
followed immediately by 2,2,6,6-tetramethylpiperidine (1 mL). After 5
minutes, the solvent and excess IV were removed by evaporation at 20
mmHg and then at 0.0] mmHg. The remaining material was partitioned
between water (5 mL) and ether (20 mL). The aqueous layer (*'P NMR
(D,0) 6 -1.18 (d, J = 8.2 Hz)) was adjusted to 10 mL with water, and
2 mL of a suspension of Dowex-50 (H*) was added. After 30 min, the
solution was filtered and the resin was washed with 20 mL of H,O. The
pH of the filtrate was then adjusted to 8 by using triethylamine. The
monoester was purified on an AG! column (25 mL) by using a linear
gradient of TEAB (0.025-0.25 M): *'P NMR (D,0) § 0.07 (d, J = 8.3
Hz). The yield was 10 umol. A portion of the bis(triethyl-
ammonjum)(1-hydroxybutyl)[¢0,'70,'*0] phosphate was removed and
derivatized for MS analysis: mass spectrum, m/z (M* - 15) 371 (3.2%),
372 (5.2%), 373 (28.6%), 374 (36.8%), 375 (26.2%).

3P NMR Analysis of the Configuration at Phosphorus, The monoester
was cyclized and purified by the procedure described by Begley et al.!”
for a related system: 3'P NMR {D,0) § -2.0498, -2.0802, 2.1093 ('*0O
shift, ratio 1.8:3.9:1); 'H coupled *'P NMR (D,0) § - 2.07 (d, J = 19
Hz). The cyclic diester was methylated by the procedure of Begley et
al.,'” and the configuration at phosphorus was determined by a modifi-
cation of the procedure used by Buchwald et al %!

Results

Synthesis of I-'70,80. The synthesis of the chiral phosphonic
acid (Scheme I) parallels that developed for chiral phosphate
esters.!”® The synthesis is convenient in the sense that the oxygen
isotopes can be incorporated directely from isotopically labeled
water. Unlike the reaction of POCI; with /-ephedrine, the
phosphonic dichloride reacted to form an approximate equal molar
mixture (55:45) of the diastereomeric oxazaphospholadinones. 3'P
NMR investigation of the reaction indicated that this was the
thermodynamic mixture, as no change in the ratio of the dia-
stereomers occurred over 48 h at room temperature. Complete
chromatographic separation of the diastereomers was achieved
based on TCL and NMR analysis. A slow exchange of the
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Scheme I. Synthesis of 1,2-Dibromo-2-phenyl-1-ethyl-{(R)-!¢0,!70,!*0] phosphonic Acid
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phosphoryl oxygen was noted during chromatography. The re-
sulting loss of the 80 label was minimized by the use of flash
chromatography.

The acid-catalyzed ring opening to form 3 (Scheme I) has been
shown to proceed with inversion of configuration at phosphorus
in a number of systems,'® including phosphonic acid derivatives.
Acid-catalyzed methanolysis of IIla or IIIb proceeds with the
formation of distinguishable diastereomers,?® which, when con-
sidered in light of the hydrolysis data, is most easily interpreted
as an inversion. The assignment of configuration to IIla and IIIb
is made on the basis of 'H NMR shifts. There is considerable
literature data on the conformations of 1,3,2-oxazaphospholidi-
nones.!>?!  Based on stereochemical studies, Inch and his co-
workers!® conclude that, when the phosphoryl oxygen is in a 1,3-cis
relation to a proton in this heterocyclic system, the proton is
considerably deshielded. When both diastereomers can be pre-
pared and separated from each other, the 'H NMR resonances
of H-5 and H-4 can be used to assign the configuration at
phosphorus. Using this criterion, the H-4 resonances in IIla and
IIIb are at § 3.67 and 3.78 respectively, and the H-5 resonances
are at § 5.53 and 5.82, respectively. This indicates that the P==0
is cis to the H-5 and H-4 protons in IIIb and trans in IIIa. On
the basis of this analysis, the configuration of IIIb is that of the
2R compound. Since the acid-catalyzed ring opening reaction
proceeds with inversion, the configuration at phosphorus in 3 must
be R. Buchwald and Knowles!® used bromotrimethylsilane to
cleave the C—O bond of a phosphate diester in the synthesis of
2,4-dinitrophenyl [(R)-190,70,'¥O]phosphate. The stereochemical
analysis they performed confirmed the C-O cleavage mechanism.
Since C-0O and Si-O cleavage and bromination does not involve
reaction at phosphorus, the configuration at phosphorus in
I-170,'%0 must be Rp.

