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Epoxidation and Oxygen Insertion into Alkane CH Bonds by Dioxirane
Do Not Involve Detectable Radical Pathways

‘Waldemar Adam,* Ruggero Curci,* Lucia D’Accolti, Anna Dinoi, Caterina Fusco,
Francesco Gasparrini, Ralph Kluge, Rodrigo Paredes, Manfred Schulz, Alexander K. Smerz,
L. Angela Veloza, Stephan Weinkétz, and Roland Winde

Absteact: The dimethyldioxirane oxida-
tion of a-methylstyrene, ~frans-cyclo-
octene, and 1-vinyl-2,2-diphenyleyclo-
propane gave, under all reaction condi-

served. Even for these alkenes, which are
prone to radical reactions, the previously
established electrophilic concerted mech-
anism applics, rather than the recently

proposed radical mechanism. The selec-
tivehydroxslation of (—)-2-phenylbutane
by dimethyldioxirane gave only (—)-2-
phenylbutan-2-ol with complete retention

tions employed, the corresponding epox-
ides in high yields. No radical products
from allylic oxidation, from transjecis iso-
merization, or from cyclopropylcarbinyl
rearrangement (radical clock) were ob-

Introduction

Dioxiranes,("! especially the isolated dym:ihyldmmmne
(DMD) in acetone solution, are well-cstablished as

idants for a variety of oxyfunctionalizations of organic and
organometallic®) substrates. The epoxidation of olefins under
mild and neutral conditions is of particular interest in view of
the synthetic value of this transformation. Indeed, the conve-
nient dioxirane route has even provided access to highly sensi-
tive epoxides,) which could hitherto not be prepared. Intensive
studics have been directed to elucidate the reaction mechanism
of the DMD epoxidation, and the overwhelming experimental
evidence!!*) and theoretical calculations®) have pointed to a
concerted pathway. Thus, instead of the initially proposed di-
radical mechanism,("*) a concerted pathway through the spiro
transition state was suggested (Scheme 1).
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Scheme 1. Concerted versus sicpwise

adical epoxidation w dioxiranss

Despite the convincing evidence for an electrophilic attack of
the dioxirane on the double bond, " a radical mechanism was
most recently proposed by Minisci et al." These authors ob-
served allylic oxidation toa significant extent in the reaction of
a-methylstyrene with DMD.

‘The efficient oxy(unctiomalization of unactivated C—H bonds
of alkanes under extremely mild conditions is undoubtedly a
great achievement of dioxirane chemistry *! For this remark-
able
as Kinetic evidence all point to an oxenoid mechanism for the
insetion.* Nevertheless, Minici et al.recently proposed ma;
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a radical-ch: applies in this case; ®) product
studies and the effect of radical traps were presented to supparl
this thesis.

These perplexing resuts demand rigorous experimental
scrutiny to cstablish their reproducibility, and, if reproducible,
the generality and scope of such complicated radical side reac-
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tions must be assessed. Therefore, we decided 0 reexamine the

above transformations by using reliable mechanistic probes for

radical pathways. Our present experimental results unequivo-

cally establish that the epoxidation and the CH oxidation by
MD do 7ot involve radical processes.

Results and Discussion

The stoichiometry and kinetics of the DMD epoxidation of
a-methylstyrene (13) was first studied under a variety of condi-
tions. The strained trans-cyclooctene (1)"®! was chosen as a
second substrate, since, if radical intermediates were formed, it
would be expected to undergo trans-to-cis isomerization on
epoxidation with DMD. The structurally related 1,1-diphenyl-
2-vinyleyclopropane (1¢)!** was also chosen as a probe for a
radical mechanism—should radicals be involved, the classical
cyclopropylcarbinyl rearrangement should be observed./'¥ The
results are summarized in Table 1.

Table 1. Epoxidation of subsraies 1a-¢ with dimethyldioxicaoe.

