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Abstract:  Autoxidation reactions of 3-Carene i and a-Pinene 2 were performed using various
hnmnﬂenegl_xs catalvsts Different nr(_‘.dugt and rgmg selegnvmgs were observed. The factors that
promote hydrogen abstraction (HA) reactions in both molecules are discussed, and it is proposed that
the difference in the product selectivities is due to the lack of “cyclic activation” in 2. Oxidation of 1
produced mainly 3-carene-5-one 3, while 2 yielded 2,3-epoxypinane 6 as the major product.
© 1997 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

In the course of our studies of allylic oxidations, we investigated the reactions of 3,7,7-

trimethylbicyclo[4.1.0]hept-3-ene (3-Carene, 1) and 2,7,7-trimethylbicyclo{3.1.1]hept-2-ene (a-Pinene, 2) with
molecular oxygen. Generally, autoxidation of olefins is not valued as a synthetic tool, because of the plethora

............. yvgen, Generally , because
of peroxidic products obtamed‘ ? However, this subject is still studied extensively, owing to the merits of O,

as a “green” oxidant.*'® The specific interest in oxygenation products of terpenes arises due to their importance
in natural product synthesis.'" "> Bicyclic terpenes such as 1 and 2 are often grouped together, as they are
structural isomers that often appear together in natural products and oils. Nevertheless, these compounds
differ in their ring structure, and exhibit diverse chemical behavior."
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Autoxidations of olefins can be simply divided into epoxidations and allylic oxidations. The mechanistic
outlines are well-known.''® The first step in epoxidations involves an attack on the double bond, while
allylic oxidations begin with the abstraction of an allylic hydrogen. Both reactions involve free-radical
intermediates, and understanding the factors that promote either path is of interest.

In papers dealing with hydrogen abstraction (HA) processes, the Iability of ailylic hydrogens in
unconjugated olefins towards HA is found to be 3°>2°>1°. Furthermore, the ratio of abstraction depends on
the relative posmon of methy groups, (CH, trans to Me):(CH, gem to Me) Me bemg 3 L: <0 1. A study of

have attributed a smaller entropy loss to the cyclic molecule in the formation of the transition state.
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Table 1: Relative Reactivities® of C-H Bonds Towards HA.

Entry Hydrocarbon ROO +-BuO’ CHy Br NBS
30°C” 40°C* 65 °C* 40 °C* 80 °C/

1 2° acyclic aliphatic - 0.8-1.2 1.01 <0.01 0.0054
3 cyclopentane - 1.38 1.15 - -

4 cyclohexane - 1.50 1.00 0.004 0.0028
2 2% acyclic allylic 6.3 6-9 33 35-40 35

5 cyclopentene 21 38 9.7 100-600 99+ 15
6 cyclohexene 18 37 11.2 160 129+ 22

“ per H atom; Toluene=1. " ref. 19, ° ref. 20. “ref. 18. * ref. 23.” ref. 24.

In this work we present our findings regarding the catalytic autoxidation of 1 and 2, proposing that the
susceptibility of different hydrogen atoms towards HA can account for the difference in the product selectivities
between the iwo substraies. Furthermore, we show that ring nexmuny is of paramount importance for the
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RESULTS

In a typical experiment, dioxygen was bubbled through a stirred mixture of the olefin and the catalyst.
Hydroperoxide formation was monitored by iodometric titration, and reactant conversion was monitored by
GC Product analysis evidenced epoxidation and allylic oxidation products (table 2) Different product and

crmenmm Y A e e e am o  am - A 1D P - L -._-IJ_.J [ Bie NP P — . S . " [
some 3,4- €poxycarane 4 and 3-carene-2,5-dione 5, while y eiaeda 2,s- cpuxypl 1ane 6 as the main prodauct,
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We have employed a w1de spectrum of homogeneous catalysts, ranging from metal-oxo types (e.g. Cr"")
to known electron-transfer ones (e.g. Co", Cu', Cu"). The simple metal salts as well as the pyridine, 4-picoline,
and bipyridine complexes were studied. Complexes were prepared both in situ and as isolated compounds.
Earlier studies, utilizing peresters or #-butyl hydroperoxide (TBHP) as oxidants, have reported mechanistic
dissimilitudes between chelating pyridine ligands and monodentate pyridines.”” " Conversely, using dioxygen
we observed a similar reaction for both ligand types.

Generally, reactions were performed at ambient temperatures to avoid polymerization, aithough the
reaction was siower. 1 polymerized considerabiy above 40 °C, while 2 showed only littie poiyrneﬁzation
below 100 °C (at <50% conversion). Conversions were much lower when air was used instead of oxygen, of
when organic solvents (C,;H,, CH,Cl,, C;H,Cl) were added. These results indicate that once the concentration
of o
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Several reactions were carried out in the presence of catalytic amounts of TBHP, reasoning that the
presence of additionai free-radicals from its decomposition would accelerate the reaction, but the changes
were insignificant.”’