Conant-Swan Fragmentation Reaction of I and I-70,'%0. To
determine whether the dianion of I undergoes Conant-Swan
fragmentation, I was decomposed in an acetophenone solution to
yield the corresponding enol phosphate.!'®!2* The formation of
this product is consistent with a free metaphosphate as an in-
termediate in the reaction.? To determine the stereochemistry
of the reaction of this metaphosphate, I-'70,'%0 was decomposed
in a chloroform solution containing 1--BDMS-3-(S)-butanol as
phosphoryl group acceptor (Scheme II). After acid-catalyzed

(20) Methanol/HCI reacts with IIla to give a compound with a ‘H NMR
resonance at 8 3.84 corresponding to the P~O-CH,;. The same reaction with
IIIB gives a P-OCH; 'H NMR resonance at § 3.63.

(21) (a) Evelyn, L,; Hall, L. D.; Steiner, P. R.; Stokes, D. H. Org. Magn.
Reson. 1974, 5, 141. (b) Devillers, J.; Cornus, M.; Navech, J. Org. Magn.
Reson. 1974, 6, 211.
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Figure 1. *IP NMR spectrum of the products from the “in-line” ring
closure and methylation® of 3-[160,'’0,'®0]phospho-($)-butane-1,3-diol
obtained from the reaction of I-'70,'%0 and 1-(:-BDMS)-(S)-butane-
1,3-diol in chloroform containing 2,2,6,6-tetramethylpiperidine. The
spectrum was obtained on a Brucker WM-300 instrument at 121.5 MHz
with a deuterium lock and broad-band decoupling: spectral width 500
Hz, acquisition time 16.4 s, pulse width 23.5 us, number of transients
2716, Gaussian multiplication (Gaussian broadening 0.045 Hz; line
broadening —0.28 Hz), and Fourier transfer in 16K. The chemical shifts
are —4.8745, -4.8905,-4.917, and —4.9337 for the equatorial triester and
-5.8816, -5.8962, -5.9232, and -5.9382 for the axial triester. The scale
used is 0.02 ppm per division.

Table I. Peak Integrations for the >'P NMR Spectrum of Figure 1

peak no.?
predicted for 1 2 3 4 5 6 7 8
inversion® 220 38.7 274 11.8 220 274 387 118
retention? 220 27.4 387 11.8 220 387 274 118
racemization® 22.0 33.0 33.0 11.8 22.0 330 33.0 118
obsd® 26.1 37.8 240 12.1 223 251 418 108

2Reading from low field up. ®Based upon the known isotopic com-
position of the (S)-3-[1°0,'’0,130]phosphobutane-1,3-diol and the
known enantiomeric excess of the (S)-1,3-butanediol. ‘Integration by
cutting out peaks and weighing.

removal of the protecting group and purification of the monoester,
the configuration at phosphorus was determined by the 3'P NMR
method developed in Knowles’ group!® (Figure 1). Based upon
the known isotopic composition of 1-170,'80 and the known en-
antiomeric excess of the (S)-1,3-butanediol,?? the relative peak
areas in the final 3'P NMR spectrum can be calculated (Table
I) for the various possible stereochemical outcomes. The NMR
peak areas were determined by cutting the peaks out and weighing

(22) The Aldrich material has [«]?2p 25.0 (¢ 1, EtOH). Murakamij?
reports [«]?2p 29.6 (¢ 1, EtOH). This leads to an enantiomeric excess of the
(S)-1,3-butanediol used here of 84%.
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Scheme II. Reaction for the Capture of Metaphosphate Generated by the Conant-Swan Fragmentation Reaction by a Chiral

Secondary Alcohol®

@
Br P{
‘“U 0
(o]

OH
Br + tBDMS\O/\A

—B—ase—> tBDMS orece
CHCl, =0

(
(¢0),p OCI/Base

@ The product monoester was cyclized as in ref 17, methylated, and analyzed by *'P NMR. The oxygen isotopes of the cyclic diester and
the double bonds and hydrogens of the phosphonic acid have been omitted for clarity,

them in triplicate. The results obtained in this manner are in
accord with the integration given by the NMR spectrometer.
Clearly, within experimental error (which admittedly is about
10%), the capture of the chiral metaphosphate by alcohol occurs
with inversion at phosphorus. This result adds further support®
to our original assignment of configuration to IIIb which had been
made solely on the basis of NMR coupling constants.

