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Our interest in proton-decoupled, natural abundance deuterium
nuclear magnetic resonance spectroscopy (:H NMR) of mono-
terpenes has been sparked by the observation that at natural
abundance, deuterium resonances of natural camphor-d have
markedly different relative peak intensities compared to the proton
spectrum and that these intensities are different from those ob-
served for synthetic camphor (derived from a-pinene).! Although
the first natural abundance 2H NMR spectrum of n-butyl iodide
was obtained in 19732 experimental considerations have prevented
its commonplace use (compared with '*C NMR). However, the
advent of modern high field NMR technology coupled with short
Ty’s (<7 s)? and negligible NOE’s now allows measureable dif-
ferences in deuterium peak intensities to be directly related to
2H/'H ratios at specific sites in a molecule. Thus, deuterium at
natural abundance is the “perfect” isotopic tracer since no synthesis
of labeled substrate is required and individual site-specific dif-
ferences can be measured.

Martin et al. first noted that at natural abundance large var-
iations in site-specific 2H/'H ratios occurred and that these in-
tegration values varied greatly from synthetic to naturally derived
compounds. Both ethanol® and anethole®’ were found to have
different identifiable 2H/'H site-specific ratios related to source
of origin. More recently, primary KIE’s of several well-understood
reactions have been measured by using natural abundance H
NMR, and ky/kp, values were comparable with literature values.®
Analysis of a- and §-pinene suggested that isotopically sensitive
partitioning within the pinene cyclase enzyme was occurring® and
the measured KIE was similar to the theoretical value for such
a partitioning.” A correlation between the optical purity and
site-specific deuterium hydrogen ratios has been observed for
a-pinene as well.'?

Our study of monoterpene biosynthesis led us to select limonene
(4), the simplest of the p-menthane monoterpenes, for analysis
since the question of the genesis of the exocyclic double bond has
not been satisfactorily answered experimentally. A shortened form
of the proposed biosynthesis of limonene is shown in Scheme 11!
Generation of this olefin required only proton loss from the «a-
terpinyl cation 3 postulated as a common intermediate in many
bicyclic monoterpene biosyntheses. Although both C-7 and C-9
of 2 are derived from the methyl group of mevalonic acid (1)!?
and proton loss to form limonene is postulated to be regiospecific
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Figure 1. Natural abundance, proton-decoupled H NMR spectrum
(61.4 MHz) of R-(+)-limonene. The impurity marked is ethyl ether used
in extraction. The 2 M solution was prepared with C4F4 as the lock
solvent and TMS as the chemical shift reference. The acquisition pa-
rameters used were as follows: acquisition time, 3 s; pulse width, 80°;
number of transients, 10000; probe temperature, 30 °C.
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from C-9 of 3, tracer studies of incorporation of 2-1*C mevalonic
acid were far from conclusive.!* Analysis of a more recent feeding
study using [4,10-3H,,U-"C]geraniol has suggested that proton
abstraction occurs only from C-9, but incorporation was low and
apparently not reproducible.!*

Natural R-(+)-limonene was isolated by steam distillation
followed by ether extraction from Florida navel oranges collected
exclusively from one tree. The purity of this sample was assessed
by 'H NMR and GC and found to be >98%; the measured optical
rotation was [a]?'p = 96.6° (neat). Selective 'H-'H decoupling
experiments allowed assignment of the two methyls in the proton
spectrum. This assignment is analogous in the natural abundance
deuterium spectrum shown in Figure 1. The integrated intensity
of the methyl hydrogens of C-7 is used as an internal standard
for normalization since this methy! group remains unperturbed
throughout the biosynthesis.® A relative depletion of 25% (2.26)
is observed for the isopropenyl methyl hydrogens, H,, relative to
the hydrogens, Hy, of C-7. This depletion is clearly inconsistent
with selective loss of a proton from C-10. If proton loss had
occurred regiospecifically from C-10, then the integrated intensities
of the methyl groups should be the same within experimental
error.!> This is not the case, and the relative depletion of deu-
terium noted in the isopropeny! methy!l hydrogens can be directly
traced to the 3-isopentylpyrophosphate (IPP) — dimethylallyl-
pyrophosphate (DMAPP) isomerization.

The isopropenyl vinyl hydrogens, H,, are enhanced to a relative
value of 2.61 £ 0.13 (statistically this value should be 2 in the
absence of any KIE). The enhancement of the isopropeny! vinyl
hydrogens is expected since hydrogen abstraction is favored over
deuterium abstraction, and ky/kp may be calculated from eq 1

(13) Sandermann, W.; Bruns, K. Planta Medica 1965, 13, 364.

