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Computations of the concerted and diradical stepwise mechanisms of the Diels-Alder (DA) reac-
tions on the >C=P– functionality of phosphinine and phosphinine sulfide with 1,3-butadiene at the
density functional theory level B3LYP/6-311++G∗∗//B3LYP/6-31G∗∗ give the values of energy of
concert as 10.7 and 2.6 kcal mol−1, respectively. Similarly, the DA reaction of dimethyl acetylene-
dicarboxylate (DMAD) with the –CH=CH–CH=P– moiety of phosphinine or its sulfide has been
investigated theoretically at the same level of theory. The results reveal that in the DA reaction of
phosphinine, the role of sulfur is to oxidize phosphorus to generate a phosphinine sulfide intermedi-
ate, which subsequently undergoes DA reaction with 2,3-dimethylbutadiene or DMAD by a concerted
mechanism to afford the respective cycloadducts.
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Introduction

The actual mechanism of the Diels-Alder (DA) reac-
tion has been the subject of intensive theoretical inves-
tigations [1, 2]. Depending on the structures of the re-
actants it may occur via either concerted (closed-shell)
or stepwise (open-shell) mechanisms. For the parent
DA reaction of butadiene and ethylene, it has been
found that the concerted mechanism is preferred over
the stepwise diradical mechanism only by a few kcal
mol−1 [1].

In the last few years the synthetic strategy of hetero
DA reactions [3 – 8] has been extended to organophos-
phorus compounds having the >C=P– functional-
ity, namely phosphaalkenes [9, 10], heterophospholes
[11, 12], anellated azaphospholes [13, 14], and phos-
phinines [15, 16]. Several interesting DA reactions
have been accomplished successfully on the >C=P–
functionality of many of these compounds acting
mainly as dienophiles [9 – 17] but in some cases, het-
erophospholes and λ 3-phosphinines reacted as the di-
ene component as well [15, 16]. Although the mecha-
nistic and theoretical studies of the all-carbon DA reac-
tions have been done extensively [1, 2], investigations
of the hetero DA reactions, particularly of those in-
volving organophosphorus compounds, have been re-
ported so far to a limited extent [18, 19]. Furthermore,
no comparative studies of the concerted and stepwise
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diradical mechanisms of the DA reactions involving
organophosphorus functionalities have been published
yet.

Recently we rationalized theoretically the rela-
tive reactivities of 1,4,2-diazaphospholes and 1,3-
azaphospholes as dienophiles in their DA reactions
[20 – 22], and the role of sulfur in completion of the
reaction in the latter case. A lower activation barrier
(16 – 19 kcal mol−1) is in accordance with the oc-
currence of the DA reaction of 1,4,2-diazaphospholes
under mild conditions even in the absence of sul-
fur. But the lower exothermicity of the DA reac-
tion of 1,3-azaphosphole with 1,3-butadiene results
in a significant lowering of the activation barrier for
the backward reaction and hence a reversible reac-
tion can occur. Here the sulfur appears to oxidize the
σ3–P atom of the initially formed [4+2] cycloadduct,
thereby pushing the reaction in the forward direc-
tion [20].

In an investigation of the reactivity of 4,5-di-
methyl-2-phenylphosphinine (1b) towards the DA re-
actions [23], it was found not to react with 2,3-
dimethylbutadiene (3) or DMAD (5) alone, but on
heating in a sealed tube at 100 ◦C in the presence of
sulfur the cycloadducts 4 and 6 were obtained, respec-
tively. The initial generation of the phosphinine sulfide
intermediate (2b) was postulated, which subsequently
undergoes cycloaddition (Scheme 1).
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Scheme 1.

In view of our own theoretical results about the role
of sulfur in the DA reactions of azaphospholes, it was
of interest to investigate theoretically the actual mech-
anism, concerted or stepwise, and the role of sulfur
in the DA reactions of phosphinine. When our studies
were in progress, Moores et al. [24] published their re-
sults of the experimental and theoretical study of phos-
phinine sulfides. These studies deal mainly with the
experimental (X-ray) and theoretical (DFT) determi-
nation of the structures of phosphinine sulfides and
related compounds, and it was concluded that these
species were aromatic in character. Furthermore, the
relative reactivities of these compounds as dienes in
the DA reaction with acetylene were rationalized by
calculating the corresponding activation barriers at the
DFT level.