Discussion

The question of whether metaphosphate is an intermediate in
the hydrolysis of phosphate esters has been addressed by kinetic
and stereochemical analyses. In aqueous solutions, phosphate
monoester dianions react with nucleophiles with second-order
kinetics.” However, the reactions demonstrate a very small de-
pendence on the basicity of the nucleophile and a large dependence
on the pK, of the leaving group. For the reaction of 2,4-di-
nitrophenyl phosphate dianion with amines, the 8, value is 0.02.
For substituted phenyl phosphates, the 8,, value is between —1.0
and -1.2 for aminolysis and hydrolysis. The second-order kinetics
require the presence of the nucleophile in the rate-limiting step,
even though the rate is only marginally affected by the nucleo-
philicity of the catalyst. Clearly, there is substantial bond cleavage
to the leaving group and minimal bond formation to the nucleo-
phile in the transition state. This kinetic information, when
combined with the fact that the methanolysis of 2,4-dinitrcphenyl
phosphate dianion occurs with stereochemical inversion® at
phosphorus, necessarily requires that the solvolysis of phosphate
monoester dianions occurs by a preassociative mechanism,*¢
without the need to postulate a metaphosphate as an intermediate.

For several reasons, the Conant~Swan fragmentation reaction
is believed to generate metaphosphate as an intermediate. The
experimental observations are the following. (1) The reaction
occurs through the dianion of the phosphonic acid, an ionization
state which on electrostatic considerations should not favor nu-
cleophilic attack at phosphorus.!!®2* (2) The intermediate
phosphorylating agent is extremely reactive. Enol phosphates can
be produced when the fragmentation reaction is carried out in
ketone solutions. The reaction presumably occurs through a
zwitterionic phosphorylated ketone oxygen.!!* This is in direct
contrast to the reaction of the dianion of 2,4-dinitrophenyl
phosphate in ketone solutions where the only product formed is

| (23) Murakami, S.; Harada, T.; Tai, A. Bull. Chem. Soc. Jpn. 1980, 53,
356.

(24) Calvo, K. C.; Westheimer, F. H. J. Am. Chem. Soc. 1984, 106, 4205.

(25) If our original assignment had been incorrect, then the phosphate ester
produced from reaction of I-70,’80 and IV would have to have been produced
by retention. Although phosphorus is capable of reacting through a trigo-
nal-bipyramidal intermediate, which after pseudorotation results in retention
at phosphorus, carbon is notably unsuitable as an axial ligand in such a
transformation.2

(26) Westheimer, F. H. Acc. Chem. Res. 1968, I, 70.

trimetaphosphate.!?® (3) Kinetically, the fragmentation reaction
is first order with no nucleophilic enhancement of the rate of alkene
formation.?* Specifically, the rate constant for fragmentation of
(2-bromo-1,3-diphenyl-3-oxo-1-propyl) phosphonic acid (V) in
acetone containing 0.1 M ethanol was the same as the rate constant
for fragmentation of V in methanol (provided that the rate con-
stant in acetone is corrected for the fraction of the dianion of V
present). In methanol as solvent, the addition of triethylenedi-
amine to a concentration of 1.0 M did not affect the rate of
fragmentation of V. (4) The solvent deuterium isotope effect on
the fragmentation of V is negligible, indicating the absence of
proton transfer in the rate-limiting step.2* (5) Substituent effects
on the decomposition of V are consistent with a fragmentation
reaction in which the alkene is formed in the rate-limiting tran-
sition state.>* This indicates that POy, alkene, and Br~ are formed
in a concerted reaction.

The data summarized provide sufficient evidence to postulate
the existence of metaphosphate as an intermediate. However, as
Westheimer and I point out,?* if an intermediate must survive a
collision with a nucleophile as a necessary condition for being an
intermediate, then the data presented above tell us nothing about
the “intermediateness” of metaphosphate generated in the Co-
nant-Swan fragmentation. Knowles’ criterion, that a meta-
phosphate must undergo stereochemical racemization if it is a true
intermediate$ leads to the conclusion that metaphosphate cannot
exist as a free intermediate in the presence of a primary or sec-
ondary alcohol. The Conant-Swan fragmentation reaction in the
presence of an alcohol must then occur through a preassociative
mechanism. By Jencks’ definition of preassociation,’ the inter-
mediate PO;™ must either not exist and reaction occurs through
an “exploded” SN2 transition state or PO,™ must be so reactive
that once formed, if it is not immediately captured by the alcohol,
reacts with Br™ and alkene to regenerate starting material. The
data do not allow a determination of whether the reaction is
concerted or stepwise preassociative, that is, whether the reaction
proceeds through a transition state in which PO;™ is simultaneously
bonded to both the alcohol and leaving group, or whether the PO;~
has a short but definite lifetime. Clearly, the data are consistent
with almost total P-C bond cleavage in the rate-limiting process.

