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Abstract:

pH-rate profiles for epimerization and O exchange of 1-phenyl-2,2,3-trimethylphosphetane 1-oxide

are presented. The profiles show that the rates of epimerization and exchange are proportional to hydroxide ion
concentration at pH 9-12 and are independent of acidity between pH 4 and 8. Epimerization is slower than ex-

change by factors of 5-1401in this pH range.

epimerization, and only the former reaction is proportional to the hydrogen ion concentration.

In the acid region, exchange is much faster (104-fold at 4 M HCl) than

A rate maximum

observed in dilute acid for the slower epimerization reaction is interpreted as evidence that pseudorotation of the
pentacovalent intermediates is rate limiting. A rate maximum observed for exchange in strong acid is ascribed to a

decrease in the activity of water.

Recent attention has been focused upon the inter-
pretation of the rate maxima observed in the acid
hydrolyses of phosphate esters! and phosphinate esters.?
Rate maxima in 1-5 ¥ acid have been generally ascribed
to a decrease in the activity of water!-® while the rate
maximum in dilute acid for a strained bicyclic phos-
phinate ester has been interpreted as evidence for rate-
limiting pseudorotation* of a pentacovalent intermedi-
ate.2?> We now wish to report the first example of a
compound which shows both a rate maximum in strong
acid due to a decrease in the water activity and a rate
maximum in dilute acid due to rate-limiting pseudorota-
tion. This study also presents the first pH-rate pro-
files for epimerization and ¥O exchange of a phosphine
oxide, 1-phenyl-2,2-3-trimethylphosphetane 1-oxide (1).
It is hoped that the study will further help to unravel
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the factors responsible for the disparate results previ-
ously observed in the reactions of phosphine oxides®—12
and firmly establish the important role played by the
pentacovalent intermediate in the reactions of these
compounds.

(1) C. A. Bunton, Accounts Chem. Res., 3,257 (1970), and references
therein,

(2) R. Kluger and F. H. Westheimer, J. Amer. Chem. Soc., 91,
4143 (1969).

(3) P. Haake and G. Hurst, 1bid., 88, 2544 (1966).

(4) F. H. Westheimer, Accounts Chem. Res., 1, 70 (1968).

(5) The dilute acid maximum in the pH-product profile for the
hydrolysis of methyl ethylene phosphate represents the only other
example of such dilute acid maxima: R. Kluger, F. Covitz, E. Dennis,
L. D. Williams, and F. H. Westheimer, J. 4mer. Chem. Soc., 91, 6066
(1969).

(6) K. L. Marsi, ibid., 4724 (1969).

(7) W. Hawes and S. Trippett, Chem. Commun., 295 (1968).

(8) K. E. DeBruin, G. Zon, K. Naumann, and K. Mislow, J. 4mer.
Chem. Soc., 91, 7027 (1969).

1(2) D. Samuel and B. L. Silver, Advan. Phys. Org. Chem., 3, 123
(1965),

(10) L. Horner and H. Winkler, Tetrahedron Lett., 3271 (1964).

(11) D. B. Denney, A. Tsolis, and K. Mislow, J. Amer. Chem. Soc.,
86, 4486 (1964).

(12) M. Halman and S. Pinchas, J. Chem. Soc., 3264 (1958).

Experimental Section

Materials. Synthesis of 1-Phenyl-2,2,3-trimethylphosphetane
1-Oxide (1). A mixture of the two isomers of 1 was prepared
according to the procedure of Cremer.!? Repeated recrystalliza-
tion of the 20:80 (cis:trans) mixture from cyclohexane resulted in
enrichment of the cis isomer!4 into the supernatant (mp 53-56° for
75% cis) and fractional separation of 969 trans crystals (mp 87°).

Preparation of 1-Phenyl-2,2,3-trimethylphosphetane 1-[180]-
Oxide (1-80). Labeled phosphine [8QOJoxide was prepared by
heating for 2 days at 100° 0.5 g of 1 in 1.0 ml of 709 H,*0O (Dia-
Prep) which had been made acidic (pH < 1) with anhydrous HCl
gas. Simple high-vacuum distillation of the two-phase mixture
into a liquid nitrogen trap allowed quantitative recovery of the
labeled water and HCl. The recovered, labeled phosphine oxide
was recrystallized.

Buffers. Reagent grade buffer salts were used throughout
without any additional purification. Redistilled water and freshly
distilled dioxane were employed. Since the reactions were run at
100.8°, the pH’s of the buffers at 85, 90, and 95° were determined
and the values extrapolated to 100.8°. The pH’s were measured
in a Radiometer TTA31 thermostated micro titration assembly on
a Radiometer PHM 26 pH meter fitted with the special high-tem-
perature glass electrode, Type G202CH, and external KCl salt
bridge B530 connected to a Type K4018 calomel electrode. The
meter was calibrated against NBS standard buffers.!® Both tem-
perature and pH were measured in the same Radiometer thermo-
stated vessel under a flow of argon, and the pH’s are believed ac-
curate to =0.1 pH unit. Unfortunately, the pH’s of some of the
weakly alkaline buffers tended to drift under the extended reaction
times (several weeks or months) and the elevated temperature of the
reaction. It is not believed that the buffer instability introduced
any significant errors in the results obtained, however.