In the present paper, the results of a systematic the-
oretical investigation of the concerted and stepwise
mechanisms of the DA reactions of phosphinines and
their sulfides with 1,3-butadiene and with DMAD are
reported for the first time. It is now established that the
cycloaddition proceeds by a concerted mechanism, and
that in contrast to the DA reactions of azaphospholes,
sulfurization of phosphinine precedes its cycloaddition
with 1,3-diene or DMAD.

Computational Details

All calculations were carried out using the GAUS-
SIAN-03 suite of programs [25]. Houk and co-workers
investigated relative energies for the concerted and
stepwise mechanisms of the DA reaction of 1,3-
butadiene and ethene with different methods and found
Becke’s three parameter hybrid functional in conjunc-
tion with the correlation functional of Lee, Yang and
Parr (B3LYP) with a 6-31G∗∗ basis set capable of
relatively economical direct comparisons. The reac-

tion enthalpy calculated with this method was within
2 kcal mol−1 of the experimental value [2]. With
this background, the closed-shell species s-cis- and
s-trans-1,3-butadiene (7), phosphinines (1), phosphi-
nine sulfides (2), the cycloadducts 8 – 11, and the con-
certed transition structures (TSc1–TSc10) were com-
puted at the restricted B3LYP/6-311++G∗∗//B3LYP/
6-31G∗∗ (hereafter referred to as RB) level, whereas
for the stepwise pathway involving diradical inter-
mediates and transition structures, computations were
performed at the unrestricted UB3LYP/6-311++G∗∗//
UB3LYP/6-31G∗∗ (hereafter referred to as UB) level
using the guess = (always, mix) option for spin cor-
rection. Total energies were calculated by adding
unscaled zero-point energy corrections (ZPE) from
B3LYP/6-31G∗∗ level to the single point energies cal-
culated at the B3LYP/6-311++G∗∗ level. Intrinsic re-
action coordinate (IRC) calculations [26] starting at
the transition structures were performed to establish
their connection with the respective reactants and
products.

Nucleus-independent chemical shift values
[NICS(0)] were calculated at the (3,+1) ring crit-
ical points of the electron density topology as defined
by Bader [27] of the concerted transition structures
at the GIAO-B3LYP/6-311++G∗∗//B3LYP/6-31G∗∗
level [28]. For the phosphinines and their sulfides,
NICS(1)ZZ were determined at the same level of
theory by putting the probe (Bq) at a distance of 1 Å
above the (3,+1) critical point of the ring.

Results and Discussion

The concerted mechanism was investigated for ten
model DA reactions (Scheme 2), whereas the diradical
stepwise mechanism was computed for the reactions of
1a and 2a with 1,3-butadiene.
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Fig. 1. Structures (RB3LYP/6-31G∗∗) and NICS(1)ZZ (GIAO-RB3LYP/6-311++G∗∗//RB3LYP/6-31G∗∗) values (ppm) of
phosphinines and phosphinine sulfides.

Reaction Reactants (approach) TS Product
1 1a + 7 (endo) TSc1 8a
2 1a + 7 (exo) TSc2 8a′
3 1b + 7 (endo) TSc3 8b
4 1b + 7 (exo) TSc4 8b′
5 2a + 7 (endo) TSc5 9a
6 2a + 7 (exo) TSc6 9a′
7 2b + 7 (endo) TSc7 9b
8 2b + 7 (exo) TSc8 9b′
9 1a + 5 TSc9 10

10 2a + 5 TSc10 11

Scheme 2.

