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Radical additions oftert-butoxyl radical and alkylthiyl radicals to 2-[(2,4,6-tri-tert-butyl)phenyl]-1-
phosphaalkyne have been investigated by ESR. The addition of oxygen or sulfur centered radical leads to an
intermediate phosphavinylσ-radical, which dimerizes to a 1,4-diphosphabutadiene, which undergoes a second
radical addition to give a persistentπ radical species. These species exhibit couplings with two different
phosphorus nuclei and two different pairs of meta hydrogens. Our assignments were supported by2H labeling
and ab initio calculations.

Introduction

In the early eighties, the first exceptions to the so-called
“double bond rule”,1 which stipulated that stable (p-p)π multiple
bonds should not be formed between, for example, phosphorus
and elements of the first period, started to be observed. A
number of kinetically stable species containing a PtC bond is
now known and among them,tert-butylphosphaacetylene has
played a major role in the investigations of their chemical
reactivity and their applications as building blocks in organo-
metallic chemistry.2 The reactivity oftert-butylphosphaacetylene
has been more investigated than that of any other compound
with a PtC triple bond. In general, phosphaalkynes bearing
tertiary alkyl substituents have a high thermal stability, but the
steric hindrance of the bulky alkyl group does not affect
significantly the reactivity. However, the behavior of the PtC
triple bond toward free radical addition remains still unknown.
In the case of aryl-substituted phosphaalkynes, their reactivity
has not been extensively studied, as only a small number of
arylphosphaalkynes has been prepared. Among them, the
unsubstituted phenylphosphaacetylene3 is not stable enough for
reactivity studies. The mesitylphosphaacetylene, recently pre-
pared by Regitz et al.,4 is more stable, but the presence of the
three methyl substituents can interfere in the reaction of free
radicals with the PtC bond. The supermesitylphosphaacetylene
1, 2-[(2,4,6-tri-tert-butyl)phenyl]-1-phosphaalkyne, can be easily
prepared. Although it has a markedly reduced reactivity of the
P/C triple bond because of the considerable shielding of the
supermesityl group,5 it can be an appropriate substrate for the
study of the reactivity of the PtC bond toward free radicals.
In principle, addition of a free radical species to a phosphaalkyne
such as1 can follow two different paths: either addition through
a phosphophilic attack or addition through a carbophilic attack.
In the phosphophilic attack, formation of the bond between the
incoming free radical species and the phosphorus atom will lead

to phosphavinyl6 σ radicals2. In the second type, the carbophilic
attack will result in the formation of the phosphorus analogues,
3, of iminyl radicals (Scheme 1). However, if we consider the
addition of alkoxyl radicals, the strength of the P-O bond and
the more important steric hindrance in the vicinity of the carbon
atom than around the phosphorus atom of the triple bond of1
will make a carbophilic attack very unlikely.

In this report, we describe our electron spin resonance (ESR)
investigations of the addition on the triple bond of1 of an
alkoxyl radical (t-BuO•) and different alkythiyl radicals [RS•

(R ) Me, i-Pr, n-Bu, t-Bu)].

Experimental Section

General. 1H NMR spectra were recorded at 100 and 400
MHz in C6D6 using TMS as internal reference.31P NMR (40.53
MHz) was taken in C6D6 using 85% H3PO4 as an internal
standard with broadband1H decoupling.13C NMR spectral
measurements were performed at 100.6 MHz using C6D6. δ
values are given in ppm andJ values in hertz. Elemental
analyses were determined at the University of Aix-Marseille
III. ESR spectra were recorded using a Bruker ESP 300
spectrometer at 9.5 GHz (X-band) employing 100 kHz field
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modulation. ESR spectra were simulated using the ESR software
developed by D. Duling from the laboratory of Molecular
Biophysics, NIEHS (this software is available via the Internet
at http://EPR.niehs.nih.gov).13 Samples were heated via a Bruker
variable temperature unit ER 4111 VT. UV photolysis was
performed by a 1000 W xenon-mercury Oriel lamp. Melting
points were measured on a Bu¨chi capillary apparatus and are
uncorrected. All the reagents were purchased from Aldrich.

