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kinetics from the transient observed in the PhH/CI* system. On
the other hand, if only the <330- and 490-nm bands are found
at the earliest times, it would be proof that the spectrum must
be attributed to the CCH.

A second crucial test would result from examination of the
CsH¢/Cl" system in the picosecond regime with high arene con-
centrations, in a manner similar to what was done in the iodine
atom studies.2>2® This might help answer questions regarding
simultaneous or sequential appearance of the <330- and 490-nm
bands and provide a rate constant for formation of the chlorine
atom/benzene w-complex which would be applicable where the
Cl atom is generated in contact with benzene molecules.

The existence of Br atom or I atom w-complexes with arenes
appears well documented.*’” We have provided evidence which
suggests that the complex formed between a Cl atom and a
benzene molecule is the 6-chlorocyclohexadienyl radical. For
fluorine, the spectroscopic evidence is solely for the 6-fluoro-
cyclohexadienyl radical.® There appears to be a gradation from

relatively weak interactions, i.e., I* and arene (best viewed as a
w-complex), to stronger covalent interactions (best viewed as a
6-halocyclohexadienyl radical or o-complex) in the series I — F.
This transition from the 7- to s-complex should be accompanied
by (1) an alteration of angle between the carbon-halogen bond
and the plane of the benzene ring (from 90° when X = I to 120°
when X = F) and (2) a decrease in the C-X bond length. We
bring this hypothesis to the attention of theoreticians.
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Abstract: The bicyclic phosphate OP(OCH,);CCH; (1) hydrolyzes 5.2 X 10° times faster than the acyclic compound
OP(OCH,CH,), at pH 14. At the same pH the bicyclic phosphorothionate SP(OCH,);CCHj (2) hydrolyzes 8.1 X 10” times
faster than the acyclic compound SP(OCH,CH;);. Part of this rate enhancement is attributed to a stereoelectronic factor
since compounds 1 and 2 have two lone pairs antiperiplanar (app) to the breaking P-O bond, while in order to place two lone
pairs app to the breaking P—O bond in the acyclic compounds, the molecule must be constrained to an appropriate conformation
which is disfavored entropically. The anion “O,P(OCH,),CCH;(CH,0H) (3), which is the base hydrolysis product of 1, was
identified by 'H, *C, and *'P NMR spectroscopy. Its derivatives HO,P(OCH,),CCH,(CH,0H) (4), the diastereomeric ester
MeQO,P(OCH,),CCH,;(CH,0H) (5a,b), and the diastereomeric ether-ester MeO,P(OCH,),CCH,(CH,OCHj;) (6a,b) were
isolated and characterized by 'H and '*C NMR and by mass spectroscopies. The anion “O(S)P(OCH,),CCH;(CH,0H) (7),
which is the base hydrolysis product of 2, is shown to be a single isomer by the 'H NMR spectrum of its neutral ester derivative,
CH;S(0)P(OCH,),CCH,;(CH,0H), obtained via methylation of the acid 8 with diazomethane. The 2-0xo and 5-methyl
substituents of 7 are cis to one another as is strongly suggested by the structural determination of the acid derivative 8 of
7 by X-ray means. These results are consistent with apical OH™ attack on phosphorus followed by apical departure of an

alkoxy oxygen.

In one of our laboratories it was shown through ab initio mo-
lecular orbital calculations?™® and experimentally®-!* that kinetic
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stereoelectronic effects'>™!? may play important roles in the re-
actions of organophosphorus compounds. In phosphate esters,
these stereoelectronic effects involve facilitating the cleavage of
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a P-O or a P-N bond by antiperiplanar (app) interaction with
oxygen or nitrogen electron pairs. Calculations have suggested
that orientation of a lone pair antiperiplanar (app) to a scissile
bond can lower the energy of the transition state by as much as
11 kcal/mol relative to a corresponding transition state without
an app lone pair.®® The stereoelectronic effect in the hydrolysis
of phosphate esters is believed to be due to n, (oxygen lone pairs)
<« ¢*p_o (P-O antibonding orbital) orbital mixing which facilitates
P-O bond cleavage or formation.