Optimized geometries

The RB optimized geometries of phosphinines 1
and their sulfides 2 along with the NICS(1)ZZ values
are given in Fig. 1. The phosphorus-containing six-
membered ring of phosphinines and their sulfides is
perfectly planar (1a and 2a, all dihedral angles = 0.0◦)
or almost planar (1b and 2b, ring dihedral angles =
0.01 – 0.96◦), the presence of the 2-phenyl group in the
latter causing a slight deviation from planarity.

The RB optimized geometries of the concerted
transition structures TSc1–TSc10 are given in Fig. 2.
Wiberg bond indices [29] of the two new bonds
in TSc1–TSc8 reveal them to be asynchronous, the
formation of the P–C10 bond being more advanced
(WBI = 0.49 – 0.60) than that of the C6–C7 bond
(WBI = 0.24 – 0.37). Asynchronicity, however, dimin-
ishes in the transition structures, TSc9 and TSc10, re-
sulting from the addition of phosphinine and its sulfide
with DMAD.

The NICS(0), which is the negative of the computed
magnetic shielding at the centers was first used by
Schleyer et al. as a parameter to describe the aromatic-
ity of a planar or nearly planar ring [30]. It was sub-
sequently suggested that the isotropic NICS(1) value
(i. e. at points 1 Å above ring center) was the bet-
ter indicator of aromaticity [31, 32]. In a recent pa-
per, Schleyer and co-workers have pointed out that
NICS(1)ZZ (zz component of the NICS value de-
termined 1 Å above the center) is a readily com-
putable and superior-performing indicator of the aro-
matic character [33]. In the case of unsymmetrical
cyclic systems, however, it has been recommended
[34, 35] that NICS values should be determined at the
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Fig. 2. Structures (RB3LYP/6-31G∗∗) and bond lengths (in Å), Wiberg bond indices (in parentheses) and NICS(0) (GIAO-
RB3LYP/6-311++G∗∗//RB3LYP/6-31G∗∗) values (in ppm) of the transition structures, TSc1–TSc10; x denotes the (3, +1)
ring critical point of electron density.

(3, +1) ring critical points of the electron density, as
defined by Bader [27], as at this point the electron den-
sity is a minimum with respect to motion in the plane
of the ring, and a maximum with respect to motion per-
pendicular to the plane defined by the ring.

NICS(0) values of the transition structures TSc1–
TSc10 confirm their aromatic character. Although
NICS(1)ZZ values of both phosphinines 1 (−26.60
and −22.81) and phosphinine sulfides 2 (−19.69 and
−17.36) reveal their aromatic character, the dimin-
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Scheme 3.

ished values in the latter cases indicate their reduced
aromatic character.

The diradical stepwise pathways of the DA reactions
of phosphinine 1a and its sulfide 2a with 1,3-butadiene
have also been computed. The singlet diradical inter-
mediate in the DA reaction of the phosphinine with
1,3-butadiene involved an initial C–C bond formation.
In contrast, the phosphinine sulfide gave a singlet di-
radical intermediate with initial P–C bond formation.
Phosphinine gives three conformers of the interme-
diate diradical formed on addition of s-cis-butadiene:
gauche-out (int1 g-out), anti-in (int2 a-in) and anti-

out (int3 a-out), the last being of the lowest energy
and involving the lowest activation barrier (Scheme 3).
An attempt to optimize a gauche-in diradical failed; in-
stead this led to the concerted transition structure. A
similar observation was made by Houk and co-workers
in the case of the parent DA reaction [1]. The “anti-
out” diradical intermediate (int3 a-out) changes subse-
quently into the anti-in intermediate (int2 a-in) through
the transition structure TSo4 and then closes to the cy-
cloadduct 8a′ via the transition structure TSo5. In spite
of only a small energy barrier to the closure of int2 a-
in to 8a′, the corresponding transition structure TSo5
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Scheme 4.

could be located. The corresponding transition struc-
ture in the parent DA reaction could not be located [1].

