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Abstract: 1,3,2-diazaphospholenes and related compounds can formally be regard-
ed as complexes of phosphinidenes (R—P) with 1,4-diazabutadienes. The dissocia-

tion Gibbs free energies of these “complexes” were calculated by using density
functional theory (B3LYP/3-21G(*) and B3LYP/6-311+G**). The dissociation
Gibbs free energies show systematic dependence on the phosphorus substituent as
well as on the stability of the N-donor ligand formed as a byproduct. The thermo-
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dynamics and kinetics of the dissociations were thoroughly examined. The results
allow us to conclude that novel routes of phosphinidene generation can be devel-

oped.

Introduction

The synthetic and theoretical investigations of low coordi-
nated compounds have become an amazing and rapidly ex-
panding field of main group chemistry during the last few
decades. A large number of carbenes,!!! silylenes? and ger-
mylenes® have already been synthesised and their availabili-
ty has prompted structural and reactivity studies. Some of
them have been applied in a wide range of synthetic reac-
tions as the reagent or catalyst.[*

Phosphinidenes (R—P) are phosphorus analogues of car-
benes. So far no stable free phosphinidenes have been syn-
thesised;F! although, based on the diagonal relationship be-
tween carbon and phosphorus, it can be surmised that it is
possible to stabilise phosphinidenes as well. In our previous
work,'®! we have shown computationally that (Me;Si),C=N-P
has a singlet ground state, and as it is stable against dimeri-
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sation, it is a likely synthetic target. No facile synthetic
route has been found, however, to access this compound.m

For the generation of free phosphinidenes, several meth-
ods have been developed. The application of phosphi-
ranes®® (three-membered rings containing phosphorus),
diphosphenes® (R'—P=P—R) or phosphanylidene-phosphor-
anes (R'—P=PR;,)! has remained quite limited. Two widely
applicable preparative methods are known, however, for the
in situ synthesis of phosphinidene complexes. The first of
them was reported by Marinetti, Mathey et al. in 1982,1'%
who generated a transient phosphinidene complex by ther-
mal decomposition of a phosphanorbornadiene complex
(Scheme 1A)."" Later on, Lammertsma and co-workers ap-
plied (benzo)phosphepine as viable phosphinidene source,
which released the phosphinidene complex via a phospha-
norcaradiene intermediate (a bicyclic isomer of the seven-
membered-ring phosphepine; Scheme 1B).'" The driving
force in both types of reactions is the formation of an aro-
matic ring. Recently, the generation of a stabilised amino-
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phosphinidene from triphosphabenzene and its trapping by
a second molecule of triphosphabenzene has also been re-
ported.[¥

A hitherto unexplored method for the generation of phos-
phinidenes is the decomposition of a five-membered diaza-
phospholene ring 1 by means of formation of a diazabuta-
diene as a byproduct (Scheme 2). The formal consideration

RZ R® RZ R®
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R1-N\P,N—R4 — R'-N N-R*+ P-R
A
R
1

Scheme 2.

of 1 in this context as a diazabutadiene complex of a phos-
phinidene parallels a description that has been used for car-
benes and carbene analogues'™ and the fragmentation of 1
is further related to the known decomposition of N-hetero-
cyclic stannylenes to give a diazadiene and tin.®! Although
1is known as a stable compound,''® it can be conceived that
by varying the substituent pattern of the complexing diaza-
butadiene moiety, appropriately substituted 1,3,2-diazaphos-
pholenes might be utilised as phosphinidene sources
(Scheme 2).

As a possible approach to this target, we wanted to con-
sider not only the dissociation of diazaphospholenes with an
isolated ring A (with R;=H atoms), but also of their conge-
ners with fused ring systems, such as B and C shown in
Scheme 3.

Scheme 3.