The phosphaalkynes1, 5, and 10 were prepared by the
procedure described by Romanenko et al.14 2-[(2,4,6-Tri-tert-
butyl-3,5-dideutero)phenyl]-1-phosphaalkyne5 was prepared
using benzene-d6 as starting material. In the synthesis of
2-[(2,4,6-tri-tert-butyl-d9)phenyl]-1-phosphaalkyne10, 2-chloro-
2-methylpropane-d9 was used for the introduction of the three
perdeuteratedtert-butyl groups on benzene.15 tert-Butyl hy-
ponitrite was prepared according to the procedure described by
Kiefer and Traylor.16

2-[(2,4,6-Tri-tert-butyl)phenyl]-1-phosphaalkyne 1.M.p.
124 °C; 31P NMR (40.53 MHz, C6D6): δ 33.2; 1H NMR (100
MHz, C6D6): δ 7.43 (s, 2H), 1.72 (s, 18H), 1.23 (s, 9H);13C
NMR (100.6 Mz, C6D6): δ 169.28 (CdP, d,1JCP) 53.5); 157.28
(C2, d,3JCP ) 5.8); 151.63 (C4, d,5JCP ) 5.9); 125.20 (C1, d,
2JCP ) 22); 121.33 (s, C3); 37.22 (s,o-CMe3); 35.45 (s,
p-CMe3); 31.38 (s,p-CMe3); 31.18 (s,o-CMe3). Calcd for
C19H29P (288 g mol-1): C, 79.13; H, 10.14. Found C, 79.12;
H, 10.12%.

2-[(2,4,6-Tri-tert-butyl-3,5-di-deutero)phenyl]-1-phos-
phaalkyne 5. M.p. 124 °C. 31P NMR (40.53 MHz, C6D6): δ
32; 1H NMR (100 MHz, C6D6): δ 1.76 (s, 18H), 1.25 (s, 9H).
Calcd for C19H27D2P (290 g mol-1) C, 78.57; H 9.57. Found C
78.60; 9.54%.

2-[(2,4,6-Tri-tert-butyl-d9)phenyl]-1-phosphaalkyne 10.M.p.
126°C. 31P NMR (40.53 MHz):δ 32.3.13C NMR (100.6 MHz,
C6D6): δ 169.33 (CdP, d,1JCP ) 52); 157.31 (d, C2,3JCP )
6); 151.69 (d, C4,5JCP ) 5); 125.4 (d, C1,2JCP ) 22); 121.30
(s, C3); 38.01 (s,o-CMe3); 36.56 (s,p-CMe3); 29.4-31.2 (m,
CMe3).

Results and Discussion

a. Addition of tert-BuO• Radical. The alkoxyl radical (t-
BuO•) was generated in situ either by thermolysis oftert-
butylhyponitrite or by photolysis of di-tert-butylperoxide. When
a tert-butylbenzene solution (10-3 M) of 2-[(2,4,6-tri-tert-butyl)-
phenyl]-1-phosphaalkyne1 was heated at 303 K in the presence
of tert-butylhyponitrite or when a cyclopropane solution (10-3

M) of 1 was photolyzed in the presence of di-tert-butylperoxide,
an intense ESR signalA composed of a main doublet of doublet
(a1 ) 0.81 mT anda2 ) 2.29 mT, Table 1) with further small
hyperfine splittings was observed (Figure 1). The signal was
persistent in the temperature range 153 K to 313 K and lasted
for a few hours after the generation of thetert-butoxyl radical
was stopped.

SignalA was characterized by a value of the Lande´ factor
(g ) 2.0024) close to that of carbon centered radicals;7 all its
ESR characteristics are not compatible with a radical adduct
like 3 (X ) t-BuO), which should exhibit a larger phosphorus
coupling and a largerg value.

The more probable addition of thetert-butoxyl radical on
the phosphorus atom of1 leads to the radical adduct4 which,
due to steric crowding, is likely to exist only as the E isomer.
In such a case, the large coupling constant observed in spectrum
A could be assigned to the phosphorus atom while the smaller
one should originate from a long-range W coupling with a meta
hydrogen8 of the aromatic ring (Scheme 2).