N

Enry SM Solvent re Conv./% ]
Tt acetene 2 10 %

2 0 aceoneN, () 2 08

3 acone 5 03 851
PR B 2

5o oL -2 5 >95

6 I acctons/CBICH [ o 2 >95

7 M acetose E I TR

5 de aceon 2 10 >

) Bascd on dionicane iniial concentration and determined by 'HNMR and/or
‘GC/MS analysis of the crude reaction mixtures (ertor it 5% of the stted

above). Clearly, under normal conditions, the a-methylstyrene
epoxidation is much faster than DMD radical decomposi-
tion!!*! and radical-chain processes do not compete.

Product studics also lead to the conclusion that a radical
pathway in the DMD oxidation of a-methylstyrenc is unlikely.
In fact, the resuls reported by Minisci ct al."l could not be
feproduced in our lboratoie. Instead, the oxidation of 5~

)

the reported!™ products 2-phenylpropanal (51%), 2- phenyl-
propenol (6%), and 2-phenylpropenal (5%) were not detected.
Moreover, deliberate attempts to induce the described radical
processt™* failed for the DMD epoxidation of a-methylstyrene.
For example, the oxidation was also performed in refluxing
acetone, that i, at the highest possible temperature (ca. 56°C)
for DMD (Table 1, entry 3), by using a high-efficiency con-
denser (— 30°C) in order to avoid dioxirane loss by evapora-
ion. Again, a-methylstyrene epoxide was the exclusive product
(>95% yield). Furthermore, no significant variation in the

CBICl, (Table I, entry 6), which should be the reagent of
choice!™ to propagate a radical pathway.

‘The oxidation of trans-cyclooctene (1b) was rapid and led
stercoselectively to the trans-epoxide*®! (Table 1, entry 7); not
even traces of the thermodynamically more stable cis-epoxide
could be detected. A stepwise diradical pathway for the oxida-
tion of trans-cyclooctene would imply a substantial diradical
lifetime (ca. nanoseconds), long enough for bond rotation
Since the difference in strain energy is so pronounced for the
substrate 1b (9.8 kealmol™!) as well as for the product
(4.2 kealmol )11, transjcis isomerization at the stage of the
diradical (Scheme 1, path ii) with loss of stereoselectivity would
have been expected. In a competition experiment, a 1:1 mixture
of trans-and cis-cyclooctene was treated with DMD (0.5 equiv):
only the trans-epoxide was observed. Quantitative relative rate
established that k,,/k,, =100£14, a ratio

el Epoxide and 2-diol were
also ca. 0.1 in acetone: ref (1] [¢] CBIC, was employed as cosolvent n a 1:1
solvent mixture with scetone.

With DMD and a-methylstyrene at initial concentrations in
the range of ca. 10”2, kinetic runs were performed in acetone
a1.20.00:£0.05°C by following the decay of the dioxirane con-
centration (iodometry)!"? with time. The reactions followed a
clean overall second-order rate law (first order in dioxirane and
alkene). Integrated second-order rate-law plots were found to
be lincar to over 80% reaction and afforded reproducible rate
constants, namely, k; =1.02:+0.04w"'s . In separate experi-
ments, also under the conditions given above, the consumption
of a-methylstyrene with time was followed by GC analysis. A
value of k, = 0.97:£0.04M™ s was determined from second-
order rate plots. It is noteworthy that the complex kinetic be-

which is essentially the same as reported for mCPBA (K.,
kgy=112).14% Unusually for the epoxidation of alkenes with
DMD,*! the trans isomer is two orders of magnitude more
reactive than the corresponding cis isomer. The appreciable
strain energy of trans-cyclooctene is mamly r:sponsnblc for its
high reactivity,"*% but the
to that in standard trans olefins—to the xhghl!y pymmual-m
double bond of the fairly rigid rrans-cyclooctene skeleton also
plays a sigificant role in reversing the cis/irans reactivity.
Mechanistically more relevant for our purposes is the fact
that, were a radical DMD epoxidation to apply (Scheme 1,
path ii), cycloadducts should be formed, since it is well estab-
lished that a diradical intermediate of this type would preferen-
tially eyclize rather than undergo fragmentation."*) The cycliza-
tion would have essentially no activation energy, whercas
probably as much as 1015 kealmol~* would be required for
the ion, because a relatively strong CO bond is bro-

