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Figure 3. (A) Observed rate constant vs. [(n-C4Hs)3PO] for the reac-
tion of Mo(CO)sNHCsH,, with (C¢Hs)sP in the presence of (n-
C4Hs)3PO. (B) Reciprocal plot for the reaction of Mo(CO)sNHC;sHio
with (C¢Hs)sP in the presence of (n-C4Hs);PO (intercept equals 1/k3
and slope equals 1/k3K¢g).

R”3P=O0 making this fairly unlikely. In any case this
would not affect the kinetic analysis given here.® For terti-
ary amines where no hydrogen-bonding can occur or for
substitution reactions in the absence of hydrogen-bonding
ligands or solvents, the rate law follows the familiar form,10

rate = (ky + k3[PR;3])[M(CO)s(amine)]

In the presence of hydrogen-bonding ligands or solvents the
substitution product M(CQ)sPR; is obtained in 100% yield
which results from the rapid equilibrium (K.q) followed by
the rate-determining k3 term, ie, rate =
k3[M(CO)sR’;NH:OPR"”;]. For reactions proceeding
through the hydrogen-bonded intermediate the observed
rate constants obey the expressions

i = kaKeq[OPR"]
obsd = 1 K.q[OPR"3)

or
1 1 L1
Kkobsd Keqk3[OPRN3] k3

as illustrated in Figure 3 for the reaction of Mo-
(CO)sNHCsHo with (Ce¢Hs)sP in the presence of (n-
C4Ho);P=0."112 The equilibrium constant, Kcq, for this
reaction was found to be 600 M~ at 34.5°. Spectroscopic
determination of K.q for the reaction between Mo-
(CO)sNHCsH o and (n-CsHo)3;P=0 was in good agree-
ment with that found by kinetic analysis.

This and related systems provide excellent opportunities
to carefully investigate the heat of formation of M-NR;-
H. . .OPR’; bonds since K¢q for adduct formation {which is
measured kinetically) can be obtained quite accurately as a
function of temperature. Work along these lines is in prog-
ress in our laboratory,
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The Epoxidation of Alkenes and the

Hydroxylation of Phenols by an Intermediate in the
Reaction of Ozone with Alkynes. Possible Model
Reactions for Some Flavin-Containing Monooxygenases!
Sir:

Although it is now widely believed that the oxygen atom
transfer or oxenoid mechanism? is involved in many mo-
nooxygenase-catalyzed reactions,>® the structures of the
various oxenoid reagents have not been elucidated. Recently
one of us proposed*6 that the oxenoid reagent in flavoen-
zyme-catalyzed hydroxylations of phenols is a flavin-de-
rived a-carbonyl carbonyl oxide (or vinylogous ozone), 2,
formed from a flavin hydtoperoxide, 1, as shown ineq 1. By
comparison*~§ with known chemical reactions, including ox-
idations performed by some unsubstituted carbonyl ox-
ides,25 it appeared that compounds like 2 should be capable
of transferring oxygen atoms to various acceptors but direct
evidence for this was not available, In this communication
we report experimental results indicating that a-carbonyl
carbonyl oxides, probably in their cyclized trioxide form,
are potent oxenoid reagents.
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The ozonation of alkynes frequently yields a complex
product mixture®!! but considerable evidence indicates
that at least part of the reaction proceeds through 3 (eq 2).
For example, compounds of structure 4 are formed when
the ozonation is carried out in the presence of alcohols or
acids, This prompted us to investigate the possibility that