However, for a structure such as4, the magnitude of this
hypothetical long-range W coupling is rather large.8,9 Moreover,
the high persistency of signalA seems unusual for this kind of
radicals.6

To find out if spectrumA could be nevertheless attributed to
the radical adduct4, we decided to prepare the meta dideuterated
phosphalkyne5. Indeed, substitution of a deuterium atom to
the hydrogen atom in the meta positions should result, after
addition of t-BuO• on the PtC bond, in the observation of a
doublet of triplet resulting from the coupling with one deuterium
atom with a hyperfine splitting constant close to 0.12 mT
(Scheme 3).

When a solution of5 in tert-butylbenzene (10-3 M) was
heated in the presence oftert-butylhyponitrite in the ESR cavity,
the observed spectrum was again composed of a doublet of
doublet with ESR parameters (Table 2) identical to those
obtained with1, but the small long-range hyperfine splittings
were not resolved (spectrum B, Figure 2). This result indicated

TABLE 1: Experimental ESR Parameters of the Spectrum
A Displayed in Figure 1

a1/mT a2/mT ∆Hpp/mTa g

0.81 2.29 0.305 2.0024

a ∆Hpp for the main four lines of the spectrum.

Figure 1. ESR spectrum observed when heating at 303 K a degassed
solution of1 and tert-butyl hyponitrite intert-butyl benzene.
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that the ESR signalA is not consistent with the radical structure
4. On the other hand, the weaker line width (0.186 mT) observed
in spectrumB compared to that of a main line of signalA (0.305
mT) proves that the hydrogen atoms in the meta position in the
radical adduct derived from1 participate only in the broadening
of the line width. Thus, it can be concluded that the weakest
coupling constant (a1) of spectrumA does not originate from
one of the meta hydrogen atoms of the radical4.

If we look at the fate of a species such as4, two main possible
evolutions can be considered. Hydrogen abstraction from one
of the neighboringtert-butyl groups, followed by addition of
the newly formed radical center to the CdP double bond could
lead to the six-membered ring heterocyclic free radical7
(Scheme 4). On the other hand, the dimerization of the very
reactive vinyl type radical4 to form the neutral diphospha-
butadiene derivative8 should also be considered. Subsequent
addition of t-BuO• to 8 would generate the radical9 (Scheme
4).

The very small hyperfine splittings, observed in the case of
spectrumA (Figure 1), are likely to arise from the hydrogen
atoms of either thetert-butyl groups or thetert-butoxyl groups.
These splittings could mask other coupling constants that could
help to identify the radical species obtained upon reaction of
t-BuO• with 1. In a further attempt to elucidate the structure of

the radical giving spectrumA, the reaction of the phosphaalkyne
10, containing perdeuteratedtert-butyl groups, with tert-
butylhyponitrite was investigated by ESR.

When a degassed solution of the phosphaalkyne10 andtert-
butylhyponitrite intert-butylbenzene was heated at 303 K, the
observed ESR spectrum (Figure 3) was again composed of a
main doublet of doublet with the same coupling constants (a1,
a2) and g factor as those observed in the ESR experiments
carried out either with1 or with 5. However, in this case, further
smaller couplings were resolved. The permanence of a main
doublet of doublet on the ESR spectra (a1 ) 2.3 mT,a2 ) 0.8
mT) observed when the radicalt-BuO• was added to1, 5, or
10, clearly indicates that this common spectral pattern arises
from the coupling with two phosphorus nuclei. Then, we
assigned the spectrumC (Figure 3) to the dimeric species11
obtained as shown on Scheme 4 (compound9). This ESR
spectrum was nicely simulated (Figure 3) by considering one
large coupling with the phosphorus atom P2, a small one with

Figure 2. ESR spectrum observed when heating at 303 K a degassed
solution of5 and tert-butyl hyponitrite intert-butyl benzene.

TABLE 2: Experimental ESR Parameters of the Spectrum
B Displayed in Figure 2

a1/mT a2/mT ∆Hpp/mT g

0.815 2.289 0.186 2.0024

SCHEME 4

Figure 3. ESR spectrum observed when heating at 303 K a degassed
solution of 10 and tert-butyl hyponitrite in tert-butyl benzene. (a)
experimental (b) simulated.
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the phosphorus atom P1, and the coupling with two pairs of
meta hydrogens (Table 3).

