the triene in proportionate yield. We have employed
this reaction as a highly sensitive method of determining
water concentrations in the submillimolar region. In
the absence of active quaternary ammonium ions, either
wave will serve to quantitatively indicate the presence of
protic impurities in the solution. In the presence of
TBA+, however, the triene wave alone is quantitatively
responsive to protons from water donors.

Of fundamental importance to studies of aromaticity
is the lack of any observable electrochemical reduction
of the radical anion product of reaction 1. There is
no evidence that the Hiickel aromatic 10r-electron di-
anion can be formed in the solvent-electrolyte system
studied here. Guidance in interpretation of this result
may be found in recent theoretical calculations of the
heat of formation of the COT dianion,® which is esti-
mated to require approximately 80 kcal/mol more than
formation of either the planar or puckered radical
anion. Thus, in the absence of extremely strong pref-
erential interactions between the dianion and compo-
nents of the condensed phase (i.e., existence of large
organizational entropy terms favoring formation of the
dianion plus parent over two radical anions), the pre-
dicted difference between the reduction potentials of
COT and COT-~ would be 3 V. Clearly the aromatic
dianion is very difficult to attain by electrochemical re-
duction,

Lastly, these results call into serious question the
generality of a basic assumption made extensively in
interpretation of successive electrochemical reductions,
The difference in half-wave potentials between the addi-
tion of the first and second electron to fused polycyclic
aromatics is reported to be approximately —0.4 V.
Most of the data on which these conclusions are based
were obtained in 959 dioxane-water solutions, where
protonation reactions are known to be extremely rapid.
Substitution of aprotic solvents for the dioxane-water
has usually been accompanied (for reasons of solubility)
by introduction of alkylammonium ions in the back-
ground electrolyte, which must themselves be suspected
of rapid reaction with radical anion products. The
results described here indicate that before valid correla-
tions may be made between observed half-wave poten-
tials and quantum mechanical properties of olefinic and
aromatic systems, it is necessary to wunequivocally
establish the mechanism of each reaction under con-
sideration.

The data presented here virtually rule out the pos-
sibility that the dianion of COT may be achieved
through electrochemical reduction in these media.
They do not explain the apparent existence of the di-
anion as a product of the alkali metal reduction of COT.
Indeed, considering the ready reducibility of alkali
metal ions at the dropping mercury electrode in the
vicinity of —2.5 V vs. sce, we are currently pursuing
studies of structure and properties of the product of re-
action of 2 equiv of alkali metal with COT.

{5) M. J. S. Dewar, A. Harget, and E. Haselbach, J. Amer. Chem.
Soec., 91,7521 (1969).

(6) G. J. Hoijtink, Recl. Trav. Chim. Pays-Bas, 74, 1525 (1955);
G. J. Hoijtink, E. deBoer, P. H. Vander Meij, and W, P. Weijland,
ibid., 75, 487 (1956).
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Oxygen-18 Isotope Effect in the Hydrolysis of
2.,4-Dinitrophenyl Phosphate. A Monomeric
Metaphosphate Mechanism

Sir:

The role of the monomeric metaphosphate ion inter-
mediate, 1, in the unimolecular decomposition of phos-

|
P

o// \0‘
1

phate monoesters has been the subject of much investi-
gation. Numerous studies on such esters as methyl
phosphate,! acetyl phosphate,? and aryl phosphates?®*
have attempted to use pH-rate profile data, entropy of
activation comparisons, solvent effects, etc., to confirm
the metaphosphate hypothesis. While a substantial
body of data now exists® which appears consistent only
with the metaphosphate mechanism, as suggested by
Jencks,? no one piece of evidence is conclusive in itself,
and support for this mechanism must rest upon the
accumulation of a sufficient number of reasonable
arguments. We now wish to report the ester-oxygen
180-isotope effect for the hydrolysis of the dianion of
a monoaryl phosphate ester (ArO*PO;*"). We believe
this represents the most convincing evidence yet given
for this mechanism.

Heavy-atom isotope effects have been shown to be a
powerful investigative tool of the mechanistic chemist.®
Large (2-497) '3C and YN isotope effects have been
demonstrated (and theoretically justified”) to indicate
substantial bond breaking or bond order change in the
transition state.® Although *O-isotope effects have
been used only rarely,® they should be just as useful as
the other heavy-atom effects in delineating reaction
mechanisms.