Entry  Substrate Catalyst (mol%) Temp °C Conversion % Time h Prods. (% Selectivity)*

1 1 Co(4-picoline),CL (1) 20 38 6 3(35) 4(19) 5(6)
2 1 CoCl, (1) 20 79 9 3(46) 4(18) 5(5)
3 1 none 20 26 20 3(40) 4(20) 5(12)
4 1 CoCl, (1) + pyridine (1) 20 36 20 3(36) 4(15) 5(13)
5 1 CrO,(1) + pyridine (5) 25 70 ©22 3(60) 4(25) 5(9)
6 1 CrO,(1) + pyridine (1) 25 66 18 3(64) 4(22) 5(8)
7 2 Co(bipy)CL, (1> 90 15 2 6(46) 7(27) 8(16)
8 2 Cu(bipy)Br, (1)’ 90 18 L5 6(39)7(22) 8(25)
9 2 Cu-Phthalocyanin(l) 90 12 2 6(40) 7(27) 8(19)

10 2 CrOy(bipy) (1) +TBHP® 90 40 2.5 6(39) 7(20) 8(29)

11 2 CrO,(bipy) (1) %0 23 1 6(49) 7(17) 8(23)

12 2 Cu(pyridine),Cl, (1) 90 20 2 6(54) 7(17) 8(27)

13 2 Co(4-picoline),Cl, (1) 65 53 4 6(50) 7(19) 8(23)

* all reactions were carried out under 1 atm. of O,. b bipy=2,2’-bipyridine. ‘ Polymers and peroxidic products account for 5-30% of

the mass-balance.

DISCUSSION

Allylic oxidation vs. double-bond epoxidation

Previous studies have shown that l-methvlr‘vr‘lnhexene a mrmn(*vrh(' unhindered nnalnm]e of 1 and 2,
exhibits a strong preference for allylic oxidation over epoxidation (85:15 ratio) under autoxidative conditions.”
Under the same conditions, 2 would be expected to yield less epoxide than 1, as the bicyclic structure in 2
forces the attack on the double bond from the trans position.” Conversely, our observation that 2 yields more
epoxide than 1 suggests that when labile hydrogen atoms are available, HA takes precedence over the attack

on the double bond, leading to a higher ratio of allylic oxidation products over epoxides.

Factors that promote regioselective HA from I and 2
Regardless of the abstracting radical, the 2° cyclic allylic hydrogens would be expected to undergo HA
easily. Due to the bicyciic structure two factors should be considered: the rigidity of the 6-membered ring,

d[lu lIlC hch'CUClCLUUIHL CllCLlS Ul lllL bllld.llCl uug
The 6-membered ring in 1 is flexible, and its preferred conformation has been shown to be almost planar

(structure 11).°%%" A conformational change is necessary in order to enable overlapping between the olefinic
m-orbital and the developing p-orbital containing the unpaired electron in the transition state.’>* Such
overlapping would occur in one of the boat conformations 10 or 12. Conformer 10, where the hindering
disubstituted cyclopropyl ring is at an equatorial position, is probably the more stable of the two, promoting

regioselective abstraction of H, and H. A similar explanation was proposed for the formation of 1-
methylene-4--butyl-cyclohexyl-trans-2-benzoate 14 via perester oxidation of 13
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Regarding the effects of the 3-membered ring, it was argued that a conjugative interaction with an
adjacent cyclopropyl ring can facilitate HA from the cyclopropylcarbinyl site.”® As the trans radical is more
stable, abstraction at C, would be preferred over that at C,. Upon combining the above considerations, H, is

¥ A

the best candidate for HA from 1. The selective formation of 3 supports these ar guments.

On the other hand, 2 is a rigid structure, and orbital overlapping cannot promote HA.* Indeed, H, is
mrthaan~nnal ta tha o ~chitnl amAd I amd I nsa nt nm amnenvimata AGS nnala ¢4 3¢ Bl 1Y MTho o reexllad ¢, 10
Ul uxuguucu LU LIS p~Ululldl, §ie Ila ailu llb alC al dll dPPlUAl Haltc 4 a lle I \l“ls 1.). 111K SU~CdliCu L_y‘vllb
activation” factor, resulting from an initial arrangement of the molecule that is similar to the transition state

nrinoe HA doec not annlv in thig case. Thus. double-hond attack leadinoe to enoxidation comes< the maior
during HA, does not apply in this case. Thus, double-bond attack leading to epoxidation becomes the ma ior
route

Even when HA does occur, H_, despite being a 3° allylic hydrogen, is not preferentially abstracted from
2. Besides its unfavorable positioning for p-n interaction, the allylic radical formed by its abstraction is cis
with the Me group.”” When comparing H, and H,, it is reasonable that the approach of the abstracting radical
to H, would be encumbered by the adjacent methyl group, which could lead to a lower pre-exponential
factor.*® It follows that H, is the foremost candidate for HA from 2.