Kinetric Methods. Epimerization Rates. A mixture enriched to
75% in the cis isomer of 1 was dissolved in the appropriate non-
alkaline buffer solution and sealed in an nmr tube under argon.
Epimerization was followed by observing the nmr integrations for
the 2-methyl groups of the isomers. In 0.01 M KOH or more con-
centrated base solutions reactions were followed either in specially
constructed alkali-resistant Corning 7280 glass nmr tubes (Wilmad),
in Nmr Specialties Teflon liners for normal nmr tubes, or in screw
cap, all-Teflon 5-ml sample tubes. In the latter case, the phos-
phetane oxide was quantitatively extracted from the neutralized
solution with CHCl;, and the nmr spectra were taken of the CHCl;
solution. In order to economize on the amount of sample used
in the kinetic run, the original extracted phosphine oxide (after
evaporation of the CHCl;) was redissolved in fresh base solution
and epimerization continued on that sample. In most cases the

(13) S. E. Cremer and R. J. Chorvat, J. Org. Chem., 32, 4066 (1967).

(14) This assignment is based upon the analogous X-ray structure and
properties of a related phosphetane oxide: C. N. Caughlan and M.
Hague, Chem. Commun., 1229 (1968); ref 9; S. E. Cremer and B. C.
Trivedi, J. Amer. Chem. Soc., 91, 7220 (1969).

(15) V. Bower and R. Bates, J. Res. Nat. Bur. Stand., 59, 261 (1957).
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Table I. Rate Constants for O Exchange and Epimerization of 1 in 10%; Dioxane-Buffer at 100.8°, / = 0.05 M
k X 108, sec™!
pH at 100.8° Buffere Epimerization Exchange
1.45 0.05 M HCl 1.01,1.09, 1.06,c 1.04¢
1.6 0.025 M HC], KCl 1.13
1.9 DCl, KClin D,O 0.74,0.74 5.77
2.0 0.01 M HCl 1.16,1.32 8.0,10.5,11.5
2.64 0.05 M phosphate, HC] 1.13
2.98 0.001 M HCI 3.3
3.14 0.05 M phthalate 3.04
3.32 0.05 M phosphate, HC] 0.92
3.73 0.05 M phthalate, HCI 0.96
4.34 0.005 M phthalate 1.13
4.26 0.05 M phthalate 0.77,0.83 3.2
4,350 0.05 M phthalate in DO 0.62,0.64 0.48/
4.80 0.2 M phosphate 0.83
5.30 0.05 M phosphate 1.05
5.36 0.005 M phthalate 0.82 1.9
6.24 0.05 M phthalate 0.80 0.96*
7.77 0.05 M phosphate 0.81,0.83
7.95 0.05 M phosphate 1.55
8.64 0.05 M phosphate 0.83 0.90
9.38 Fisher pH 9 buffer 0.91,1.06 4.8
0.05 M borate-carbonate
9.35 Fisher pH 10 buffer 2.75
0.05 M carbonate
10.2¢ 0.01 M KOH 3.6
11.3¢ 0.1 M KOH 2.66,2.74 77.4
12.3¢ 1.0 M KOH 26

e Buffers made up to ionic strength with KCl,
65, 1079 (1961). <0.05 M KCl added. 0.2 M KCI added.
100°:

concentration of 1 was 0.4-0.5 M when the reaction was followed
directly in the nmr tube. Because of the limited solubility of the
oxide in purely aqueous buffer solutions, 10%; (w/w) dioxane was
normally added. Because the temperature dependence of the
pH’s was determined for the purely aqueous solutions only, the
pH’s for the actual kinetic runs in 109 dioxane are reported for
these aqueous solutions, However, the small amount of dioxane
added shifts the measured pH’s only slightly; correction for the
dioxane may in fact introduce greater uncertainty than simple ne-
glect of its effect.’® Good first-order kinetics were obtained and,
surprisingly, no decomposition of the phosphetane oxide was ob-
served in any of the solutions even after several months at 100°!
180 Exchange Rates. Rates for exchange of 959 trans-1 (en-
riched to 70 % '®0) in the appropriate buffer solutions were deter-
mined by quantitative ir spectroscopy on a Beckman 521 grating
spectrometer. Samples were sealed in Pyrex tubes or, for alkaline
solutions, placed in a specially constructed Teflon/Kel-F screw
top vessel fitted with a Teflon/Kel-F high-pressure valve, Aliquots
were serially removed from a themostated temperature bath either
by quenching one of the Pyrex tubes in ice-water or drawing off
a sample by opening the value of the Teflon/Kel-F vessel. The
phosphetane oxide was quantitatively extracted from the aqueous
aliquots with CHCl;, the organic layer evaporated, and the residue
dissolved in 75 ul of CCl, (concentration of oxide generally 0.23 M).
Absorbances at both 1207 cm™! (s, trans-1-1%0), and 1188 cm™!
(s, trans-1-80) for the phosphoryl stretching frequencies were
monitored in 0.1-mm NaCl sealed ir cells and shown to obey
Beer’s law and to yield the same good first-order kinetics. A
tight isosbestic point at 1194 cm™! indicated that %0 exchange
was the only process being observed except in the slow, neutral pH
region where trans to cis isomerization was also occurring more
slowly.”” Interestingly, the intensity of the absorbances at 1225-
1228 and 1166-1168 cm™! changed at the same rate as the major
phosphoryl stretching frequencies. An example of the type of
spectra obtained is shown in Figure 1. As a further check on this
convenient and simple kinetic procedure, several mass spectral
runs on a Perkin-Elmer Model 270 mass spectrometer monitoring
the M and M + 2 ions were shown to yield similar exchange rates.