The fused ring framework in heterocycles B was chosen in
such a way that the fission of the phosphinidene is accompa-
nied by the formation of 2,2"-bipyridine or 1,10-phenanthro-
line. These species are widely used bidentate chelating li-
gands in coordination chemistry”” and supramolecular
chemistry™ and are expectedly aromatic which ought to
contribute to the driving force for the dissociation shown in
Scheme 2. Fragmentation of the bicyclic 1,4,7-diazaphospha-
norbornadiene framework in compounds of type C is similar
to the currently used synthetic approaches of phosphinidene
complexes reported by Mathey™ and Lammertsma.!'?!

The aim of this study is to investigate computationally the
possible formation of phosphinidenes by means of decompo-
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sition of the N-heterocyclic precursors mentioned above.
The influence of benzannelation pattern and substituent ef-
fects will be discussed in detail.

Calculations

DFT calculations were carried out with the Gaussian 03 pro-
gram package.'”! All structures were calculated with two dif-
ferent basis sets (B3LYP/3-21G(*) and B3LYP/6-
3114+G**).2% At each of the optimised structures, vibration-
al analysis was performed to check whether the stationary
point located is a minimum or a transition structure (TS)
characterised as a first-order saddle point of the potential
energy hypersurface. The Gibbs free energies were calculat-
ed by utilising the B3LYP/6-3114+G** harmonic frequencies
at 298 K. The NICS values®!! were calculated at the B3LYP/
6-311+G** level at the ring centre (NICS(0)), and also at
1.0 A above the ring plane (NICS(1)). In case of any TS lo-
cated, IRC calculations were carried out to find the minima,
which are connected by the transition structures. The stabili-
ty of the wavefunction was tested for all the optimised struc-
tures. In certain cases, higher level calculations were also
performed to test the reliability of the results (see the Re-
sults and Discussion section). For the visualisation of the
molecules, the Molden program was used.?

Results and Discussion

The fragmentation reactions of the two types of ring men-
tioned above (Schemes2 and3) were studied for com-
pounds with different numbers of fused rings and R groups
(see Scheme 4). The complexes can be divided into two
groups: compounds 1-4 containing type B (including bipyri-
dine or phenanthroline derivatives) and compounds 5-7
with type C (pyrazine derivatives) ring systems.

Both dissociation energies and Gibbs free energies calcu-
lated at the B3LYP/6-311+G** level with different R sub-
stituents are listed in Table 1 (the two sets of values are in
excellent correlation: R*=0.999), whereas the results of
computations at the B3LYP/3-21G(*) level are given as Sup-
porting Information. The deviations between the two levels
of theory are rather large for all of the complexes. The
larger basis set gave systematically lower values (average
difference 19.2 kcalmol™' with a standard deviation of
2.5 kcalmol‘l); however, the trends of the values are the
same with respect to the number of ring annelations and R
substituents. The basis set superposition error (BSSE) was
calculated by using the counterpoise method,™ and was
found to range between 19.1 and 22.6 kcalmol " for calcula-
tions performed with the smaller basis set (B3LYP/3-21G*)
and between 2.3 and 2.6 kcalmol ™ only for calculations per-
formed with the larger basis set (B3LYP/6-3114+G**). This
indicates that the difference of the dissociation energies is
mainly attributable to the BSSE. To estimate the reliability
of our data, in the case of 1-R, CBS-QB3 energy calcula-
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Scheme 4. Reactions and complexes (nR, n=1-7) studied. R denotes the substituent R on the P atom: R=H
(a), NH, (b), N=CH, (¢), and N=C(SiH;), (d); for example, 1a corresponds to compound 1 with R=H.

Table 1. Dissociation energies (AEg(nR)) and Gibbs free energies (AG . (nR)) at 298 K of the complexes
nR (n=1-7 see Scheme 4; in kcalmol ™!, B3LYP/6-3114+-G**//B3LYP/6-311+G**).