havior, which is for radical of the
dioxirane,(!#I was not observed. Even in N;-purged solvent” at
20°C, a smooth decrease of dioxirane concentration with time
was recorded with a second-order constant k, =112+
0.06M" '™, which is equal, within experimental error, to_the
value obtained when the reaction was carricd out under aif (see
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ken and a strained product (epoxide) formed.

‘The third probe for radical activity, alkene I, is an ultrafast
radical clock by way of ts cyclopropyl ring opening!*™ (Table 1,
entry 8). The fact that the epoxide with an intact cyclopropane
ring was the exclusive product strongly corroborates a concert-

Chem. Eur. 11991, 3, No.

ed mechanism for this oxygen transfer process. Based on the
precise chronometrics!’®) of model peingsion the (2,2-
diphenyleyclopropylmethyl radical (K, = 5% 101 s71); the
radical derived from addition of dioxirane to alkene 1c should
rearrange irreversibly at a rate of k>10''s™" (Scheme 2).

%Pj " QXOJ—QL "

ka2 5% 10151 K> 10151

Scheme 2

Therefore, fr ch cycl
propylarbinyl rearrangement renders a radical pathway ex-
wermely unikely. This agess with the conclusion of the over-

when determining optical rotations) would be indicative of
caged radical pairs.!

Data for the DMD oxidation of optically active (R)-2 were
collected in independent experiments in two different laborato-
ties, performed on samples of (R)-3 of different optical purity
(Table 2). No loss of configuration at the stercogenic center was

Table 2. Enantiosclctive oxidation of (R)-2-pheny lbutane by DMD.

CHy, O
W ety "l HO, CHy
Lo, 0} X
[l acoone T
- yssion s

Enry DMDjequivls) T°C  fh  Conv/% 5] ce®)/% ] ee®)%

1 ' 79 71010
2w 3w s 66 622

whelming majority of reported DMD
Despite abundant evidence such as kinetis, kinetic H/D o-
tope effects, stereoselectivities, and theoretical work, Minisci et
al. have also invoked a radical mechanism for the oxygen ins
tion into carbon—hydrogen bonds in the reaction with dioxi-
ranes with alkanes.®) Actually, based on calyt) and recent
data, (14 that, provided
that trigger radical decomposition of the dmxlrane, alkane oxi-
dation might proceed by rate-determining oxygen insertion into.
the alkane CH to generate a caged radical pair, followed by fast
collapse (oxygen rebound)!'*! to give hydroxylated products.
Using 2-cyclopropylpropane as a radical probe (in acetone, un-
der air), Ingold et al%") also rejected a hydroxylation mecha-
nism involving out-of-cage, free!**! radicals, because of the ab-
sence of oxygenated products derived from cyclopropylcarbinyl
radical rearrangement; however, this radical clock is rather
slow (107-10° s™4) to compete effectively with the in-cage col-
fapse of the radical pair (oxygen rebound). One of the fastest
radical clocks (2101257 is the racemization of ﬁdx:zls
derived from optically active substrates. Indeed, we previ
showed that hydroxylation of (R)—Z phenylbutane (2) to (s)»
@

dioxirane (TFD) proceeds with mn% retention."?) Therefore,
it was essential to apply this ultrafast radical clock for CH
insertions by DMD. Instead of optical rotation measurements
(used for TFD!*1), the enantiomeric excess (% ee) was assessed
by separating the enantiomers of 2 and of 3 on a chiral GC
column, and also by 'H NMR spectrometry using shift reagents
for 3. Aslittle as 5% racemization (an error readily encountered