Phosphinine sulfide on combining with s-cis-
butadiene leads to only one conformer of the in-
termediate diradical, namely gauche-out (int4 g-out)
(Scheme 4). The latter being symmetrical, it is gauche-
out with respect to P–C6, but anti-in with respect to
P-C2. The int4 g-out on rotation about the bond Ca–
Cb changes into the gauche-in intermediate (int5 g-in)
through TSo7 and subsequently cyclizes into the cy-
cloadduct 9a′ via TSo9. The cycloadduct 9a′ can be
formed through an alternative pathway via TSo8 result-
ing from rotation about the bond P–Ca of the int4. It is
found that the latter route is favored by 0.5 kcal mol−1.
It is noteworthy that although the transition structure
TSo9 could be located, its energy is lower than that
of int5 g-in, which implies that conversion of the lat-

ter into the cycloadduct does not involve any energy
barrier. The UB optimized geometries of all the diradi-
cal intermediates and transition structures are shown in
Fig. 3.

Energetics

The total energies of the reactants, products and
the concerted transition structures along with the rela-
tive energies (∆Ea or ∆Erxn) of the reactions 1 – 10 are
given in Table 1, whereas the total energies of the di-
radical intermediates and the corresponding open-shell
transition structures along with the relative energies are
given in Table 2. Initial 〈S2〉 values for the diradical
stationary points range from 0.52 to 1.07 which be-
come 0.09 to 0.55 after spin annihilation.

The concerted and diradical stepwise pathways of
the DA reactions of phosphinine (1a) and of phosphi-
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Fig. 3. Structures (UB3LYP/6-31G∗∗) and bond lengths (in Å) in the transition structures and diradical intermediates for the
stepwise pathway.

Fig. 4. Potential energy profiles for the concerted (solid line)
and stepwise diradical (dotted line) pathways for the DA re-
action of 1a and 7. The relative energies (kcal mol−1) include
zero-point vibrational energy corrections.

nine sulfide (2a) with 1,3-butadiene are depicted in
Figs. 4 and 5, respectively. We have computed con-
certed pathways of both endo and exo approaches of
the DA reaction of phosphinines and their sulfides
with 1,3-butadiene, whereas diradical stepwise path-
ways lead to only exo-isomers. The energies of con-
cert have therefore been calculated from the activation
energies of the exo-approach in the concerted mecha-
nism.

A high activation energy barrier of 29.8 kcal mol−1

and endothermicity of the concerted DA reaction of
phosphinine explain its non-occurrence even at high
temperature. An energy of concert of 10.7 kcal mol−1

rules out an open-shell pathway also. On the other
hand, a lower activation barrier of 24.6 kcal mol−1

and high exothermicity of the concerted DA reaction
of phosphinine sulfide help this reaction to take place.
In this case also the open-shell pathway is unfavorable
by 2.6 kcal mol−1.
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Fig. 5. Potential energy profiles for the con-
certed (solid line) and stepwise diradical (dotted
line) pathways for the DA reaction of 2a and 7.
The relative energies (kcal mol−1) include zero-
point vibrational energy corrections.

Table 1. Total energies and relative energies for stationary
points on the closed-shell pathways of DA reactions.

Structure Nimag Total energiesa Relative energies
no. (a. u.) (kcal mol−1)
7 0 −155.955501 –
1a 0 −534.870848 –
TSc1 1 −690.778965 29.7b

8a 0 −690.816287 6.3b

TSc2 1 −690.778943 29.8b

8a′ 0 −690.816727 6.0b

1b 0 −844.498765 –
TSc3 1 −1000.406975 29.7b

8b 0 −1000.441849 7.8b

TSc4 1 −1000.406578 29.9b

8b′ 0 −1000.445887 5.3b

2a 0 −933.092266 –
TSc5 1 −1089.005509 26.5c

9a 0 −1089.061233 −8.4c

TSc6 1 −1089.008633 24.6c

9a′ 0 −1089.060735 −8.1c

2b 0 −1242.719373 –
TSc7 1 −1398.633865 25.7c

9b 0 −1398.687121 −7.7c

TSc8 1 −1398.636216 24.3c

9b′ 0 −1398.690920 −10.1c

5 0 −533.123643 –
TSc9 1 −1067.950358 27.7d

10 0 −1068.004114 −6.0d

TSc10 1 −1466.178502 23.5e

11 0 −1466.236442 −12.9e

a Energies at B3LYP/6-311++G∗∗ + ZPE at B3LYP/6-31G∗∗ level;
b relative to the sum of total energies of 1 and 7; c relative to the sum
of total energies of 2 and 7; d relative to the sum of total energies of
1a and 5; e relative to the sum of total energies of 2a and 5.