(14) Akhila, A.; Banthorpe, D. V.; Rowan, M. G. Phytochem. 1980, 19,
1433,

(15) Analytical studies in this laboratory have determined the experimental
error for deuterium integration is 5%.

© 1988 American Chemical Society



J. Am. Chem. Soc. 1988, 110, 617-618 617

Dey, _ (n - Dky/kp
DCH3 (n— l)kH/kD+ 1

M

where D equals the normalized integration value and r equals the
number of protons available for abstraction. Thus ky;/kp is found
to be 3.35.16  All of the data are consistent with the loss of a proton
from C-9 of 3 and with the intermediacy of the a-terpinyl cation
in limonene biosynthesis. The use of this spectral technique
provides great simplicity in determining the regiospecificity of
proton abstraction as well as in calculating the KIE without the
use of labeled substrates or enzyme isolation.
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Acyclic stereocontrol is of current importance in practical and
theoretical organic chemistry.! Stereochemistries of nucleophilic
and electrophilic reactions have been widely investigated,! and
their theoretical studies have also been carried out recently.?
However, stereochemical study of a radical process in acyclic
systems is very rare, although the theoretical prediction has been
made.? Furthermore, the acyclic stereochemistry via an elec-
tron-transfer process has not yet been investigated systematically.’
We report, for the first time, a surprising stereochemical difference
between a nucleophilic process and an electron-transfer process
in an acyclic system.

The nucleophilic addition with organometallic compounds, the
free-radical addition, and the allylation via photoinduced electron
transfer were investigated by using the Michael acceptors (1-4)
bearing a chiral center at the y-position.* The diastereoselec-
tivitiés are summarized in Table I. Organocopper addition to
1 gave the syn isomer Sa predominantly regardless of the reagent
(entries 1-4). On the other hand, other organometallic reagents
such as the allyltin and the aluminum ate complex afforded the
anti isomer 6a predominantly (entries 5 and 6). The stereo-
chemistries of § and 6 were determined unambiguously by com-
parison with an authentic material (Supplementary Material).’

*Tohoku University.

#Kyoto University.
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The cuprate addition to 2 again gave the syn adduct Sb predom-
inantly (entries 10 and 12). Quite interestingly, however, the
alkylcopper addition to 2 produced the anti adduct 6b predom-
inantly (entries 9 and 11). The same tendency was observed for
the organocopper addition to 3 and 4 (entries 13-20).

We anticipated that the marked stereochemical contrast be-
tween the organocoppers and other organometallic reagents in the
addition to 1 and between the cuprates and alkylcoppers in the
addition to 2-4 would be a reflection of the electron-transfer
process.® Actually, the photoinduced electron-transfer allylation’
of 1 with allyltin gave Sa predominantly (entry 7), although the
desired adduct was obtained in very low yield. The radical ad-
dition® of Bul to 1 produced 6a preferentially (entry 8), and the
similar radical allylation® of 1 with allyl iodide also gave the anti
isomer predominantly.

The addition of ordinary organometallics such as allyltin—-TiCl,
and allylsilane-TiCl, to 3 gives the anti isomer 6¢ predominantly,’
and this stereoselectivity is in good agreement with the selectivity
predicted by a modified Felkin or Cram rule. Therefore, the
diastereoselection exhibited in the alkylcopper addition to 2-4 as
well as the stereoselectivity in entries 5 and 6 fall under the
category of the normal selectivity predictable from nucleophilic
additions.

The diastereoselectivities of the organocopper addition in the
presence of p-dinitrobenzene (pDNB),® which possesses a strong
electron acceptor ability, are summarized in Table II. The syn
selectivity was changed to the anti selectivity. pDNB presumably
accepts an electron from RCu'® and thus prevents formation of
the radical anion of 1 (entries 1 and 3). In these cases, both the
anti prefererice and low conversion were observed. The
R,CuLi-pDNB system also exhibited the anti preference, while
the conversion was enhanced (entries 2, 5-7). The reason of this
enhancement is not clear,'! but it seems that pDNB again prevents
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(10) When pDNB was added to a colorless ether solution of Me,CuLi, the
color immediately changed to dark brown.

(11) This interesting observation may be rationalized as follows.
(R,CuLi)** produced by an electron transfer may react more rapidly and more
cleanly with the Michael acceptors than R,CuLiitself. (RCu)** might easily
decompose to R* and thus lose capability of the conjugate addition. Further
aspects are now under active investigation.
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