We have chosen to measure the isotope effect by a
direct kinetic approach,’® comparing the rate of hy-
drolysis of the aryl *0-2,4-dinitrophenyl phosphate to
that of the O ester. The mono-2,6-lutidinium salts
of the phosphate esters were prepared from the appro-
priate phenol oxygen labeled, 2,4-dinitrophenol by the
method of Kirby and Varvoglis.+ The !*O-labeled
phenol was prepared by the reaction of redistilled 2,4-

(1) C. A.Bunton, D, R. Llewellyn, K. G. Oldham, and C. A. Vernon,
J. Chem. Soc., 3574 (1958).

(2) G. DiSabato and W. P. Jencks, J. Amer. Chem. Soc., 83, 4400
(1961).

(3) C. Bunton, Accounts Chem. Res., 1, 70 (1968).

@ A.J. Kirby and A. G. Varvoglis, J. Amer. Chem. Soc., 89, 415
(1967).

(5) T. C. Bruice and S. Benkovic, ‘“Bioorganic Mechanisms,” Vol.
II, W. A. Benjamin, New York, N. Y., 1966, Chapter 5.

(6) L. Melander, “Isotope Effects on Reaction Rates,” Ronald
Press, New York, N. Y., 1960,

(7) I. Bigeleisen, J. Chem. Phys., 17, 675 (1949).

(8) S. Seltzer, G. A, Hamilton, and F. H. Westheimer, J. Amer.
Chem. Soc., 81, 4018 (1959).

(®) L. Friedman and J. Bigeleisen, J. Chem. Phys., 18, 1325 (1950);
C. R. Hart and A. N. Bourns, Telrahedron Letl., 2995 (1966); M. J.
Goldstein and G. L. Thayer, Jr., J. Amer. Chem. Soc., 87, 1925 (1965);
and S. Seltzer, A. Tsolis, and D. B. Denney, ibid., 91, 4236 (1969).

(10) Schowen has demonstrated quite nicely the feasibility of this
method: C. G. Mitton and R. L. Schowen, Tetrahedron Lelt., 5803
(1968). While heavy-atom isotope effects have been traditionally
studied by a competitive method using isotope-ratio mass spec-
trometry,® the direct kinetic approach should be an attractive alterna-
tive,
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Table 1. Selected Rate Constants for the Hydrolysis of Aryl 80- and ¥0-2,4-Dinitrophenyl Phosphate
Conditions*
Phosphate buffer Temp,
pH concn, M °Ce ko sec™! (X 10%) kwob sec™! (X 109) ksolkso
7.72 0.025 51.1 0.4733 0.4695 0.4663 0.4620 1.0157
7.72 0.025 51.1 0.4737 0.4652 0.4588 0.4577 1.0244
7.70 0.010 51.0 0.4473 0.4500 0.4416 0.4400 0.0193
7.70 0.010 51.0 0.4464 0.4445 0.4374 0.4360 1.0249
7.70 0.010 51.0 0.4333 0.4301 0.4255 0.4185 1.0200
7.62 0.005 51.1 0.4799 0.4849 0.4716 0.4716 1.0230
7.70 0.010 39.0 0.08101 0.07931 0.07815 0.07830 1.0184
7.70 0.010 38.9 0.07736 0.07803 0.07658 0.07635 1.0161
8.0 0.05 55.0 0.8268 0.8160 0.8235 1.0225
4.4 0.05 51.0 0.07019 0.06869 1.0226

¢ Tonic strength maintained at 0.05 M with KCL.
precision during a given run is 0.05°,

dinitrofluorobenzene with excess 989, H,®*O (Bio-
Rad) in the presence of anhydrous, redistilled 2,6-luti-
dine. After 3 days at 80° the mixture was bulb-to-
bulb distilled to recover the unreacted H,'®O and luti-
dine. The remaining solid was extracted with sodium
bicarbonate solution, and the aqueous solution acidi-
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Figure 1. Plot of first-order rates of hydrolysis of aryl 180-
(-—-) and aryl ®¥0- (----) 2,4-dinitrophenyl phosphate at 51.0°
and pH 7.7 phosphate buffer.

fied and extracted with benzene. The benzene solu-
tion was evaporated and the 180-2,4-dinitrophenol was
recrystallized from ethanol, yielding 100 mg, mp 112-
113° (lit.!! mp 111.6°), of the yellow crystals. Com-
parison of the m/e 186-184 peaks on a Perkin-Elmer
Model 270 mass spectrometer shows that less than 6 %]
180-phenol is present. Synthesis of the phosphate ester
from the labeled phenol yielded, after recrystallization,
45 mg of white crystals, mp 143-144° (lit.* mp of 142°
for the 10 ester).