_ HOO
/O ROl | /O
RC=CR + 0y — " 0O RoR, R(]:C—R 2)
RC—CR R
3 4

intermediates in the ozonation of alkynes might possess oxe-
noid properties. The alkene epoxidation results reported in
this communication were obtained using the following pro-
tocol: (1) to a 0.02 M (1 equiv) solution of alkyne (2-butyne
usually but other alkynes give similar results) in CH,Cl; at
—70° was added over a period of 10-15 min ca. 0.8 equiv of
O3 in a 5% O3/0; stream, (2) the —70° solution was then
flushed with N3 for 2-3 min, (3) alkene (final concentration
0.2 M) was added at —70°, (4) after about | min, excess di-
ethyl sulfide or NaBH,4 was added at —70°, (5) the solution
was warmed to room temperature and analyzed for epox-
ides by standard gas chromatographic methods. With a va-
riety of alkene reactants, epoxide yields of 10-12% (based
on the amount of alkyne which reacts) are obtained. Epox-
ides are the only significant products formed from the alk-
enes; no ketones or alcohols are observed. Control experi-
ments showed that flushing with N (step 2) for longer (up
to 30 min) times had no effect on the results. Other controls
showed that no epoxide is formed if alkyne is omitted from
the above protocol or if alkene is present during the addition
of O3 (in the presence or absence of alkyne). Thus, the for-
mation of epoxides cannot be due to dissolved O; but is
completely dependent on the prior reaction of O3 with the
alkyne. If step 4 of the above protocol is omitted, up to a
35% yield of epoxide is obtained. Various trapping experi-
ments!! indicate that the additional epoxide is formed dur-
ing warm-up and is caused by other oxidants (one being pe-
roxy acid) formed during the ozonation of alkynes. These
oxidants do not epoxidize alkenes at temperatures below
—30° and are removed by the diethyl sulfide or NaBH4
treatment.

From competition experiments the relative reactivities of
several alkenes for the 2-butyne plus Oz oxidant at —70°
were found to be: cyclohexene, 1.0; 1-octene, 0.026; methy-
lenecyclohexane, 0.4; 1-methylcyclohexene, 3.8; cis-3-hex-
ene, 0.51; and trans-3-hexene, 0.05. The effects of in-
creased alkyl substitution on the double bond are similar to
those observed in peroxy acid epoxidations,'? and thus indi-
cate an electrophilic mechanism for the epoxidation step.
However, the 10-20-fold greater reactivity of cis alkenes
relative to trans alkenes is in marked contrast to that ob-
served in peroxy acid epoxidations in which the difference is
usually less than 30%. The result implies a large steric re-
quirement for the alkyne plus ozone epoxidation. Epoxida-
tions by the 2-butyne plus O3 oxidant at —70° are almost,
but not completely stereospecific. Thus, cis-3-hexene gives
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a mixture consisting of 95% cis- and 5% trans-epoxide, and
trans-3-hexene gives a mixture of 1% cis- and 99% trans-
epoxide,

In direct analogy to the enzymic phenol hydroxylations,
the 2-butyne plus O; oxidant at ~70° to —50° converts 4-
tert-butylphenol to 4-tert-butylcatechol'® in 4% yield.!s
These experiments were performed in the same way as the
alkene epoxidations except that the phenol (0.02 M) re-
placed alkene in step 3 and was allowed to react for 20 min
at —70° to —50° before the addition of NaBH, (step 4).
The lower yields observed, and the longer reaction times re-
quired, are presumably due to the decreased reactivity of
the phenol relative to an alkene.

Some information relevant to the structure of the —70°
oxidant is the following: (1) lower yields of epoxide are
formed if the usual protocol is followed but with increasing
amounts of methanol in the solvent (presumably the metha-
nol traps the oxidant as shown in eq 2), (2) treatment of the
oxidant with diethyl sulfide converts it to 2,3-butanedione,
(3) in the absence of an oxygen atom acceptor the oxidant is
relatively stable in CH,Cl; at —70° but decomposes (deter-
mined by loss of alkene epoxidizing activity) in minutes at
—50° to unidentified products. All of these and other'' re-
sults are consistent with the oxidant being 3 or more proba-
bly its cyclized trioxide tautomer 5.26 Bond energy consid-
erations!® indicate that 5 is probably slightly favored ther-
modynamically, and the stability of the oxidant in CH,Cl,
at —70° favors § (3 would be expected to dimerize). In any
event 3 is probably an intermediate in many of the reactions
of 5. Mechanisms for the epoxidation and phenol hydroxyl-
ation with § as the oxidant are shown in eq 3 and 4; if 3 is
the oxidant very similar mechanisms would apply. The lack
of complete stereochemical retention indicates that the ep-
oxidation is not concerted. With 6 as an intermediate some
equilibration would result.'” The conversion of the phenol
to the dienone may or may not be concerted as shown in eq
4, and may involve an arene oxide® intermediate.
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The results reported here indicate that a-carbonyl car-
bonyl oxides or their cyclized trioxide tautomers are very
reactive oxenoid reagents. One can estimate that they are at
least 107 times more reactive than peroxy acids because the
reagent formed from 2-butyne epoxidizes alkenes and hy-
droxylates phenols at —70° to —50° whereas peroxyacetic
acid will only give similar reactions at room temperature or
above, Thus, the suggestion that 2 or its cyclized tautomer
is the oxenoid reagent in the enzymic phenol hydroxyl-
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ations*-® seems reasonable.!8:1° Recently Ono and Bloch20
reported evidence that squalene epoxidase is also a flavoen-
zyme. The present results thus indicate that the same inter-
mediate is a reasonable possibility for the oxenoid reagent
in biological epoxidations as well.