Phosphate esters undergo marked changes in the rate of hy-
drolysis upon inclusion of the phosphorus atom into a monocyclic
or bridgehead bicyclic system.>”!* The rate of hydrolysis of the
strained five-membered ring cyclic phosphates such as methyl
ethylene phosphate and ethylene phosphate is 10° to 108 times
that of their acyclic analogues, trimethyl phosphate and dimethy!
phosphate, respectively.?’ However, the energy released from
a strained cyclic ester in going to a “strain free” cyclic phosphorane
transition state is insufficient to explain the total lowering of
activation energy. We have shown®!2 that part of this rate en-
hancement is probably due to the stereoelectronic effect. In this
article we present an example of rate enhancement in bicyclic
phosphate 1 and phosphorothionate, 2, compared to their acyclic
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analogues triethyl phosphate and triethyl phosphorothionate,
respectively.

(Et0);P=0 ——— (Et0),PO;" + EtOH

(Et0);P=S —— (EtO);P(0)S" + EtOH

Part of this rate enhancement is suggested to be due to the
stereoelectronic effect.

Experimental Section

'H NMR spectra were recorded on 60-MHz Varian T-60 or Varian
EM-360 NMR spectrometers or on a Nicolet NT-300 300-MHz spec-
trometer. 3P NMR spectra were recorded on a Bruker WP-80 spec-
trometer at 32.4 MHz or on a Bruker WM-300 spectrometer at 121.51
MHz. *C NMR spectra were recorded on an IBM WP-200 SY spec-
trometer at 50.3 MHz or on a Nicolet NT-300 spectrometer at 75.46
MHz. Chemical shifts in parts per million for 'H and '*C NMR spectra
are referenced to internal Me,Si or acetone and for *'P spectra are
referenced to external 85% H,PO, with positive values downfield from
the reference. Melting points were taken on a Thomas-Hoover apparatus
and are uncorrected.

The bicyclic phosphate 1, the bicyclic phosphorothionate 2, and tri-
ethyl phosphorothionate were prepared as described previously.?! Com-
pound 2 was also prepared by the route reported for SP(OCH,);C-#-Bu
from the corresponding phosphite ester.?2  Triethyl phosphate was
purchased from Aldrich and used without further purification.

Hydrolysis In Strong Alkall. Bicyclic Phosphate 1. In 0.5 mL of dry
dioxane was dissolved 3.18 mg (0.0194 mmol) of 1, 0.4 mL of 0.6 M
NaOH in D,0 was added, and the reaction was monitored by 3'P NMR
at 31 °C. The hydrolysis was completed in ca. 10 min.
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Triethyl Phosphate. In 0.5 mL of dry dioxane was dissolved 4.00 mg
(0.0220 mmol) of triethyl phosphate, 0.4 mL of 0.6 M NaOH in D,0
was added, and the reaction was monitored by *'P NMR at 31 °C.

Bicyclic Phosphorothionate 2. In 0.5 mL of dry dioxane was dissolved
3.240 mg of 2 (0.0180 mmol), 0.4 mL of 0.6 M NaOH in D,0 was
added, and the reaction was monitored by *P NMR at 3] °C.

Triethyl Phosphorothionate. In 0.5 mL of dry dioxane was dissolved
3.50 mg (0.0177 mmol) of triethyl phosphorothionate, 0.4 mL of 0.6 M
NaOH in D,O was added, and the reaction was monitored by *'P NMR
at 31 °C. In all cases the reactions followed good first-order kinetics over
at least 2 half-lives and were repeated at least twice, and calculated rate
constants agreed within £10%. The hydrolysis of the acyclic compounds
is known to go by complete P-O bond cleavage, and the rate constants
were reported earlier.??

Product Analysis of Hydrolysis of 1 and 2. ~O,P(OCH,),CCH;-
(CH,0H) (3). The bicyclic phosphate 1 gives upon hydrolysis the mo-
nocyclic phosphate anion 3 (*'P NMR -3.2 ppm; !*C NMR (CD;0D/
Me,Si) 80.50 d (2 ring CH,, 2J(POC) = 5 Hz), 64.75 s (CH,0H), 35.4
d (CC4, 3J(POCC) = 3.8 Hz), 12.30 s (CH;)).