(16) L. G. Van Uitert and C. G. Haas, J. Amer. Chem. Soc., 75,
451 (1953).

(17) The slight increases in the absorbances of shoulders at 1199
cm™! (cis 180) and 1185 cm™) (cis 180) did not interfere with our cal-
culations.

®pD = pH “meter reading” + 0.4 at ~25°: T. H. Fife and T. C. Bruice, J. Phys. Chem.,
¢ 709 cis.
R. Keller, ““Basic Tables in Chemistry,” McGraw-Hill, New York, N. Y., 1967, p 226.

70.005 M phthalate in D.O, pD 4.48.
k(0.01 M phosphate buffer.

'pK., = 12.3 at

Nmr Spectra. Proton nmr spectra were carried out on a Varian
A-60A nmr spectrometer. A Bruker HFX-90 spectrometer op-
erated at 36 MHz was used for the determination of the phosphorus
nmr spectra.

Results

Rate Constants. The first-order rate constants for
epimerization and exchange are presented in Tables 1
and II and the pH-rate profiles in Figure 2. While the

Table II. Rate Constants for Epimerization and '®0O Exchange of
1 in Strong Acid-10%; Dioxane (w/w), 100.8°

——k X 108, sec™1——

Hy Acid, concn Epimerizn Exchange
—4.3 18 N H:80, 13.44
—4.0 11.6 M HCl 41.34
—-4.0 11.6 M DCI-D,0O? 55.0¢
-3.3 9.3 MHCI 70.0¢
-1.4 4.0 M HCle 0.14 4624
—0.63 1.9 M HCI] 0.52 3944
-0.08 0.8 M HC1 0.77 265

0.8 MHCl +3MKCl 0.27

0.20 0.5 M HCI 0.87

0.55 0.25 M HC1 0.98

0.98 0.1 M HCI1 1.01,1.07, 70

1.16¢

1.12 0.075 M HCl 0.91

@ Hy values at 25°:  F. A. Long and M. A. Paul, Chem. Rer., 57,
1 (1957). Unfortunately the acidity function for HCI has not been
determined at 100°. However, as pointed out by C. H. Rochester,
“Acidity Functions,” Academic Press, New York, N. Y., 1970, pp
38-40, 223-224, the variation of H, with temperature, dH,/dT, is
small and approximately independent of acid strength up to 80°.
The effect of 1097 dioxane on the acidity function is also expected to
be small and therefore the well-defined function at 25° has been
chosen. * Acidity function given for H, since Dy has not been de-
fined for concentrated DCI-D,O solutions. The two scales are ex-
pected to be quite similar, though: C. H. Rochester, footnote a,
p 36. <Dioxane partially reacts at this acid concentration.
4 No dioxane, ¢0.05 M KCl added.
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Figure 1. Irspectra following the rate of 180 exchange (see text).

rate constants are independent of phosphetane oxide
concentration, they are dependent upon the buffer
concentration (see Table III). Therefore, the points

Table III. Buffer Catalysis in the O Exchange and
Epimerization of 1 at 100.8°, 109, Dioxane

—k X 108, sec™1-—

Buffer composition pH Epimerizn Exchange

0.001 M NaH:PO,* 4.13 0.75

0.05 M NaH:PO, 4.80 0.83

0.05 M NaH:PO,-0.15 M KCl 4.80 1.03

0.2 M NaH:PO, 4.59 1.13

0.005 M phthalates 4.34 1.10
0.05 M phthalate 4.26 0.77,0.83 3.2
0.005 M phthalate* 5.30 1.05
0.05 M phthalate 5.36 1.9

2 Made to ionic strength 0,05 M with KCl.

in the profiles were obtained by extrapolating the
rate constants to zero buffer concentration. Actually
this was only necessary for the exchange reaction and,
then, only around neutral pH where buffer catalysis
was most noticeable. While there may be some buffer
catalysis in the epimeriZation reaction, the observed
differences are within the experimental errors (ca.
=109 in the rate constants).