The choice of nucleophile in the present experiment was made
in order to simplify the stereochemical analysis. It is possible that
in chloroform solution, specific solvation of the phosphonic acid
dianion by the alcohol hydroxyl may have predisposed the reaction
toward a preassociation mechanism. However, the nucleophilicity
of the solvent can be decreased so that the lifetime of the putative
metaphosphate is increased. Using stereochemical analysis as a
“clock” should determine whether metaphosphate can exist as an
intermediate at all.
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Abstract: The 'H and 3C NMR spectra of mevinolin (1), an inhibitor of hydroxymethylglutaryl-coenzyme A reductase, were
fully assigned by using selective homonuclear and heteronuclear decoupling and two-dimensional DEPT heteronuclear shift
correlation. Sodium [1-1*C]-, [2-13C]-, [1,2-13C,]-, [1-3C,!%0,]-, [1-13C,’H;]-, and [2-13C,?H;]acetate as well as '*0, and
[merhyl-3Clmethionine were incorporated into mevinolin (1) by cultures of Aspergillus terreus ATCC 20542, Double quantum
coherence (2D INADEQUATE) NMR spectra of 1 derived from sodium [1,2-13C]acetate independently confirmed the 13C
NMR assignment and provided the location of intact carbon—carbon bonds from acetate. Mevinolin (1) is formed from two
polyketide chains (4-carbon and 18-carbon) of acetate units coupled in head to tail fashion, with each chain bearing a
methionine-derived methyl group. Material obtained from ?H and 0O incorporations was analyzed by mass spectrometry
and by 13C NMR detection of « and § isotope shifts. The results show that oxygen atoms on the main chain are introduced
by aerobic oxidation of a deoxygenated precursor. Several mechanisms, including a biological Diels~Alder reaction, are proposed
to account for formation of bicyclic ring systems in mevinolin (1), compactin (2), and related metabolites.

Mevinolin (1)1% and compactin (2)?*< are potent inhibitors of
cholesterol biosynthesis in humans and possess potential in
treatment of atherosclerosis and coronary heart disease.> These

4

1 R=CHj3
2 R=H

fungal metabolites and their corresponding 4a,5-dihydro derivatives
(3 and 4)* block isoprenoid formation because of competitive

(1) Mevinolin (1) from Aspergillus terreus and monacolin K from Mo-
nascus ruber (Endo, A. J. Antibiot. 1979, 32, 852-854. Endo, A. Ibid. 1980,
33, 334-336) appear to be the same compound; compactin (2) is also known
as ML-236B.

(2) (a) Alberts, A. W.; Chen, J.; Kuron, G.; Hunt, V.; Huff, J.; Hoffman,
C.; Rothrock, J.; Lopez, M.; Joshua, H.; Harris, E.; Patchett, A.; Monaghan,
R.; Currie, S.; Stapley, E.; Albers-Schonberg, G.; Hensens, O.; Hirshfleld, J.;
Hoogsteen, K.; Liesch, J.; Springer, J. Proc. Natl. Acad. Sci. U.S.A. 1980,
77,3957-3961. (b) Brown, A. G.; Smale, T. C.; King, T. J.; Hasenkamp, R.;
Thompson, R. H, J. Chem, Soc., Perkin Trans. 1 1976, 1165-1170. (¢) Endo,
A.; Kuroda, M.; Tsujita, Y. J. Antibiot, 1976, 29, 1346—1348,