15) adical paie

Kow> 101
Ry kit

X '>7JN

radical chain -

a) Relatve (o (R}2; DMD added over 10 min. [b) Determined by GC (DB1
3 mim, 1.5 men i T prog.: 100°C (0.8 min), 100 10 280°C.
10"Crnin- ) As
determined (£1%) by high-tesolution chiral HRGC employing & Megadex-S
column (0% 23-dimethyl6-pentyl-cycloderin, 020-0.25 mm fim, 25 m x
025 mm . FID dtctor, e ¢.3) and peak iting anlyss(cor. colf 0.99),
sandardaed vcrus s akan . (4 Decmined (£256) by HHNMIR pe
1]
pragtithen sty }cycledmnn 0mx025 mm; T prog.: 50°C
(3.0mi), 50 10 95°C (5.0*Crnin ).

observed within the experimental error (i.c., 100% retention!)
during the oxygen insertion by DMD into the benzylic CH bond
of the nonracemic substrate. Thus, if caged radical pairs are
formed after the slow step (kcy), their stereoretained collapse
(kow) must be faster than difTusion out of the cage (k) as well
as tumbling or in-cage rofation (k,,), competitive processes!2%)
that should all lead to racemization (Scheme 3).

Increasing the temperature from 8 to 25°C did not result in
any detectable change in the stereochemical outcome (Table 2).
Higher temperatures would be expected to increase out-of-cage
diffusional and in-cage rotational processes relative to recombi-
nation(®! and, hence, loss of configuration. Thus, the optically
active radical probe unequivocally confirms that, at least on
a timescale of less than a ps, stereomemory is ret e
cannot definitively conclude whether the stereoretained oxygen
rebounds or whether the oxenoid mechanism applics, but
Jfreeli® radicals or cven in-cage rotationally randomizing radi-
cals are certainly not involved in the CH oxygen insertion by

MD!

Me H
b= 10167 P
== AI
E Ph
s

Scheme 3. DD oxidation of opticully
active (R12.
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Conclusion

In line with compelling literature data available so far, the re-
sults presented herein reinforce the view!! that—provided care
is lak:n in

rigger (eg. con-
taminants, te) 14—

276(d), 347 (9,359 (9, 47.4 (), 476 1), 528, 533 (d), 1261 (@, 126.1
(@, 1269 (@, 1269 (@), 121.2 @), 121.6 (), 128.4 (2x d), 128.5 (d), 1286
@, 1304 @) 1307, 11 ), 1412 ), 1655 0, 16 ) IR CCL)

060, 3040, 3010, 2980, 2950, 1585, 1480, 1430, 1410, 1305, 1250, 1120,
1070,1025, 1000, 950,810 cm1: Cy 140 (25 3 ealed C 3641 H 632;0
677; found C 86.13; 1 7.24.

solution

both dioxirane epoxidations and alkane hydroxylations do not
involve a radical mechanism. In the case of the DMD oxidation
of alkanes, a concerted oxenoid mechanism is kinetically hard
10 distinguish from a stepwise process with intermediate fast-
collapsing caged radical pairs (oxygen rebound). We contend
that further mechanistic work is warranted in this fascinating
area to explore these mechanistic details.

Experimental Procedure

ipment: Boiling points and melting poinis were not corrected. The
HINMR spectra were recorded on & Bruker AC200 or AM S00 instrument.
The 'HNMR were referenced Lo the residual isotopic impurity CHCI,
(52726) of te solvent CICl, andjor 1o TM. Mass speces were run
employing a Hewlett-Packsrd Model $970 mass slectiv deteetor @ me)

T(Rv2] with an e vau of 109% (185 ms.
o b e b 570w it gty (v A1 e
sevenfold excess of a standardized cold solution of dimethyldioxirane

et n v, "HNMR spetascpy (00 M, CDC) with (+)Eu
() s chiro shift reagent showed that, i the crude reaction mixture, the
kool prodact vas 710% opiuly put. Th denil ecion of 61.6%
opiclly pure (-2 e e scool (513 wihan e vaue

s

A peylodeniin

by 16531 (35 isolaed from the reseion misture by calumn fash chro-

those reported [19].