Determination of the pK, for 1. The pK, for the
phosphoryl group of 1 was determined by an nmr titra-
tion procedure similar to that described by Haake.?
It was possible to follow both the variation in the 3P
chemical shift and the gem-dimethylphosphorus cou-
pling constants as a function of the degree of protonation
of the phosphoryl group. The *!P chemical shift for
trans-1 in 1097 dioxane-acid varies from —48.2 ppm
(vs. 859 H;PO,) in 1.0 M HCl to —55.4 ppm in 6.6 M
HCl. The gem-dimethylphosphorus coupling constant
for the downfield doublet changes from 18.00 Hz in
1.0 M HCl to 20.60 Hz in 36.0 M H,SO,. Plots of log
(BH*)/(B) vs. H, gave a pK, of ca. —3. However, as
observed by Haake!® for acyclic phosphine oxides, the
plots are curved and show slopes less than unity (0.38).

(18) P.Haake, R. D. Cook, and G. H. Hurst, J. Amer. Chem, Soc., 89,
2650 (1967).
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Figure 2. (A) pH-rate profile for the 8O exchange of the phos-
phetane oxide 1 in 109 (w/w) dioxane-buffer (A) or buffer (X)
extrapolated to zero buffer concentration at 100.8°. Ionic strength
was maintained at 0.05 M for most points. The solid line was gen-
erated from eq 2. (B) pH-rate profile for the epimerization of the
phosphetane oxide 1 in 10% (w/w) dioxane-buffer (O) at 100.8°.
Ionic strength was maintained at 0.05 M for most points, The
smooth curve was generated fromeq 1.

Discussion

Kinetics and Mechanisms. While numerous mecha-
nistic schemes may be shown to be consistent with either
pH-rate profile, we believe that the mechanism offered
in Scheme I is the most attractive alternative for sev-
eral reasons. First, this mechanism satisfactorily pre-
dicts the pH-rate profiles for both exchange and epi-
merization. Thus, steady-state treatment of this mech-
anism gives the rate laws shown in eq 1 and 2 (the

* +
kobsdepimeﬁzation - ka + ko*Cy- + k(-OH) (D

1 + hU/KapD
Kobsa™e™"8 = k#f(Cu+) + ke + k(OH)  (2)

asterisk designates correction for protonation of the
substrates, pK, >~ —3).

The solid lines in Figure 2 are drawn according to
eq | and 2, where k, = 8.5 X 1077 sec™!, Kappkp, =
120 X 107 sec™l, k. = 2.7 X 107% sec™! M-,
Kipp = 7.0 X 1074 M, kg = 7.0 X 10-* sec™! M~,
ke = 9.5 X 1077 sec™!, ky = 7.7 X 107% sec™! M},
and f(Cy+) is either equal to Cy~ in dilute acid or is a
complex function of acidity and water activity in the
strong acid region.!® Although the individual kinetic

(19) Bunton has derived several rate-acidity expressions to e.xplai.n
the rate maxima observed in some phosphate ester hydrolyses in this
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Scheme I. Mechanistic Scheme for 180 Exchange and Epimerization of 1.
)
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parameters are complex functions of the rate and
equilibrium constants of Scheme I, the parameters for
exchange and epimerization must be and, in fact, are
closely interrelated. As discussed in the Appendix,
these parameters are mutually consistent with each
other and the microscopic rate constants of Scheme I.
Furthermore, deletion of any of the rate constants or
equilibrium constants from this mechanism makes it
impossible to reproduce the profiles. (These facts
alone, of course, do not prove that our mechanism is
the correct one.)

Pseudorotation Theory. Second, and more impor-
tant, however, the essential features of these profiles
and mechanism are consistent with our evolving under-
standing of the nature of pentacovalent phosphoranes
and pseudorotation theory.#® The mechanism of
Scheme I assumes that an initial hydration step is acid,
water, or base catalyzed (k,, k;, or k;). The three penta-
covalent intermediates, 2, may then either pseudoro-
tate to epimerize the phosphorus center (via ki, ks, Or
ke), or alternatively may dehydrate (k—i, k—, or k-3) to
effect exchange of the phosphoryl oxygen with the sol-
vent. Scheme II shows in more detail the actual pseu-
dorotation steps required for these reactions (for the
neutral phosphoranes only). Note that Schemes I and
II imply a common mechanism for both epimerization
and exchange. It is encouraging then that the pH-
rate profiles for exchange and epimerization in the re-
gion from pH 3 to 12 are quite similar, except that epi-
merization for the trans isomer is slower than exchange
by a factor of 5 at neutral pH and by a factor of 140
in base. The most dramatic difference occurs in the
acid region where the two processes follow different de-
pendency upon acid concentration. Around 4 M HCl,
exchange, which is acid catalyzed, is nearly 104 times
faster than epimerization, which after having reached a
modest rate maximum at pH 2, has shown a falloff in
rate with increasing acidity. If we reasonably assume
that both the exchange and epimerization processes re-
quire formation of the same pentacovalent intermedi-
strong acid region.! Unfortunately, we have not been able to fit the
exchange data in strong acid with similar kinetic treatments; f(Cg+) is

therefore only an empirical relationship.
(20) R. S. Berry, J. Chem. Phys., 32, 933 (1960),