HO,P(OCH,),CCH;(CH,0H) (4). Bicyclic phosphate 1 (820 mg,
5.00 mmol) was dissolved in 100 mL of dioxane, and 100 mL of 0.6 M
NaOH were added. After being stirred for 2 h at room temperature the
solution was neutralized to pH 7 with HCI and evaporated to about 5
mL. Addition of 20 mL of ethanol and filtration of the precipitated NaCl
was followed by evaporation to dryness. The residue was dissolved in 5
mL of water, and the solution was passed through 20 g of Dowex 50-8-W
ion exchange resin in the acid form. The 80 mL of solution collected was
evaporated to dryness, and the product 4 was obtained in nearly quan-
titative yield (!H NMR (acetone-dy) 4.22 dd (OCH(eq), *J(POCH) =
15.3,27(HCH) = 11.3), 4.05 dd (OCH(ax), *J(POCH) = 9.7, 2J(HCH)
= 11.1), 3.56 s (CH,OH), 0.92 s (CH,); °C NMR (D,0/Me,CO) 72.64
d (ring CH,, 2J(POC) = 2.9), 62.18 s (CH,OH), 36.15 s (CC,), 14.54
s (CH;); m/e 183 (M + 1) base peak 99 P(OH),*); high-resolution MS
calcd 183.0422, found 183.0422).

CH;0,P(OCH,),CCH;(CH,0H) (5a,b) and CH;0,P(OCH,),CC-
H;(CH,OCH;) (6a,b). Reaction of 0.183 g (1.00 mmol) of 4 with excess
diazomethane (0.5 g) for 2 h at room temperature in 10 mL of ether gave
upon evaporation of the solvent an oily residue which was eluted from
silica gel with 10% acetone in benzene. The slower moving compound
(55% by weight) was an approximately 50/50 mixture of Sa,b ('"H NMR
(CDCl;) 4.30 dd (OCH(ax), *J(POCH) = 6.1, 2J(HCH) = 11.0), 4.10
dd (OCH(eq), 3J(POCH) = 21.6, 2J(HCH) = 11.0), 3.90 m (2 ring
CH,), 3.70 d (2 CH;0), 3.63 s (CH,OH), 3.33 d (CH,0H, J = 3.9),
1.06 s (CH3;), 0.75 s (CH,); *C NMR (CDCl;/Me,Si) 74.12 d (ring
CH,, 2J(POC) = 5.3), 72.77 d (ring CH,, 2J(POC) = 6.7), 63.28 s
(CH,0H), 61.61 s (CH,0OH), 52.96 d (CH;0, 2J(POC) = 5.7), 52.82
d (CH;0, 2J(POC) = 6.2), 36.41 d (CC,, *J(POCC) = 5.3), 35.99 d
(CCy4, 3J(POCC) = 6.7), 16.34 s (CCH,), 14.43 5 (CCH3;); m/e 197 (M
+ 1) base peak 113 (CH;OP(OH);%)).

The faster moving component (45% by weight) was an approximately
50/50 mixture of 6ab (H (CDCl;) 4.37 dd (OCH(ax), *J(POCH) = 4.9,
ZJ(HCH) = 11), 4.17 dd (OCH(eq), *J(POCH) = 21.5, 2J(HCH) = 11),
4.00 m (2 ring CH,), 3.82 d (2 CH;0P, 3J(POCH) = 11.1), 3.51 s
(CH,0H), 3.39 s (CH;00C), 3.31 s (CH;0C), 3.19 s (CH,0H), 1.19 s
(CH3Ci), 0.86 s (CH;C); m/e 211 (M + 1) base peak 113 CH;0P-
(OH);M).