3114G**).) The dissociation

N reactions for NH,-substituted
[F\ﬂ derivatives (1b-7b) were also
N

R calculated with singlet phosphi-

nidene; however in this case,
N
(R0
N
R

the triplet is more stable than
L
P
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Nk

the  singlet®® by  only
2.3 kcalmol ' at CCSD(T)/aug-
cc-pVTZ//B3LYP/6-3114-G** [
In our previous study,® we
have shown by using the isodes-
mic reaction (Scheme 5) that
the stability of the (singlet)
phosphinidenes is as follows:
P-H <P-NH, <P-N=CH, <
P-N=C(SiH;),. A plot of the
energies of the isodesmic reac-
tion (AEjsqesmic) against the dis-
sociation Gibbs free energies
(AGissoc) of 1-R-7-R (Figure 1)
gives a good correlation for all
types of heterocycles studied,
and allows us to conclude
that—as expected—the more

stable the (singlet) phosphini-

R= H (a) NH, (b) N=CH, (c) N=C(SiH,), (d) i
AEdim)c AGdissoc AEdissoc AGdissoc AEdissoc A(;«Jissoc AEdissoc AGdismc dene IS, the leSS Stable the reac-
1R 880 74.0 62.4 49.1 2.1 275 28.9 135 tant complex. _
2R 65.7 51.9 40.8 275 20.5 56 72 —8.4 Comparing the two basic
3R 433 31.0 20.8 83 1.4 -16.0 -16.2 —294  routes of phosphinidene gener-
SOownE el T RS o on e B ARSR)
6-R 212 84 21 ~146 261 -397 ~39.9 533 and € (SR-T-R, Scheme3)
7R 36.7 236 11.9 —07 ~117 257 255 —412  compounds revealed different
tendencies which are, however,
tions were also performed. The differences are between R-PH, + H-P —= R-P + H-PH, AE g sgeamic

—2.1 and +43.0kcalmol™' with respect to B3LYP/6-
3114+G**, indicating that this level is reasonably accurate.

The reliability of our computations can also be estimated
by comparison with available information from previous ex-
perimental studies: Derivatives of 1a and 1b with bulky /Bu
and Mes* substituents at the ring nitrogens® as well as
analogous compounds with chlorine (R=C!*%! and bro-
mine (R=Br)?" substituents have been reported as stable
entities and the +82.5 and +81.0 kcalmol™ dissociation
Gibbs free energy values computed for 1a and 1b, respec-
tively, are in good accordance with the stabilities of these
compounds (the energetic effect of the substituents at nitro-
gen should be far less than the computed stability discussed
above).

It should be noted that the dissociation reactions of 1a-
7a were calculated under the assumption that a singlet phos-
phinidene is formed, although the singlet in the case of the
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Scheme 5.

independent of the nature of R: With bipyridine- or phenan-
throline-like ligands (type B compounds, 1-R-4-R), the dis-
sociation Gibbs free energy decreases with increasing
number of fused rings in the direction from 1-R to 4-R.
Type C compounds with a pyrazine unit (5-R-7-R), howev-
er, show a different trend: here, 7-R compounds with phena-
zine ligands with two benzannelated rings exhibit the largest
stability, whereas the 1,4,7-diazaphosphanorbornadienes 5-R
are predicted to be unstable even when R=H (Figure 2).

To check further the reliability of our calculations, the
phosphinidene precursors reported in earlier studies have
also been computed with the substituent R: —N=C(SiH,),,
which has the largest stabilising effect on the phosphini-
denes (compounds 8d-10d). Compounds 8d and 9d are the
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Figure 1. Relationship between the dissociation Gibbs free energies
(AG gioe) and the energies of the isodesmic reaction (AEiqgesmc)® at the
B3LYP/6-3114+G** level.
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Figure 2. The dissociation Gibbs free energies (AGg..) With R=
—N=C(SiH;), substituents at 298 K (B3LYP/6-311+G**//B3LYP/6-311
+G**).

analogues of the norbornadiene and norcaradiene com-
pounds reported by Mathey" and Lammertsma,™ 10d is
the —_N=C(SiH;), analogue of the phosphirane 11 the de-
composition of which has afforded mesityl phosphinidene
previously.”!