1
| e
OH

k —
— ;l | .OH ZHO. s
slow P
| “ox
CeHs
3-H,0
+H*1l
LI /OH & trans
slow P

Scheme II. Detailed Reaction Pathway for Epimerization and O
Exchange of 1¢
. . .
as10 +HO “no” cis-1-0

[].0H — \‘E"”_,cst,
| .8, T\OH
OH "OH
2 Z

N

P,,—CsHs 7|\‘7 .OH
\OH P’\*
*OH \ S / (|:6H5 o
—H;O;/ 4 E‘J:;OH 3
trans1-0 | H,
OH =
4

e The equatorial substituents sticking out of the plane of the
paper have been used as the “pivots’’ 4 for the pseudorotation steps.

ates, 2, then some step after the initial hydration of the
phosphetane oxide must be rate limiting for the slower
epimerization reaction. We propose that this slower
process represents rate-limiting pseudorotation of the
pentacovalent intermediates.

The following arguments may be advanced in support
of this statement. As shown in Scheme II hydration
(and thereafter exchange) requires placing one of the
electropositive ring carbons in an axial position of the
trigonal-bipyramid intermediate, 2-H,O. This repre-
sents only a single violation of the Muetterties polarity
rule?!-22 which requires placing the most electronega-
tive groups axial. However, pseudorotation to effect
epimerization requires formation of a phosphorane
intermediate, 3-H;O, which simultaneously forces both
a ring carbon and phenyl group diaxial (a double viola-
tion of the Muetterties rule). This probably is the
basis for the additional energy barrier for epimeriza-
tion.

(21) E. L. Muetterties and R. A, Schunn, Quart. Rec., Chem. Soc., 20,
245 (1966).

(22) D. Gorenstein and F. H. Westheimer, J. Amer. Chem. Soc., 92,
634 (1970).
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Finally, we observe rate maxima in acid solution for
both exchange and epimerization. Most significantly,
the positions of the two maxima occur in very different
regions of acid strength. By analogy to previous ex-
planations for this behavior in the hydrolyses of phos-
phate esters! and phosphinate esters,® we may assign
the strong acid (ca. 4 M HCl) rate maximum for the
exchange reaction to a decrease in the activity of
water.23 However, this cannot also be the explana-
tion for the rate maximum for epimerization, which
occurs around pH 2 where the activity of water is near
unity. As initially proposed by Kluger and West-
heimer?# this type of maximum must be related to rate-
limiting pseudorotation of the neutral phosphorane.
Thus, the increase in rate in dilute acid for both ex-
change and epimerization is probably due to acid-
catalyzed hydration and formation of the phosphorane
conjugate acid, 2-H;O+t. Now assuming that epimeri-
zation can only occur through pseudorotation of the
neutral intermediate (i.e., k4 << k), then the epimeriza-
tion rate will increase with increasing acidity due to the
pathway

—H+
1 + H* + H,0 —= 2-H,0* —> 2-H,0 —> 3-H:0

since more of the neutral intermediate, 2-H,O, will be
formed wvia this additional route. However, since the
overall pathway (1 + H,O — 3-H;0) is not acid cat-
alyzed, we would expect a leveling off of the rate at
higher acidity. The presence of a rate maximum
rather than a plateau in this moderate acid region must
again be due to a decrease in the activity of water as
represented by the decrease in the ratio of Cyg+/ho.
Note that eq | does not include an empirical function
such as the f(Cy+) of eq 2; yet it quite closely describes
the observed falloff in rate for epimerization.

A major achievement of the pseudorotation theory is
its accurate prediction that the conjugate acid 2-H;O+
should not be able to pseudorotate to 3-H;O*. Since
this would require a triple violation of the polarity rule
(the electronegative OH,* group is placed in an un-
favorable equatorial position and the carbon groups
are placed in the unfavorable diaxial position), this
must be an energetically forbidden process!

Additional Evidence. In addition to the preceding
kinetic and pseudorotation arguments, several other
lines of evidence may be offered in justification of the
mechanism in Schemes I and II. The observation of
buffer catalysis?* only in the exchange reaction argues
strongly for a rate-limiting proton-transfer step. The
absence of buffer catalysis in the epimerization process 23
is consistent with our belief that some subsequent step
(pseudorotation) is largely rate limiting for the slower
epimerization reaction. The large solvent isotope
effect for the exchange reaction (2.4 at pH 4.4 and 1.75
at pH 2, Table IV) further supports the suggestion that

(23) Protonation of the phosphetane oxide may be an important
factor as well.

(24) From the limited data of Table III, it may be shown that both
the monoanion and the neutral phthalic acid species are catalytically
active components of the buffer. There is no question that exchange is
subject to general acid catalysis then, and it is possible that the mono-
anion may function as a general base catalyst. Unfortunately other
less ambiguous monofunctional buffers were not studied.

(25) Actually, Table III shows that there may be a small amount of
buffer catalysis in the exchange reaction. As derived in the Appendix,
hydration must be partially rate determining around neutral pH for
epimerization since k_s/ks == 5-10, implying that ks is not solely rate
limiting.