To rationalize these hypotheses, we have performed ab initio
calculations at the UB3LYP/TZVP//UB3LYP/3-21G level with
the Gaussian 98 package.10 Indeed this functional and this basis
set have been already used to calculate hyperfine splitting
constants on phosphorylated compounds.11 Because of the large
size of the molecule9, calculations were performed on the model
radical12 in which all thet-Bu groups were replaced by methyl
groups and the parat-Bu groups were not considered.

Compared to molecule9, these structural simplifications
should lower the steric hindrance. Therefore the conformation
will be modified, but the electronic distributions should have
the same trends. The calculated total atomic spin densities and
calculated hyperfine couplings are displayed in Table 4.

Although the calculated (DFT) and experimental hyperfine
coupling constants are not very close, they exhibit the same
tendency. As observed on the experimental spectrum, the

calculations led to a large31P for one phosphorus and a smaller
one for the other phosphorus nucleus.

From the data of Table 4, it appears that the spin density is
essentially distributed between the four atoms [P1, P2, C(P1),
C(P2)] with a major contribution for the P2 and C(P1) atoms.
This means that radical12 can be represented by a hybrid of
the two mesomeric forms12a and12b (Scheme 5). Indeed, if
the reaction oft-BuO• with 1, 5, or 10 leads to a type of radical
like 9, a large coupling constant value with P2 and a small one
with P1 will be expected to be observed by ESR.

Thus, the spectrumA resulting from the interaction oft-BuO•

with the phosphaalkyne1 can be attributed to the radical species
9 (Scheme 4). Due to the steric hindrance of thetert-butoxy
groups, only the E isomer was observed by ESR. Finally, the
experimental spectrum A has been satisfactorily simulated
(Figure 4) by considering the couplings with two phosphorus
atoms P1 and P2, two pairs of hydrogen in the meta positions
of the two aromatic rings, eighteen hydrogens of the two ortho
tert-butyl groups, and nine hydrogens of the paratert-butyl
group of only one aromatic ring (Table 5). The difference
observed between the two pairs of meta hydrogens is in
agreement with the spin density distribution.

The resolution observed on the ESR spectra obtained after
reaction oft-BuO• radical with1 or 5 was different (compare
Figures 1 and 2). The lack of resolution in the case of5 could
be attributed to the presence of the deuterium atoms in meta
position of the aromatic ring. To check this hypothesis we
performed the simulation of the experimental spectrum displayed
in Figure 2 by using the values listed in Table 5. As shown in
Figure 5, a very good agreement was obtained between the
experimental and simulated spectrum (Figure 5, Table 6).
Therefore, the spectrum displayed on Figure 5 could be assigned

TABLE 3: Hyperfine Splitting Constants (mT) for Radical
11 Obtained from the Simulated Spectrum

aP1 aP2 2xaH(m) 2xaH(m)

0.821 2.30 0.125 0.075

TABLE 4: Calculated (DFT) and Experimental Hyperfine
Couplings (mT) and Total Atomic Spin Densities for Radical
12

atoms P1 P2 C(P1) C(P2)

experimental hyperfine
coupling constant

0.821 2.30

DFT calculated hyperfine
coupling constant

0.16 5.35 0.89 -0.81

total atomic spin density (a.u.) -0.008 0.783 0.231 -0.101

Figure 4. ESR spectrum observed when heating at 303 K a degassed solution of1 andtert-butyl hyponitrite intert-butyl benzene. (a) experimental
(b) simulated.

SCHEME 5. Mesomeric Forms for Compound 12

TABLE 5: Hyperfine Splitting Constants (mT) for Radical 9
Obtained from the Simulated Spectrum

aP1 aP2 2xaH(m) 2xaH(m) 18xaH(2 o-tBu) 9xaH(p-tBu)

0.821 2.30 0.125 0.075 0.029 0.024

TABLE 6: Hyperfine Splitting Constants (mT) for Radical
13 Obtained from the Simulated Spectrum

aP1 aP2 2xaD(m) 2xaD(m) 18xaH(2 o-tBu) 9xaH(p-tBu)

0.82 2.29 0.019 0.012 0.029 0.024

Radical Addition Reactions J. Phys. Chem. A, Vol. 107, No. 45, 20039655



to the radical structure13, and the blurring attributed to the
presence of deuterium atoms.