The quite negative B3LYP/6-3114+G** dissociation Gibbs
free energies of 8d and 9d (—33.6 and —48.5 kcalmol !, re-
spectively) suggest that the norbornadiene and norcaradiene
compounds can dissociate easily. For 10d (with R=

@ CH,
N siH, ©P\ _ St ):P\ SiH,
. N=C, N=C
SiH \

N=C

SiH, i

8d 9d 10d
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—N=C(SiH;),), the dissociation Gibbs free energy is
—7.6 kcalmol™!, suggesting that the phosphirane compounds
are less prone to behave as phosphinidene sources than the
norbornadiene type precursors. trans-2,3-Dimethyl-1-mesi-
tylphosphirane (11) was reported to be stable at room tem-
perature and its decomposition could only be initiated by
photolysis or pyrolysis at 190°C.F*® The calculated Gibbs
free energy of the dissociation reaction (Mes-PC,H,Me,
(11)=>*(Mes-P)+C,H,Me,) calculated at the B3LYP/6-
3114+G** level (with triplet mesityl-phosphinidene) is
+20.9 kcalmol ! at 298 K, which agrees with the former ex-
perimental observations.

To understand the different tendencies in the dissociation
energies, we have investigated possible factors leading to
the stabilisation of the starting materials by calculating the
energies of the isodesmic reactions shown in Scheme 6.
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Scheme 6.

The energies of the similar isodesmic reactions were also
calculated for the bare ligands resulting after the cleavage
of the phosphinidene moiety (marked with L in Table 2),
and all isodesmic reaction energies are collected in Table 2.
The computed energies of reactions2-1 (Scheme 6) are
around —25 kcalmol™! for all R groups. This suggests that
compounds 2-R experience an extra destabilisation as com-
pared with 1-R. The second benzannelation (reactions 3-2)
results in a similar destabilisation to the first one (reac-
tions 2-1). The destabilisation is attributable to the loss of

aromaticity (which is present in
the reference compound pyri-

CH, dine, but is significantly re-
);P duced in the annelated N-con-
H.C taining ring of 2-R or 3-R with
7t electrons). A recent estima-

1 tion) of the aromatic stabilisa-
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Table 2. Isodesmic reaction energies (IE(R) and IE(L)) in kcalmol™
(B3LYP/6-311+G**). L denotes energies of isodesmic reactions in the
case of the bare “ligands” remaining after cleavage of P—R in Scheme 6;
note that in these cases, the double-bond positions differ from those
shown in Scheme 6.

Isodesmic H NH, N=CH, N=C(SiH;), Ligand
reaction [E(a) IE(b) IE(c) 1E(d) IE(L)
2-1 -23.6 -229 -22.9 -23.0 -13
32 —-24.8 224 —24.3 —25.8 —2.4
6-5 52 4.5 4.6 43 -85
7-6 32 1.6 2.0 3.0 -12.3

tion in pyridine is 31-33 kcalmol !, which is not far from the
25 kcalmol ! obtained for reactions 2-1 and 3-2, respective-
ly. The NICS(0)?"* and NICS(1) values for the six-mem-
bered rings of 2a are +4.1 and +1.6 ppm, respectively.
These small positive values indicate non-aromaticity (at the
slight antiaromatic side). To the contrary, the corresponding
NICS(0) and NICS(1) values for the pyridine imine ob-
tained after the loss of the phosphinidene in reaction of 2-R
are —6.3 and —9.9 ppm which indicates—as expected—a sig-
nificant aromaticity in the pyridine ring.

In case of the reactions of 4-R, the increased aromatic sta-
bilisation of the product phenanthroline (in comparison to
bipyridine) shifts the dissociation energies and Gibbs free
energies even further to the negative direction, although the
difference is not substantial. It should be noted that phenan-
throline has a rigid structure and is not able to undergo con-
formational isomerisation, whereas in case of the 2,2'-bipyri-
dine, the cis—trans conformational change lowers the energy
by 7.7 kcalmol ™ at the B3LYP/6-311+G** level (for the
other two bipyridine-type ligands, similar conformational
energy changes of 7.5 and 5.4 kcalmol ' have been comput-
ed).