Table IV. Solvent Isotope Effects
pH or pD

(or acid concentration) (km/kD)epimerizn (ka/kp)exchange
11.6 M HCI or DC1 0.75 = 0.1
2.0 £ 0.1 1.6 = 0.2 1.75 = 0.2
4.4 £ 0.1 1.3 = 0.1 2.4 + 0.2

exchange involves a rate-limiting proton transfer in the
hydration step.?® As expected, epimerization, which is
not hydration rate limiting, shows only.small isotope
effects. The inverse solvent isotope effect of 0.75 for
exchange in concentrated hydrochloric acid is quite
similar to the values found for the A2 reaction of simple
phosphate monoesters in strong acid. Both reactions
would presumably involve rate-limiting hydration of
the conjugate acid.!

Finally a large (ca. 30097) negative salt effect in
strong acid supports our explanation for the epimeriza-
tion rate maximum. ¥

Alternative Schemes and Comments. Throughout
this discussion it has been assumed that axial water
attack and axial water leaving are required features of
our mechanism in Schemes I and II. Westheimer* has
justified this belief on microscopic reversibility grounds;
that is, if axial attack is the lowest energy pathway in
the forward direction, the microscopic reverse (axial
leaving of water) must also be the lowest energy path
in the reverse direction. Mislow, 2 however, has argued
that a broader interpretation of microscopic reversibil-
ity?® could readily take into account a mechanism in-
volving axial attack, and equatorial leaving as long as
the reverse process, equatorial attack and axial leaving,
was simultaneously possible.

While our results do not require this alternative inter-
pretation of microscopic reversibility, they do require
some form of expanded theory. Thus, if microscopic
reversibility arguments were rigorously followed, ex-
change would have to pass through 4-H,O (Scheme II)
or its epimer where both methylene and labeled oxygen
are in the axial positions. Since loss of labeled water
from 4-H,0 would result in epimerization, the exchange
and epimerization rates would have to be identical.
The fact that the rates are not identical resigns us to
the position that 2’-H,O is the intermediate which loses
labeled water in the exchange reaction. Unfortunately
2-H,0 and 2’-H,O are not identical, differing in that the
former has an axial methylene group while the latter
has an axial isopropylidene group. Model phos-
phorane studies® have shown that structures such as
2-H;O should probably be at least 7 kcal more stable
than 2’-H,O structures. (The pseudorotation barrier
for placing an isopropylidene group axial is 7 kcal
greater than the barrier for placing a methylene group
axial.) If H,O enters axial opposite to the ring meth-
ylene group (2-H,0) and yet H,O* leaves axial opposite
to the ring isopropylidene group (via 2’-H,0), then we
must concede that H;O must be able to enter or leave

(26) Solvent isotope effects greater than 30-407 imply some proton
transfer in the transition state: W. P. Jencks, “Catalysis in Chemistry
and Enzymology,” McGraw-Hill, New York, N. Y., 1969, p 267..

(27) A similar observation has been made by Kluger and Westheimer?
for explaining the dilute acid maximum in their study.

(28) K. Mislow, Accounts Chem. Res., 3, 321 (1970).

(29) R. L. Burwell, Jr,, and R. G. Pearson, J. Phys. Chem., 70, 300

1966).
( (30) D. Gorenstein, J. Amer. Chem. Soc., 92, 644 (1970).

Journal of the American Chemical Society | 94.8 | April 19, 1972



axial, opposite to either the isopropylidene or methylene
groups. 8!

One mechanism which can more confidently be
eliminated from consideration is the pseudorotation
pathway via the ring diequatorial intermediate 5. If

OH

| -

CeH;—P;

5

the reaction were to pass through this intermediate,
the rate of epimerization should be the same as the
rate of exchange, since every labeled oxygen displace-
ment would invert the phosphorus center. The 10%*
fold faster rate of exchange in acid thus argues against
this pathway. Furthermore, as originally hypothesized
by Westheimer* 32 and shown by Ramirez,?* Denney, 34
and ourselves?23¢ placing a small ring in the diequatorial
position of a trigonal bipyramid is a violation of the
strain rule® and should effectively prevent such a
structure from being formed in these reactions.
Previous Studies. The role of the pentacovalent
intermediate in the reactions of cyclic phosphate
esters,32:3¢ cyclic phosphinate esters,? and cyclic phos-
phonium salts®: 3 is now well established. This is not
true, however, for the reactions of phosphine oxides.5—12
Although it has recently been suggested that the phos-
pholane oxide 6 epimerizes readily (2 hr, refluxing con-
centrated HCI) via addition of H,O and formation of a
pentacovalent intermediate,® the pentamethylphosphe-
tane oxide 7 was recovered unisomerized under similar

CH,
S = 5@
A P

/\ PEEN
cu; o CH, ©O ch, Yo

6 7 8

conditions.”®3 In contrast, the quadracyclic phos-
phetane oxide 8 undergoes facile *O exchange in strong
acid.? Understanding of the role of the pentacovalent
intermediate in the reactions of acyclic phosphine
oxides is similarly confused.'®12 At the onset of this
work it was hoped that a study such as this would help
us understand the various factors responsible for these

(31) Actually an additional opposing factor may make this dual mode
of attack and leaving more acceptable by decreasing the ca. 7-kcal
energy requirement favoring an axial methylene group. Thus a steric
factor favoring water approach from the less hindered, methylene side of
the phosphetane oxide (resulting in an axial isopropylidene group) may
be operating as well,

(32) (a) P. C. Haake and F. H. Westheimer, J. Amer. Chem, Soc., .83,
1102 (1961); (b) E. A. Dennis and F. H. Westheimer, ibid., 88, 3432
(1966).