Kinetics were determined on a Zeiss PMQ-II or a
Cary 16K uv-vis spectrophotometer. Reactions were
followed by the appearance of 2,4-dinitrophenoxide for

(11) Beilstein, 6, 251,
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b 180 and !80 samples were run concurrently in sets of three or four.
Accuracy of the temperature from one run to another is 3=0.20°.

¢ Temperature

at least 2 half-lives and the infinity absorbance values
taken after 10 or more half-lives. Excellent first-order
rate constants (errors less than 0.5 %) were determined
both by hand plotting of the absorbance data and by
computer calculation with an infinity varying, least-
squares program. All errors are standard deviations.

Typical plots are shown in Figure 1 and representa-
tive rate constants are presented in Table I. Since no
discernible trend in the isotope effect in the temperature
range 39-55° and the pH range 4.4-8.0 in any buffer
solution was observed, all values were statistically
analyzed together to give an isotope effect of 1.0204 =
0.0044. Since this value is more than four standard
deviations from unity (i.e., no isotope effect) we can
state with greater than 999'? confidence that at least
some isotope effect is experimentally verifiable. It
should be noted that an isotope effect less than 1.000
was never observed in any of the more than 30 kinetic
runs made.

Kirby and Varvoglis¢ and Bunton, et al.,'® have pre-
viously shown that the hydrolysis of the dianion of 2,4-
dinitrophenyl phosphate (2) occurs via P-O cleavage
and that the reaction probably proceeds through a
monomeric metaphosphate ion mechanism. Our ob-
servation of a large #O-isotope effect in this reaction
strongly indicates that substantial P-O bond breaking
is occurring in the transition state, as shown in eq 1.

ol on§ v |

-0s -
\POAr v, \:zP---OAr — PO,” + ~OAr
-0~ 507

1

While our result may definitely rule out only those
mechanisms which do not involve a rate-determining
P-O bond cleavage (such as rate-determining hydration
or rate-determining pseudorotation of a pentacovalent
intermediate !4 15), alternative schemes involving either
rate-limiting breakdown of a pentacovalent intermediate
or direct SN2-type displacement unfortunately are not
completely eliminated. However, in a preliminary
study we have found no isotope effect in the hydrolysis
of dibenzyl 2,4-dinitrophenyl phosphate to yield 2,4-

(12) A simple t-test calculation: F. Rohlf and R. Sokal, “‘Statistical
Tables,” W. H. Freeman, San Francisco, Calif., 1969, pp 159-161.

(13) C. A. Bunton, E. J, Fendler, and J. H. Fendler, J. Amer. Chem.
Soc., 89, 1221 (1967).

(14) R. Kluger and F. H, Westheimer, ibid., 91, 4143 (1969).

(15) D. Gorenstein, ibid., in press.



dinitrophenol. Hydrolysis of the triester must neces-
sarily proceed via either an addition-elimination or a
direct SN2(P) mechanism.’ This would indicate (but
again certainly not prove) that only in a unimolecular
metaphosphate mechanism will an isotope effect be
observed.

Details of these results as well as those of a diester
hydrolysis and enzymatic systems will be presented
later.
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cis-Bicyclo[6.2.0]deca-2,6-diene’
Sir:

The visualization of a degenerate Cope rearrangement
has been very fruitful, leading to the celebrated homo-
tropilidene? and bullvalene® with fluxional structures.
On the same concept was based the synthesis of trans-
bicyclo[8.4.0]tetradeca-trans-2,trans-8-diene,* whose de-
generate Cope rearrangement is not fast enough to
give a dynamic nmr spectrum, but reveals itself by the
racemization of the optically active compound.’ In
fact, the whole series of bicyclo[(n + 4).n.0]di-2,(n +
4)-enes may be expected to undergo this kind of rear-
rangement. We describe here the synthesis of cis-bicy-
clo[6.2.0]deca-2,6-diene (4), the next higher homolog of
homotropilidene in this series.