~O(S)P(OCH,),CCH;(CH,0H) (7). The hydrolysis of the bicyclic
phosphorothionate 2 gives the monaocyclic phosphorothionate anion 7 (*'P
NMR 52.4; 3C NMR (CD;0D) 73.36 d (2 ring CH,, 2J(POC) = 6 Hz),
65.7 s (CH,OH), 38.55 d (CC,, *J(POCC) = 5 Hz), 17.9 s (CCH3;)).

HO(S)P(OCH,),CCH;(CH,0H) (8). A 100-mg sample of 2 (0.556
mmol) was stirred at room temperature with 12 mL of 0.6 M NaOH and
15 mL of dioxane for 24 h. The solution was neutralized with dilute HC]
to pH 6 whereupon water and dioxane were removed at room tempera-
ture under vacuum. The residue was taken up in absolute ethanol and
filtered to remove sodium chloride. The filtrate was concentrated to
obtain a white solid which was dissolved in a minimum amount of acetone
and filtered. The filtrate on evaporation provided a single isomer of the
corresponding acid 8 (m/e 198, (caled 198), base peak (145) SP-
(OH),(OHy)*; high resolution MS (M + 1) caled 199.0194, found
199.0182) as revealed by a single peak in the 3'P NMR spectrum (ace-
tone-dg, 54.0 ppm) and the single set of peaks in the '*C NMR spectrum
((acetone-dg) 72.4 d (2 ring CH,, 2J(POC) = 7.2), 62.9 s (CH,0H), 37.1
d (CC,, 3J(POCC) = 4.4), 15.9 s (CCH;)).

The product from one preparation of 8 was recrystallized from ace-
tone/chloroform (1/1) to afford crystals suitable for X-ray analysis.?*
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Hydrolysis of Phosphates and Phosphorothionates

Table L. Observed Pseudo-First-Order Rate Constants for Hydrolysis
of 1, 2, (EtO);P==0, and (EtO);P==S in 0.6 M NaOH, 55%
Dioxane/45% D,0 at 31 °C

O 0
o=e_ S==F_
\0‘9- (E10),P=0 \OQ- (E10);P=S

Kapea X 7.5 0.00149 0.097 0.00012
1073 57!
Scheme I
3w o%pé%VCHS(CH’OH) LHaNg
HO
4
O O CH4(CH,0H) CHaNz_ O O r CHy(CH,0CH )
PO st FI:’OV
CHg0 CHgO
5a.b 8a.b
Scheme 11
S\ 0 CH,OH MeS\ 0 CH,OH
7 — H*-\\p\ }é — SR :>/£
g © CHg 0" 0 “Me
8 9

Crystal parameters, bond distances and angles, thermal and positional
parameters, as well as details of the refinement can be obtained as
Supplementary Material to this paper.

CH,S(0)P(OCH,),CCH,;(CH,0H) (9). The product from a second
preparation of 8 was reacted with excess CH,N, analogously to the
preparation of Sa,b and 6a,b. The only product was the corresponding
S-methyl ester 9 (TLC on silica gel with 10% acetone in benzene revealed
only one spot; m/e 212 (caled 212) base peak 129, MeSP(OH),*; 'H
NMR (CDCl;) 1.21 s (CCH3), 2.35 d (SCH;, *J(PSCH) = 15.3), 3.49
s (CH,OH), 4.05 dd (2 OCH(eq), *J(POCH) = 21.6, 2J(HCH) = 11
Hz), 4.44 dd (2 OCH(ax), 3J(POCH) = 6, 2J(HCH) = 11); *C NMR
(CDCl3) 11.23 d (SCH;, 2J(PSC) = 4.5), 17.73 s (CCH,), 37.64 d (CC,,
3J(POCC) = 7.4), 64.87 s (CH,0H), 74.68 d (ring CH,, 2J(POC) =
7.0)).