(33) F. Ramirez, C. P. Smith, and S. F. Pilot, ibid., 90, 6726 (1968).

(34) D. Z. Denney, D. W, White, and D. B. Denney, ibid., 93, 2066
(1971).

(35) The basis for this rule is the recognition that in order to minimize
ring strain a four- or five-membered ring prefers to occupy one axial and
one equatorial site in a trigonal bipyramid. A corollary to this rule
requires that a diequatorial ring be disallowed, for ring expansion to
120° in the two equatorial positions should increase ring strain.

(36) R. Kluger, F. Covitz, E. Dennis, L. D. Williams, and F. H.
Westheimer, ibid., 91, 6066 (1969).

(37) K. E. DeBruin and K. Mislow, ibid., 91, 7393 (1969).

(38) S. E. Cremer, R. J. Chorvat, and B. C. Trivedi, Chem. Commun.,
769 (1969).

(39) We have also found that 7 is unreactive at pH 2 in 40 % dioxane
at 100° for several months.
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conflicting results. However, while at the present time
we are in the position to offer some helpful conclusions
(as well as a bit of conjecture and a note of caution),
some disturbing problems still exist. Certainly one
possible explanation for these disparate results may be
found in the unexpected pH dependence for the rate of
epimerization and exchange found in the phosphetane
oxide 1. Recall that the rate of epimerization of 1
falls off in acid solution and, hence, it may not be un-
usual that in the very strong acid solutions commonly
employed in previous studies, some phosphine oxides
undergo no observable epimerization. The facile O
exchange of 8 is now understandable in terms of the
observed acid catalysis found only for exchange in 1.
The absence of epimerization in the pentamethylphos-
phetane oxide 7 is also understandable in the context of
the additional gem-dimethyl group barrier. However,
it is still difficult to explain why the five-membered
ring phospholane oxide 6 epimerizes so much more
readily than the four-membered ring oxide 1.

To understand the basis for this difficulty, it is neces-
sary to expand upon our previous discussion of the
strain rule. For some time now* it has been recognized
that the ring strain associated with incorporating a
tetrahedral phosphorus atom in a small ring system can
be relieved through formation of a pentacovalent inter-
mediate.*® While ring strain energy will be released
through this mechanism in compounds 1 and 6, a less
polar ring carbon will be forced into an axial position,
in violation of the polarity rule. This must partially
or even wholly®4! cancel some of the strain energy
that is to be gained. A simple extension of these prin-
ciples would indicate that a more highly strained ring
system would release a greater amount of strain energy
in forming a trigonal-bipyramid intermediate and
thereby further overcome the barrier to placing a ring
carbon in an axial position.4? Thus, based upon these
considerations, the smaller four-membered ring phos-
phine oxide 1 should be more highly strained and,
hence, more reactive than Marci’s five-membered ring
oxide 6. Why, then, the more rapid rate of epimeriza-
tion for 67 This is the root of the difficulty, and un-
fortunately, while pseudorotation theory allows us to
understand much about these reactions, much ap-
parently is still to be learned.*?

Acknowledgment. Support of this research by the
donors of the Petroleum Research Fund, administered
by the American Chemical Society (Grant PRF 2101-
G1), is gratefully acknowledged.

(40) Assuming that the strain rule is obeyed, the ring spans one axial
and one equatorial position of the trigonal-bipyramid structure (C-P-C
angle of 90°).

(41) This argument has been shown to nicely explain why five-mem-
bered phosphinate esters do not hydrolyze much faster than their
acyclic analogs: ref 4, 35b, and G. Aksnes and K. Bergesen, Acta
Chem. Scand., 20, 2508 (1966).

(42) Kluger and Westheimer have concluded that this must be the
explanation for the enhanced rate of hydrolysis of a highly strained
bicyclic phosphinate ester.2

(43) One possible explanation is that the epimerization mechanism for
the two oxides proceeds through two entirely different mechanisms.
As suggested by Mislow,2¢6 the ring diequatorial, direct displacement
process that we have shown is not important in our reaction may, in
fact, be the preferred mechanism for inversion in larger ring phosphorus
compounds, This mechanism may easily be tested by a comparison of
the rates of 180 exchange and epimerization for a phospholane oxide.
We hope that additional studies in progress exploring these possibilities
will be able to provide final solution to these questions.

