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Abstract—The radical addition of PH3 to limonene results in the formation of 4,8-dimethyl-2-phosphabicyclo[3.3.1]nonane, which
has been characterized by X-ray crystallographic analyses of its oxidation products, 2-(4-methylcyclohexyl)propylphosphonic acid
and 4,8-dimethyl-2-phosphabicyclo[3.3.1]nonan-2-ol-oxide. © 2001 Elsevier Science Ltd. All rights reserved.

Chiral phosphine ligands have played a central role in
the development of catalytic enantioselective processes
over the last 25 years, particularly in the area of
homogenous asymmetric hydrogenation.1 New phos-
phine ligands continue to be developed as do their
applications to synthetically valuable asymmetric car-
bon�carbon bond forming reactions.2–4 Many of the
ligands employed (including such bisphosphines as
CHIRAPHOS,5 BINAP6 and those based on TAD-
DOL derivatives7) are actually derivatives of a small
number of chiral precursors such as tartaric acid, man-
nitol or axially chiral biaryl skeletons and, hence, an
overall issue is the narrow molecular diversity within
the ligands set. Recent efforts in our laboratories have
focused on the development of new chiral platforms in
order to expand the available molecular diversity.8

Herein, we report on the preparation of structurally
novel phosphine derivatives generated by the free radi-
cal addition of phosphine (PH3) to the chiral pool
terpene limonene. This represents a specific example of
a general methodology to structurally diverse
phosphines.

The addition of phosphinyl radicals to olefins has been
reported as a means by which to generate various
alkylphosphines.9 Amenable to the industrial scale pro-
duction of a variety of mono-, di- and trialkyl phosphi-
nes, the reaction is illustrated in Scheme 1. Generally,

the phosphine and alkene are charged into a suitable
reactor and, after heating the contents to the desired
reaction temperature (typically 75–100°C), a solution of
an initiator (in a suitable solvent such as toluene,
octane or even the olefin) is added over 2–4 hours. A
phosphinyl radical is generated (step 1) and addition
across the alkene occurs (which is reversible)10 to begin
the radical propagation (step 2). Abstraction of a H
atom generates another phosphinyl radical (step 3)
which then continues the propagation by adding to
another alkene.

Application of this method as a means of obtaining
structurally diverse chiral phosphines prompted us to
consider the reaction employing readily-available, chi-
ral-pool alkenes. The monoterpene limonene was cho-
sen as the basis for our initial model studies. These
indicated that, provided the correct experimental condi-
tions are chosen and polymerization of the alkene is
minimized, an interesting, sterically-demanding,

Scheme 1.
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Figure 1. ORTEP of the 4,8-dimethyl-2-phosphabicyclo[3.3.1]nonan-2-ol-oxide (major component) (6).

bicyclic, secondary phosphine, 4,8-dimethyl-2-phos-
phabicyclo[3.3.1]nonane, could be generated. The initial
addition of the phosphinyl radical would be expected to
occur across the sterically less demanding exocyclic
double bond leading to radical 1 (Scheme 2) which
would be trapped as diastereomeric phosphines 2a and
2b via an indiscriminate H abstraction from PH3. Sub-
sequent generation of phosphinyl radical 3 from 2a and
2b would be followed by intramolecular cyclization
onto the endocyclic double bond producing radical 4,
trapped as 5a and 5b. Conformational analyses of 3
and 4 led us to believe that the second, intramolecular
phosphinyl radical addition and the terminal H abstrac-
tion should both occur in a highly disatereoselective
manner producing only the two diastereomers shown.

We have investigated this reaction in detail and can
now report that under controlled conditions, PH3 adds
to limonene in good yields providing bicyclic phosphi-
nes with predictable stereochemistry. A toluene solution
of AIBN is slowly added to limonene and PH3 in
toluene at 75°C and the reaction is continued for a
further 4 hours. The products were readily isolated by
distillation (yield >85%). 31P NMR and GC–MS
analysis11 of the viscous oily product showed that only
two compounds were produced in a ratio of 1:0.8.
Structural assignment of these two compounds, which
we tentatively assigned as 5a and 5b (vide infra), was
carried out by X-ray analyses of their oxides. A sample
of the phosphinic acid, 4,8-dimethyl-2-phosphabicy-
clo[3.3.1]nonan-2-ol 2-oxide (6), could be prepared by
treating a mixture of the two diastereomeric phosphines
(generated from (R)-(+)-limonene) with hydrogen per-
oxide under acidic catalysis.12 Recrystallization from
water gave material suitable for X-ray crystallographic
analysis.13 The major component (shown in Fig. 1)

confirms the mechanism postulated in Scheme 2 with
each of the substituents at C1, C5 and C8 on the same
face of the cyclohexyl ring. Furthermore, the X-ray
structure revealed that each of the three molecules in
the asymmetric cell packs into the crystal lattice with its
C4 epimer14 (the position of the first H-addition in
Scheme 2). In other words, both of the original
diastereomeric phosphines could be oxidized, crystal-
lized and incorporated in the same crystal lattice (Fig.
2).

Interestingly, it was noted that when the mixture of
diastereomeric phosphines 5a and 5b were exposed to
air, rapid oxidation occurred and a solid could be

Scheme 2.
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Figure 2. Diastereomeric pairs of 4,8-dimethyl-2-phosphabicyclo[3.3.1]nonan-2-ol 2-oxide (6).

Figure 3. ORTEP of the ammonium salt of 2-(4-methylcyclohexyl)propylphosphonic acid (7).

Scheme 3.

precipitated. The oxide was collected and recrystallized
from a solution of aqueous ammonium hydroxide in
ethanol. Much to our surprise, the compound isolated
was not the phosphinic acid nor the secondary phos-
phine oxide, but rather a single diastereomer of the
ammonium salt of 2-(4-methylcyclohexyl)propyl-
phosphonic acid (7) as evidenced by X-ray crystallo-
graphic analysis (Fig. 3).15 The dichotomous oxidation
of the phosphine mixture (Scheme 3) raises a number of
intriguing mechanistic considerations. The aerial oxida-
tion of secondary phosphines has been studied16 and
proceeds via a radical mechanism to the phosphine
oxide which can often be isolated. In the present exam-

ple (and to our knowledge, the only example), the
phosphine is oxidized to the level of a phosphonate
with a concomitant cleavage of a P�C bond. Additional
work needs to be carried out in order to fully elucidate
this mechanism.

In conclusion, we have shown that the free radical
addition of phosphine to limonene proceeds in a pre-
dictable manner providing high yields of alkylphosphi-
nes under the conditions described. The chemistry
outlined provides rapid access to chiral phosphines and
paves the way for the application of the phosphinyl
radical addition methodology to other terpenes as well
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as looking at the employment of various mono- and
dialkyl substituted phosphines (currently under
investigation).
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