Results and Discussion

The pseudo-first-order rate constants for the hydrolyses were
monitored by following the loss of the 3'P signal for the starting
material as well as the appearance of the product signal. The rate
of hydrolysis of the bicyclic phosphate 1 as shown in Table I is
5.2 X 10° times that of the acyclic phosphate while the rate of
hydrolysis of the bicyclic phosphorothionate 2 is 8.1 X 10? times
that of the acyclic phosphorothionate. Aksnes and Bergesen??
possibly briefly report a similar rate acceleration for the bicyclic
phosphate ester 1. (This assumes that compound X in Table |
of ref 26 is incorrectly drawn and is actually the same as our
compound 1.) The '3C and 3'P NMR spectra of the hydrolysis
products 3 and 7 are consistent with the structures shown and also
with the existence of one isomer of 7. Confirmatory evidence for
the structure of 3 was obtained from the characterization of the
isolated acid 4, the methyl ester Sa,b, and of the methy! ester—ether
6a,b in Scheme 1. Although the stereochemistries of the dia-
stereomeric 5a,b and 6a,b cannot be unequivocably assigned, the
spectral data are consistent with cis-trans isomerism of the P=0
and CCH, groups. The conformations of these diastereomers are
probably strongly influenced by the strong tendency of the P==0
group to be equatorial in phosphate esters.?6 Evidence for a single
isomer of 7 stems from the single *'P NMR peak and the single
set of 1*C NMR peaks for the entire organic reaction product 8
obtained upon acidification of 7 and also from the single TLC
spot and the single sets of peaks in the 'H and '*C NMR spectra

(25) Aksnes, G.; Bergesen, K. Acta Chem. Scand. 1966, 20, 2508.
(26) Maryanoff, B. E.; Hutchins, R. O.; Maryanoff, C. A. Top. Stereo-
chem. 1979, 11, 187.
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Figure 1. ORTEP drawing of 8. Only the non-hydrogen atoms are shown.
Two O3 atoms are shown because of the disorder of this atom about the
molecular mirror plane.?

of the S-methyl ester 9 (Scheme IT). The stereochemistry of 7
was determined by obtaining the crystal and molecular structure
of the corresponding acid 8. In the ORTEP drawing of 8 in Figure
1 the cis relationship of the thio and hydroxymethyl groups can
be seen.

The rate enhancement in methyl and ethy! ethylene phosphates
compared to their acyclic analogues was explained!>2?7 partially
by the release of ring strain in going to a “strain-free” cyclic
phosphorane transition state. However, in the case of the bicyclic
phosphate or bicyclic phosphorothionate the lowering of the ac-
tivation energy in going to the bicyclic phosphorane transition state
cannot be totally ascribed to release of ring strain, because it is
not favored over the ground state owing to the placement of one
of the six membered rings in two equatorial positions as well as
two six-membered rings in an unfavorable apical/equatorial
position of the trigonal bipyramidal transition state.

As can be seen from structure 10 each of the two equatorial
endocyclic oxygens have lone electron pairs which are approxi-
mately app to the breaking apical P-O bond, and this is suggested
to be mainly responsible for the increased rate of cleavage of this
bond relative to its acyclic analogues, triethyl phosphate and
phosphorothionate. In these acyclic compounds, freezing of one
conformation is required to place two lone pairs app to the breaking
P-O bond, 11. This conformational restriction will be entropically
disfavored.’-*
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Conclusion

The results of the hydrolyses reactions suggest that the reactivity
differences between the bicyclic phosphate and phosphorothionate
and their acyclic counterparts can be accounted for by stereoe-
lectronic effects in the transition states/intermediates. The results
of the structural investigations are consistent with stereospecificity
in the hydrolysis of 2.
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Abstract: The enol isomer of isobutyraldehyde was generated in aqueous solution by reaction of its lithium and potassium
enolates with water and of the trimethylsilyl enol ether with fluoride ion, and rates of ketonization of the enol were measured
in HCI, DCt (in D,0), and NaOH solutions and in CNCH,CO,H, HCO,H, CH,CO,H, CH,CIPO;H", and H,PO," buffers.
Rates of enolization of isobutyraldehyde were also determined, by iodine scavenging, in HC1O, and NaOH solutions. The
reaction rates in HCl and NaOH give two independent estimates of the keto—enol equilibrium constant for isobutyraldehyde
in aqueous solution at 25 °C, which are in good agreement with each other and whose average is Kz = (1.37 £ 0.09) X 107,
pKg = 3.86 + 0.03. The ketonization rates in NaOH solution also provide an estimate of the acidity constant of isobutyraldehyde
enol ionizing as an oxygen acid, K,E = (2.37 £ 0.14) X 1072 M, pK,E = 11.63 £ 0.03, which, when combined with K, gives
the acidity constant of the keto form of isobutyraldehyde ionizing as a carbon acid, K,* = (3.23 £ 0.29) X 1076 M, pK,¥
= 15.49 + 0.04. The ketonization reaction in buffer solutions shows both general-acid and general-base catalysis, consistent
with two parallel reaction paths involving rate-determining §-carbon protonation of both enol and enolate ion. Analysis of
the data in terms of this scheme shows enolate to be 10® times more reactive than enol. Arguments are advanced to the effect
that all of the present data are consistent with stepwise reaction mechanisms and do not require a concerted reaction path.