Treating cis-bicyclo[6.2.0]deca-2,4,6-triene (1)¢ with
dicarbonyltrifluoroacetylacetonatorhodium(Iy in hex-
ane solution yielded complex 2 (879 after sublima-
tion at 90° (0.005 mm); mp 91°)® in which both outer
double bonds of the starting triene are attached to the
metal, due to the preferred square-planar geometry of
tetracoordinated Rh(I). The complex 2 smoothly ab-
sorbed 1 mol equiv of hydrogen in hexane solution over
5% Pd/C. The resulting complex 3 (93%7; mp 108°),3
exhibiting in the vinyl region of the nmr spectrum only
a singlet at 7 (CCly) 4.25 due to the enolic proton of the
trifluoroacetylacetonate ligand, was decomposed by
shaking a pentane solution with 109 aqueous KCN.
After filtration through alumina and evaporation of the
solvent, cis-bicyclo[6.2.0]deca-2,6-diene (4) was ob-
tained in 90 97 yield.

The structural assignment is based on the nmr spec-
trum, shown in Figure 1A [r 4.62 (four olefinic pro-
tons), 6.65 (two bridgehead protons), 7.4-8.4 (eight

(1) Presented at the Autumn Meeting of the Chemical Society,
London, 1970.

(2) W.von E.Doering and W. R. Roth, Tetrahedron, 19, 715 (1963).

(3) (a) G. Schroder, Angew. Chem., 75, 722 (1963); Angew. Chem.,
Int, Ed. Engl., 2, 481 (1963); Chem. Ber., 97, 3140 (1964); (b) W. von
E. Doering, B. M. Ferrier, E. T. Fossel, J. H. Hartenstein, M. Jones,
3536% Klumpp, R. M. Rubin, and M. Saunders, Tetrahedron, 23, 3943

(4) P. S, Wharton, Y. Sumi, and R. A. Kretchmer, J. Org. Chem.,
30, 234 (1965).

(5) P.S. Wharton and R. A. Kretchmer, ibid., 33, 4258 (1968).
(19(%)5. W. Staley and T. J. Henry, J. Amer. Chem. Soc., 92, 7612

(7) F.Bonatiand G. Wilkinson, J. Chem. Soc., 3156 (1964).

(8) All new substances gave satisfactory analyses for C and H.
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methylene protons)], and on the ozonolysis followed by
work-up with peracetic acid and diazomethane which
gave cis-1,2-dicarbomethoxycyclobutane and  di-
methyl succinate.

The nmr spectrum of 4 does not show averaged
shifts or temperature-dependent line shapes, character-
istic for a rapidly reversible process. Thus, the degen-
erate Cope rearrangement had to be detected by
isotopic labeling. 9,9,10,10-Tetradeuterio-cis-bicyclo-
[6.2.0]deca-2,4,6-triene, obtained by Staley’s syn-
thesis with tetradeuterio-1,2- dibromoethane, was selec-
tively deuterated at the central double bond as above
via the thodium complex. The resulting 4,5,9,9,10,10-
hexadeuterio-cis-bicyclo[6.2.0]deca-2,6-diene 4-D)
shows in its nmr spectrum (Figure 1B), with H,D de-
coupling, three sharp signals at 7 4.66, 6.70, and 7.66 for
the olefinic protons, the bridgehead protons, and the two
remaining methylene protons, respectively. As indi-
cated by their narrow peak, these latter protons are of
only one type. Accordingly, the addition of D, was
regio- as well as stereoselective and the Cope rearrange-
ment had not occurred during the preparation, in-
cluding glpc at 120°. Since the two remaining meth-
ylene protons absorb at lowest field of all the methylene
protons in 4, we assign to them the trans configuration
(with respect to the attached cyclobutane ring) which,
in the open conformation, locates them in the de-
shielding zone?® of the flanking double bonds.

Heating to 135° for 3 hr had no effect on 4-D; indeed,
30 min at 180° was needed to bring about a change in
the spectrum of the structurally unaffected compound.

D D
D, —_ D,
D, D,
D D
4.D 4.D’

After heating for 3 hr at 185° in the gas phase, 4-D
gives the spectrum shown in Figure 1C, which is inter-
preted as arising from the equilibrium mixture of 4-D
with its Cope rearrangement product 4-D’. The
methylene protons in the cyclobutane ring of 4-D-
couple with the bridgehead protons in an A,X, manner
(Jax = Jax’ = 5 Hz) giving rise to two triplets at 7
6.70 and 7.90, the former being superimposed by the

(9) Fora review see L. M. Jackman and S. Sternhell, “Application of
NMR Spectroscopy in Organic Chemistry,” 2nd ed, Pergamon Press,
Elmsford, N. Y., 1969, p 83.
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