b. Addition of Alkylthiyl Radicals RS •. When a degassed
tert-butylbenzene solution of the phosphaalkynes1 or 10 in the
presence of di-tert-butylsulfide was photolyzed inside the ESR
spectrometer cavity, we observed changes in the patterns of the
corresponding ESR spectra (spectrumD with 1 and spectrum
E with 10) similar to those observed when the experiments were
performed withtert-butylhyponitrite (Figure 6). However, when

1 or 10 was allowed to react withtert-butylthiyl radical, the
ESR signals contained eight lines, while only four main lines
were observed when1 or 10was reacted witht-BuO•. According
to our previous results, we assigned this eight-line signal to the
superimposition of the spectra of two isomer radicals14 and
15 with a major contribution from theE isomer14.

These results suggest thatt-BuO• and t-BuS• radicals react
with phosphaalkyne1 under similar chemical pathways. How-
ever, the P-S bond being longer than the P-O bond, the lower
steric hindrance of thet-BuS group permits the observation of
the Z isomer. The experimental spectra were satisfactorily
simulated with the hyperfine splitting constants collected in
Table 7.

With the aim of rationalizing the difference observed on the
31P2 hyperfine splitting constants between the isomersE and
Z, we have carried out DFT calculations (UB3LYP/TZVP//
UB3LYP/3-21G) on the model molecule16, and the results are
shown in Table 8. As experimentally observed, the DFT
calculated (Table 8) couplings show also a difference for the
31P2 splitting between the isomersE andZ. The 31P2 coupling
calculated for theZ isomer is larger than the one obtained for
the E isomer, but in an order of magnitude smaller than those

Figure 5. ESR spectrum observed when heating at 303 K a degassed
solution of 5 and tert-butyl hyponitrite in tert-butyl benzene. (a)
experimental (b) simulated.

Figure 6. Experimental (Exp.) and simulated (Sim.) ESR spectra observed during the photolyzing oftert-butyl disulfide at 298 K in a degassed
tert-butyl benzene solution of1 (spectrum D) and10 (spectrum E).

TABLE 7: ESR Parameters for 14 and 15 with R ) t-Bu
Determined from the Simulated Spectrum

radicala aP1/mT aP2/mT 2xaH(m)/mT 2xaH(m)/mT % g

14 (×) 0.786 2.253 0.119 0.078 70 2.0026
15 (b) 0.627 5.151 0.103 0.103 30 2.0029

a (×) corresponds to the four lines of the major signal observed in
the ESR spectrum (Figure 5) and (b) to the minor isomer.

TABLE 8: Calculated (DFT) Hyperfine Couplings (mT) and
Total Atomic Spin Densities for Radical 16

radicals 31P1 coupling/mT 31P2 coupling/mT

16 (E) 1.24 4.13
16 (Z) 1.22 4.41
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experimentally observed. The discrepancy between the calcu-
lated and experimental values is probably due to the model
molecule used to perform the calculations. Compared to the
model radical16, the radical species14and15exhibit a higher
steric hindrance. Molecular mechanic calculations12 performed
on 14 and 16 show that the aromatic rings are planar for16
and sligthly puckered for14. Moreover, the bond length between
the aryl group and the carbon atom bound are also different
(1.48 vs 1.51 for16 and 14, respectively). These structural
modifications should affect significantly the electronic properties
of the aromatic ring and therefore the value of the hyperfine
splitting constants.

ESR investigations of radical addition onto 2-[2,4,6-tri-tert-
butyl)phenyl]-1-phosphaalkyne1 were extended to other less
hindered alkylthiyl radicals (Table 9). In each case, the ESR
parameters and isomer ratios were similar to those obtained in
the reaction witht-BuS•. This result indicates that the nature of
the alkylthiyl radical does not affect the formation of the radical
species14 and15.

Conclusion

According to our ESR results, the vinyl type radical formed
upon addition oft-BuO• and RS• radicals to 2-[(2,4,6-tri-tert-
butyl)phenyl]-1-phosphaalkyne1 dimerizes rapidly to form a
phosphabutadiene. Subsequent addition oft-BuO• and RS• to
the phosphabutadiene moiety yields a persistentπ radical
exhibiting couplings with two different phosphorus nuclei and

two different pairs of meta hydrogens. Our assignments were
supported by2H labeling and ab initio calculations.
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