The equilibrium between simple monofunctional aldehydes and
ketones and their enol isomers, eq 1, is generally quite mobile,
and its position usually favors the carbonyl isomer quite strongly.
This has made direct observation of simple enols difficult and has
hampered the development of their chemistry.

0] OH

Lo \._/
H—C—C— — C=C 1

[ /N
Simple enols can, however, be produced in greater than
equilibrium proportions by, for example, the rapid reaction of alkali
metal enolates with water, eq 2. The isomerization of enols to
their keto tautomers may, moreover, be slowed markedly by an

appropriate selection of double-bond substituents.! We have
oM OH
\C:C/ L \c—_—c/ (2
/ N\ /N

shown, for example, that the enol of isobutyraldehyde can be
generated in aqueous solution from lithium isobutyraldehyde
enolate and that its conversion to isobutyraldehyde in that medium
is sufficiently slow to allow rate measurements by conventional
or stopped-flow methods.? In this paper we describe that work,
which was published before only in preliminary form, in full. We
also show that this enol can be produced in aqueous solution from
its potassium salt as well as by reaction of its trimethylsilyl ether
with fluoride ion, eq 3. We also report measurements of the rate
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of enolization of isobutyraldehyde, determined by iodine sca-
venging, which, when combined with our rates of ketonization,
provide the keto—enol equilibrium constant for this system in
aqueous solution. Our rate measurements in basic solution give
a value of the acidity constant of isobutyraldehyde enol ionizing
as an oxygen acid, and that, in combination with the keto-enol
equilibrium constant, provides the acidity constant of isobutyr-
aldehyde ionizing as a carbon acid.

Experimental Section

Materials. Isobutenyl trimethylsilyl ether was prepared from iso-
butyraldehyde and trimethylsilyl chloride, and it was converted to lithium
isobutyraldehyde enolate by treatment with methyllithium in tetra-
hydrofuran solution.>  When this method of forming lithium enolates is
used, triphenylmethane or 2,2’-bipyridine are sometimes employed as
indicators to determine whether sufficient methyllithium has been sup-
plied. We found, however, that triphenylmethane, even at the very low
concentrations required for this purpose, was not soluble in the essentially
aqueous solutions formed when small quantities of this lithium enolate
stock solutions were added to water for kinetic determinations and that
the suspensions thus formed, through barely discernible as such by the
naked eye, interfered badly with kinetic measurements. Bipyridyl indi-
cator, on the other hand, presented no difficulty; nevertheless, we used
no indicator most of the time and simply supplied a 10% excess of me-
thyllithium to ensure complete formation of the lithium enolate.

Potassium isobutyraldehyde enolate was made from isobutyraldehyde
and potassium hydride.* Metal enolate stock solutions were stored under
argon in Pierce Reacti vials fitted with Pierce Mininert valves; samples
for kinetic measurement were withdrawn by hypodermic syringe. Iso-
butyraldehyde for kinetic determinations was fractionally distilled under
argon; all other materials were the best available commercial grades.
Solutions were prepared by using deionized water, purified further by
distillation, or D,O (Merck Sharp & Dohme, 99.8 atom % deuterium)
as received.
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