Two other types of flavin-containing monooxygenase re-
actions which can readily be rationalized if 2 is the oxidant
are: (1) the conversion of a ketone to a lactone or ester (for
example, camphor to camphor lactone?!), and (2) the con-
version of an aldehyde to an acid in a bioluminescent reac-
tion.?2 It is suggested here that each of these proceeds
through the intermediacy of an ozonide formed from the al-
dehyde or ketone reactant and the carbonyl oxide 2 (eq 5).

R, N 0
>C=O + \]/ —
NH
R *0
18
2
R /N 0 0
. R /N\(O
— R, + 5
Wy R,COR, I, ®
\\ 0
DN 0
R, R,

A rearrangement as shown would give the observed prod-
ucts; numerous chemical analogies®2? (including a very
close analogy for the camphor conversion??) to these reac-
tions can be found in the ozonide literature, In the biolumi-
nescent reaction, one of the products, presumably the flavin
fragment, would have to be formed in an electronically ex-
cited state. There is sufficient energy in the ozonide inter-
mediate for this to occur, but the details of how the energy
might be channeled into an excited state must await further
study.
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Macrocycle Synthesis by Repeatable 2,3-Sigmatropic
Shifts. Ring-Growing Reactions
Sir:

Multicarbon ring expansion can be achieved by fragmen-
tation of a bicyclic intermediate derived from a monocyclic
precursor!-? or by central bond cleavage in a bicyclic transi-
tion state for thermal,!:3 photochemical,* or solvolytic rear-
rangement.> These reactions could be used to prepare mac-
rocycles from readily available five- or six-membered rings
if two or more ring expansions could be performed in suc-
cession. However, none of the methods reported previously
can be repeated easily because the necessary functionality is
lost during the fragmentation or rearrangement step.

We wish to describe an approach to macrocyclic com-
pounds by a series of 2,3-sigmatropic shifts.® We refer to
this process as a ring-growing sequence to denote an easily
repeatable reaction scheme which allows systematic ring
enlargement, In the first step, an a-vinyl heterocycle such
as 1 is converted into a carbonyl-stabilized ylid 3 (Scheme
I). Rearrangement of 3 under the conditions of ylid genera-
tion (toluene solution, 90°)7 gives a mixture of ring expan-
sion products 4 (67%)% and 5 (7%).>!° On the basis of ex-
tensive . NMR decoupling studies in the presence of
Eu(fod)s, 4 is conclusively shown to be the desired eight-
membered ring having a cis double bond (J4s = 11 Hz)
while § can only be the corresponding trans isomer (J45 =
16 Hz).

Wittig reaction of 4 and methylidenetriphenylphospho-
rane affords a new a-vinyl heterocycle 6 which is ready for
further ring expansion. Copper bronze catalyzed decompo-
sition of dimethyl diazomalonate in the presence of 6 at
100° results in a single major product 8. Spectral and ana-
lytical evidence supports the 1 1-membered ring structure.!!
In particular, the methyl ester and C; methylene hydrogens
are observed as singlets at room temperature, indicating a
large, conformationally flexible ring having no centers of
asymmetry.

Interesting conformational questions arise in connection
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