T M R o a1 A st e

procedure [1£14]. All xperiments were umad ot under i o undera N,

connected 10 Mol SE90 e it A
formed on a Perkin-Elmer Model 3800 uipped with 3 «
Epeon Modsl by winga DB1 o 2610 time, an aliquot (0.5-1.0mL) of a thermostated dioxirane solution in

1Smimid. Tprog. 100°C 0.5 min), 10010 280°C, 10°Crin '} oran SE30
‘capilary column (30 m x 0.25 um i) Opical rotations were measured by
employing a Perkin-Elmer Model 241 MC spectropolarimeter. Chiral high-
resolution gas-liquid chromatography (HRGC) was performed on a
Megates column Q0% 23-dmtbyo ey ylodentin, 020-
025 mm il 0.25 mmid., FID detec

d pycodentrin column by wing 8 Fions s HRGC Mcy r
ries 2 8560 with peak-fitting analysis (- Other equipment and ana-
Iyical methods bave bece previosly deseibed (34,14

&
motricoromethan vere purifed by sandard melods, sorsd e A
4-8°C,ar

acetone was added 10 10-20mL of a salution (also themosated) of 2-
‘methylsyrene (1a)in the same solvent; aliquots (20-50 kL) of the eaciion
solution were withdrawn perodically and quenched with exces KI/E(OH
“The liberated 1, concenteaion was detcrmined by iodometry. In runs per-
formed by following the decay of &-methylstyrcne subscate by GC, Frcon
A112 was als present as an inernal siandard i the reaction mixures. AG
regular me intervals, aliquots (510 uL) were withdrawn and trested with
0. m. of ca. 0.15% nBu,S in CH,Cl. The substrate concentration was
determined from a previously prepared calibration carve. Linear Ina )
(=01 verws time plots were obtined (o over §0% reacton, with
712099, from these data the £, (u~'s”) vaues wee calulaed. In each
case, at eas o independent runs were performed and the k; valuss aver-
aged S16%)

urox triple
st KIS0, KHSO, K, 50 (o s rom Peroxia.Chesi, Pullch, G-
many) was the source of m peroxymonosulfate employed in the
s of the doxiancs. Soluions af 08 0.16w mm:lhyldwxulnc in

by sdoping autions
that have been it a3, Highpury commercil
(Aldrich) z—mnmylslymnc (12w furier punied by dilion. Suing
materials [10], and 1-vinyl-2;

phys-

Crdely setive (A=) 2shemlbuane R223] (2, bp. 60-61°C)
20 Torr], with ce values of 70.9% [HRGC, [alp = —17.4° (nca)] and 622%
[HRGC], were obtaincd as previously n:pcm.d 11,

General procedure for alkene epoxidations by dimethylioxirane; The alken:
200500 mg) was dissoled in sctone (S~131mL) and 10-L1 gl of

h
given temperature (Tuble o o i ek oo 5 G0
GCIMS s sired unl the percade st (Kt paper) ndiated hat
the dioxirane had been consumed. The solvent was removed in vacuo (20°C,
20-100Tor 1 affrdth known coresponding cpoide i igh purs;
these possessed physical constants and *H NMR spectra in good agreement
e rporiedones (2410, he cporidtionof 1, e comtponding
ts hydrol-

o producs, namely, 2 hényipropane 13- (GEMS, THNMR).

142
an imseparable 50:50 diastersomeric mixture: *H NMR (200 MHz, CDCl)
5=1.40-1.66 (m, IH), 2.35-238 (m, 1 H). 265-279 (m, 2H), 7.15-7.53
(m, 10H, Ar); "°C NMR (50 MHz, CDCLy): 6 =17.3 (), 187 (), 27.2.(0),
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