The relative energies of the reactions (Table 1)
reveal an interesting pattern: all the reactions of
phosphinines are endothermic (5 – 8 kcal mol−1) and
have a comparatively higher activation energy barrier

Table 2. Total energies, relative energies and 〈S2〉 (value
of 〈S2〉 after spin-annihilation in parentheses) for stationary
points on the open-shell pathway of butadiene plus 1a or 2a
DA reaction.

Nimag Total energiesa Relative energies 〈S2〉
(a. u.) (kcal mol−1)

TSo1 1 −690.759252 42.1b 0.65 (0.17)
int1 0 −690.762999 39.8b 1.03 (0.50)
TSo2 1 −690.760536 41.3b 0.62 (0.15)
int2 0 −690.763561 39.4b 1.02 (0.48)
TSo3 1 −690.761769 40.5b (10.7)c 0.55 (0.11)
int3 0 −690.763949 39.2b 1.01 (0.48)
TSo4 1 −690.762119 40.3b 1.07 (0.55)
TSo5 1 −690.759225 42.1b 1.01 (0.48)
TSo6 1 −1089.004422 27.2d (2.6)c 0.67 (0.16)
int4 0 −1089.005680 26.4d 1.03 (0.48)
TSo7 1 −1089.003597 27.7d 1.06 (0.54)
TSo8 1 −1089.004394 27.2d 0.87 (0.32)
int5 0 −1089.009578 24.0d 0.78 (0.23)
TSo9 1 −1089.009667 23.9d 0.52 (0.09)
a Energies at UB3LYP/6-311++G∗∗ + ZPE at UB3LYP/6-31G∗∗
level; b relative to the sum of total energies of 1a and 7; c energy
of concert (∆Ea for open-shell pathway – ∆Ea for closed-shell exo
pathway); d relative to the sum of total energies of 2a and 7.

(∼ 29 kcal mol−1), whereas those of the corresponding
phosphinine sulfides are exothermic (−8 to −10 kcal
mol−1) and are characterized by a lower activation en-
ergy barrier (24 – 26 kcal mol−1). These results are
consistent with the Bell-Evans-Polanyi (BEP) princi-
ple [36, 37] and the Leffler-Hammond postulate (HP)
[38, 39].

Both computed model DA reactions of phosphinine
and phosphinine sulfide with DMAD are exothermic,
but the exothermicity of the reaction of the latter is
almost twice the value for the reaction of the former.
In accordance with the BEP principle, the activation
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barrier of the reaction of phosphinine sulfide is about
4.2 kcal mol−1 lower than that for phosphinine. An
attempt to locate an open-shell transition structure in
these two reactions failed; it always led to a concerted
transition structure.

In summary, the theoretical calculations reveal that
the DA reactions of phosphinine sulfides follow a con-
certed mechanism, and that the role of sulfur is to oxi-
dize phosphinine to generate a phosphinine sulfide in-
termediate which subsequently reacts with 2,3-dimeth-
ylbutadiene or DMAD to afford the corresponding cy-
cloadducts.

Conclusion

Computations of the diradical versus concerted
mechanisms of the DA reactions of phosphinines and
their sulfides confirm the reaction to proceed in a

concerted mechanism. The DA reactions of phos-
phinines are endothermic with a higher activation bar-
rier whereas those of phosphinine sulfides are exother-
mic with a lower activation barrier. The role of sulfur
in the reaction is to convert phosphinine to phosphi-
nine sulfide accompanied by reduced aromatic charac-
ter, thus making the latter amenable to undergo DA re-
action.
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