Gorenstein | pH-Rate Profiles for 0 Exchange of a Phosphetane Oxide
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Appendix. Relationship between Rate Equations
and Mechanism

A steady-state solution of the chemical equations of
Scheme I yields, after deletion of minor terms, rate eq
|l and 2, where**

K1k1k5
k* = koksf(kes + ks)  kp*Kaop =
2 /( -2 + ) b §2)e] k—lKa
Ki(k - k
k* = kske/(k—s + ko) Kupp = _1(%5)
—1
kd = kl/Ka

ke = k—gkg/(k—g + ka) kf = kak—z/(k—a + k6)

Now either the epimerization data taken separately
(k. and k) or the exchange data taken separately
(ke and k4) may be used to calculate the rate ratio of
the water-catalyzed hydration step (k;) to the acid-

(44) In order to allow a direct comparison of the above rate terms,

the observed epimerization rate constants (designated by an asterisk)
were corrected for reaction of the trans isomer only

kcis + ktrans
Keq = (trans)/cis = Kyjo/Ktrans >~ 4

kobsd =

catalyzed hydration step (k;)
ko/kuK, = kofky = 108

and

(assuming K, =~ 10 M)

k/kaKs = ko/k1 =~ 10-°
(assuming k. = k; see k¢/k, ratio)

Either independent calculation shows that acid-cat-
alyzed hydration is 10° times faster than the water
rate. This is encouraging evidence that exchange and
epimerization follow a common mechanism, hopefully
that of Scheme 1. Similarly, k/k, = k—/k; = 5.5,
ki =7 X 10-tsec™!, and k., = 1.1 X 10-8 sec™!, and
since ky/k. = k-s/kg = 140, k; =~ kt = 7.7 X 104
sec™! M~ kofks =~ 10-3 M. These results indicate
that hydration is partially rate limiting for epimeriza-
tion in neutral solution; on the other hand, pseudo-
rotation is entirely rate limiting for epimerization in
strong base and acid. This is reasonable since the
water-catalyzed hydration step is so inefficient com-
pared to the acid- or base-catalyzed*s hydration step.

(45) Unfortunately, we find it difficult to say anything more about
the base-catalyzed reaction.

Vinyl Ether Hydrolysis. IV. Catalysis in Dilute
Hydrofluoric Acid Solutions’

A. J. Kresge* and Y. Chiang

Contribution from the Department of Chemistry, Illlinois Institute of Technology,

Chicago, lllinois

Abstract:

60616. Received August 12, 1971

The hydrolysis of four viny! ethers (ethyl vinyl, phenyl isopropenyl, and methy! and ethyl cyclohexeny!)

was found to be catalyzed strongly by molecular hydrofluoric acid (HF), but not at all by the hydrogen bifluoride ion

(HF;") present in dilute aqueous hydrofluoric acid buffers.

This result agrees with the outcome of a previous in-

vestigation of the catalytic activity of aqueous hydrofluoric acid solutions, provided that an error in the earlier work

is corrected, and is consistent also with the molecular structures of HF and HF,~.

The catalytic strength of HF is in

all cases nearly an order of magnitude greater than expected on the basis of Brgnsted relations using carboxylic
acid data; these deviations can be understood on electrostatic grounds.

In dilute aqueous solution, hydrogen fluoride ionizes
as an acid (eq 1) and also associates with fluoride ion

HF —=H* + F~ )
(eq 2); these solutions therefore contain three acidic
HF + F~ —> HF," 2

species, HF, Ht, and HF,~. This complexity, however,
might still leave the catalytic activity of these solutions
fairly simple if HF,~ were to be as poor a proton donor
as expected on the basis of its molecular structure: it
is a linear, negatively charged species with hydrogen at
the center,? from which it should be fairly difficult to

(1) (a) This research was supported by grants (GP 6580 and GP
9253) from the National Science Foundation; (b) part IIl: A. I.
Kresge, H. L. Chen, Y, Chiang, E. Murrill, M. A. Payne, and D. S.
Sagatys, J. Amer. Chem. Soc., 93, 413 (1971).

(2) K. Nakamoto, “Infrared Spectra of Inorganic and Coordination
Compounds,” 2nd ed, Wiley, New York, N. Y., 1970, pp 82-84; W.C.
Hamilton and J. A. Ibers, “Hydrogen Bonding in Solids,” W. A. Benja-
min, New York, N. Y., 1968, pp 108-113.

remove a proton, much harder than from HF. Never-
theless, in an earlier investigation of this matter,? the
conclusion was reached that HF and HF,~ have com-
parable acid catalytic strengths.

In a preliminary account of the present work,* we
pointed out that this previous conclusion was based
upon a faulty kinetic analysis; we also reported that
HF catalyzes the hydrolysis of ethyl vinyl ether but HF,~
does not. That work is described here in detail, and
additional data for the hydrolysis of several other vinyl
ethers by HF are presented. The latter are of special
interest in view of the fact that HF gives up a proton
without undergoing structural reorganization, which
might make it a better catalyst than other acids of
similar pK, whose ionization is accompanied by ex-
tensive changes.®

(3) R.P.Bell and J. C. McCoubrey, Proc. Roy. Soc., Ser. 4, 234, 192
(1956).
(4) A.J. Kresge and Y. Chiang, J. Amer. Chem. Soc., 90, 5309 (1968).
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