Me\‘\\\ Me

Ha\ .<- a _.m\\\\ Hc

Hb/ YN
‘Me

Fig. 1. Orbital interactions of allylic hydrogens in o-pinene
CONCLUSIONS

Skeletal Molecular flexibility is essential, in this case, for the “cyclic activation” of allylic hydrogens. It
may be assumed that the primary parameter pertaining to this activation is the ability of the substrate molecule
to align the allylic hydrogen and the double bond on the same plane. The degree of conformational change
required for the formation of the transition state is consequently reduced. Regioselective HA reactions can
thus account for the disparate results obtained from the autoxidation of 1 and 2.
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EXPERIMENTAL SECTION

General. '"HNMR and *CNMR spectra were measured on a Bruker 300MHz instrument. & shift values

lati TME G analucic wae nerforme s ITD_SQON x;} a
in ppm relative to TMS. GC analysis was performed on a HP-5890 with a semi- polar packed

Materials and product identification. ~ Pyridine and bipyridine complexes of transition metals were
synthesized by adaptation of the literary procedure.”” Commercial samples of compounds 6,7 and 8 were
purchased from Aldrich and were used as calibrating standards. 3, 4, 5 and 9 were isolated and identified by
their spectral properties. Unequivocal proof that 6 is a precursor to 9 was obtained by a separate synthesis of 9
from a commercial sample of 6.

Transition-metal complexes: Specific example: CoCl,(4-picoline),.  CoCl, (50ml of 1M soln. in EtOH)
and 4-picoline (50 mi of 2.5M soin. in EtOH) were warmed to 60 °C, mixed and cooled slowly to 20 °C.
Filtration and recrystallizing from EtOH afforded 14.1 gr (ca. 90%) of pink-purpie compiex, which remained
stable under vacuum at ambient temperature. Other complexes used were analogously prepared.

trans-Sobrerol 9. In a round-bottomed flask eq th
(100 mmol, 15.22 gr, leq), RuCl, (0.1 mmol, 20.7 mg)* and H, O (5 ml) The mixture was stirred mechanically
for 5 min, (the reaction is exotherrmc and should be cooled if attempted on a large scale) and the crude solid
product (16.1 gr, 94%) was dissolved in 500ml CH,CI, and filtered. The filtrate was concentrated to ca. 100
ml and left to crystallize for 2h at 20 °C. A portion of the white crystals was recrystallized from CH,Cl,. m.p
131-132 °C. Anal. Calcd. for C,(H,;O,: C 70.55%, H 10.65%, O 18.80%. Found: C 70.24%, H 10.49%, O
19.27%. "“CNMR (gated-decoupling splitting): C,=C 135.7 (s), C=C 126.4 (d); C,-OH 73.0 (s), C,-OH 69.5
(d); 40.0 (d); 34.5 (t); 28.4 (t); 27.4 (q); 27.3 (q); 21.5 (). All values fit within £1.0 ppm to published ones.”
XRD (lit values™) monoclinic, C2, a = 18.96 (18.975, (5)), b =7.94 (7.939, (2)), ¢ = 6.67 (6.680 (2)) A, B =
96.12°(96.24 (3)).
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were placed in a round-bottomed flask equipped with a mechanical stirrer, a condenser, a thermometer, and a
gas inlet tube (glass, fused to the bottom of the flask). After the desired temperature was reached (oil bath),

appropriate amounts of catalyst were added, and the mixture was stirred vigorously for 1 min, after which O,
(99.9% pure) was bubbled through the mixture at ca. 20 ml/min. Periodically, samples were taken out and
analyzed by GC. After the desired reaction time, 200 ml of 1:1 water:CH,Cl, were added, the phases were
separated and the aqueous phase was extracted (2 x 100 ml) with CH,Cl,. The organic solvent was
evaporated in vacuo , and the residue was fractionally distilled and chromatographed on silica.* Selected
PCNMR values (gated-decoupling splitting): 3: C,;=0 195.15 (s); C,=C 158.12 (s), C,=C 125.22 (d). 4: C,-O
55.64 (s), C,-O 58.0 (d). The diketone 5 was recrystallized from CH,Cl, (yellow crystals, m.p. 80-82 °C),
"HNMR (splitting): 1H, 2.30; 1H, 2.31; 1H, 6.48 (d); 3H, 1.95 (d); 3H, 1.30 (s); 3H, 1.30 (s). "CNMR
(gated-decoupling splitting): C=0 194.90 (s), C,=0 194.29 (s); C,=C 149.92 (s), C,=C137.60 (d); 3* C 39.77

N

(d), 38.93 (d); 4° C 33.46 (s); CH, 15.38 (q), 29.02 (q), 16.13 (q). All values fit within 1.0 ppm to published
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