(3) (a) Fears, R, Biochem. Soc. Trans. 1983, 11, 642-644. (b) Tobert,
J. A.; Hitzenberger, G.; Kukovetz, W. R.; Holmes, I. B.; Jones, K. H. Ath-
erosclerosis 1982, 41, 61-65. (¢) Kroon, P. A.; Hand, K. M.; Huff, J, W.;
Alberts, A. W. Ibid. 1982, 44, 41-48. (d) Tobert, J. A.; Bell, G. D.; Birtwell,
J.; Kukovetz, W. R.; Pryor, J. S.; Buntinx, A.; Holmes, I. B,; Chao, Y. S;
Bolognese, J. A. J. Clin. Invest. 1982, 69, 913-919. (e) Kritchevsky, D,;
Tepper, S. A.; Klurfeld, D. M. Pharmacol. Res. Commun. 1981, |3, 921-926.
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inhibition of the key enzyme in the pathway, 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (HMG-CoA reductase: EC
1.1.1.34), by the corresponding lactone-opened forms (e.g., 5 and
6).° The resulting decrease in availability of mevalonate caused
by these compounds not only lowers mammalian sterol levels>*26
but also interferes with production of ubiquinone,” sea urchin
dolichol,? insect juvenile hormones,® plant sterols and pigments,'©
and fungal gibberellins,!! The importance of mevinolin (1) and
compactin (2) as biochemical tools!? and their unusual structures

(4) (a) Albers-Schonberg, G.; Joshua, H.; Lopez, M. B.; Hensens, O. D.;
Springer, J. P.; Chen, J.; Ostrove, S.; Hoffman, C. H.; Alberts, A. W
Patchett, A. A. J. Antibiot. 1981, 34, 507-512. (b) Lam, Y. K. T.; Gullo,
V. P.; Goegelman, R. T.; Jorn, D.; Huang, L.; DeRiso, C.; Monaghan, R. L,;
Putter, I. Ibid. 1981, 34, 614-616.

(5) (2) Endo, A. Trends Biochem. Sci. 1981, 6, 10-13. (b) Endo, A.
Methods Enzymol. 1981, 72D, 684-689. (c) Bach, T. J.; Lichtenthaler, H.
K. Z. Naturforsch., C 1983, 38C, 212-219.

(6) Krieger, M. Anal. Biochem. 1983, 135, 383-391.

(7) Ranganathan, S.; Nambudiri, A. M. D.; Rudney, H. Arch. Biochem.
Biophys. 1981, 210, 592-597.

(8) Carson, D. D.; Lennarz, W. J. J. Biol. Chem. 1981, 256, 4679-4686.

(9) (a) Hiruma, K.; Yagi, S.; Endo, A. Appl. Entomol. Zool. 1983, 18,
111-115. (b) Edwards, J. P.; Price, N. R. Insect Biochem. 1983, 13, 185-189.
(c) Monger, D. J.; Lim, W. A.; Kezdy, F. J.; Law, J. H. Biochem. Biophys.
Res. Commun. 1982, 105, 1374-1380.

(10) Bach, T. J.; Lichtenthaler, H. K. Physiol. Plant. 1983, 59, 50-60.

(11) Shiao, M. S. Bot. Bull. Acad. Sin. 1983, 24, 135-143.

(12) (a) Sato, Y.; Masuda, A.; Ono, M.; Kuwano, M. Biochem. Biophys.
Res. Commun. 1983, 117, 13-21. (b) Chao, Y. S.; Kroon, P. A.; Yamin, T.
T.; Thompson, G. M.; Alberts, A. W. Biochim. Biophys. Acta 1983, 754,
134-141. (c) Maxwell, R. E.; Nawrocki, J. W.; Ualendorf, P. D. Atheros-
clerosis 1983, 48, 195-203. (d) Edwards, P. A.; Lan, S. F,; Fogelman, A. M.
J. Biol. Chem. 1983, 258, 10219-10222. (e) Astruc, M.; Roussillon, S,;
DeFay, R.; Descomps, B.; Crastes de Paulet, A. Biochim. Biophys. Acta 1983,
763, 11-18. (f) Clarke, C. F.; Edwards, P. A,; Lan, S. F,; Tanaka, R. D.;
Fogelman, A, M. Proc. Natl. Acad. Sci. U.S.A. 1983, 80, 3305-3308. (g)
Brown, K.; Havel, C, M.; Watson, J. A. J. Biol, Chem. 1983, 258, 85128518,
(h) Hashizume, T.; Matsubara, S.; Endo, A. Agric. Biol. Chem. 1983, 47,
1401-1403, (i) Davis, R. A.; Highsmith, W, E.; McNeal, M. M.; Schex-
nayder, J. A.; Kuan, J. C. W. J. Biol. Chem. 1983, 258, 4079-4082. (j)
Hardeman, E. C.; Jenke, H. S.; Simoni, R. D. Proc. Natl. Acad. Sci. U.S.A.
1983, 80, 1516-1520. (k) Kopito, R. R.; Murray, D. M,; Story, D. L;
Brunengraber, H. J. Biol. Chem. 1984, 259, 372-377.
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