For type C compounds (5-R-7-R), an opposite trend than
for type B compounds is observed: the dissociation energy
(and Gibbs free energy) increases with the number of ben-
zannelations. This suggests that the aromaticity of the li-
gands might decrease in the order pyrazine (in 5-R)> qui-
noxaline (in 6-R)>phenazine (in 7-R). The NICS(0) and
NICS(1) values for these compounds in Table 3 (in good ac-
cordance with former studies®™) reveal that the central ring
of the phenazine system shows the largest and the pyrazine
the smallest aromaticity, although the differences are only
minor.

Table 3. NICS(0) and NICS(1) values of benzene, pyrazine, quinoxaline
and phenazine (in ppm, at B3LYP/6-3114+G** level on geometries opti-
mised at B3LYP/6-3114+-G**).

o 6o O

A B A B
NICS(0) -8.0 -53 —6.1 -8.8 -9.2 -7.4
NICS(1) —10.2 -10.2 —10.5 -10.9 —12.8 —10.0
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Nevertheless, the isodesmic reaction energies in Table 2
show that the stability of the quinoxaline ring is
8.5 kcalmol ™! less than that of pyrazine plus benzene (the
energy of the corresponding isodesmic reaction for naphtha-
lene and benzene is of similar value: 11.3 kcalmol™), show-
ing that the NICS values estimate the aromaticity of the pyr-
azine moiety only and not that of the entire fused ring
system. While the stabilization of the ligands decreases
somewhat with benzannelation, the energy of the isodesmic
reactions 6-5 and 7-6 (Scheme 6), shows only a small stabili-
ty enhancement with increasing number of benzannelated
rings. This effect (which is again not sensitive to the sub-
stituent R) may be associated with the 0.01 A shorter C-N
bond lengths in case of benzannelated rings.

The activation energy of the phosphinidene loss was cal-
culated for compounds 3a—d and Sa-d, which could be the
most promising phosphinidene-generating targets, and 8a-d,
which are the analogues of the already applied phosphini-
dene sources (Table 4). Interestingly, in the case of com-
pounds 8c¢ and 8d, concerted reaction paths could only be
found (see Figure 3 for 8c¢). For compounds 8a and 8b, a
stepwise mechanism with norcaradiene-type intermediates
was obtained. All the other compounds (with nitrogen het-

Table 4. Energies of the transition states (Ers;) and intermediates (Eqpy)
compared to the energies of complex compounds (3a-d, Sa-d, 8a-d) and
reaction energies in the phosphinidene elimination reactions (in kcal
mol !, B3LYP/6-3114+G*¥).

ETSI EIM ETS] EIM ETSI EIM
3a 121 -29 5a 153 -503 8a 256 —174
3b 172 75 5b 69 -397 8b 158 —80
3¢ 158 —0.50  5¢ 85 —499 8¢ 120 M
3d 101 —13.8 5d 45 —-528 8d 54 bl

[a] Following the intermediate, a second transition state was found with
an energy barrier of 1.7 kcalmol™'. [b] The reaction proceeds by a con-
certed mechanism, no intermediate was found.

30 =
n o
T + —
: +12.0
T : (+9.2)
2 . .
:8 ;'- 2
<) 0.0 .
Iy (0.0) +
-10 L O X
P
x N e
20 = 4
=234
(-35.7)
=30 -

Figure 3. Reaction path along the reaction coordinate for 8c. B3LYP/6-
3114+G** energies and Gibbs free energies (in brackets) in kcalmol .
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Figure 4. Reaction path along the reaction coordinate for 3¢. Energies and Gibbs free energies (in brackets) in

kcalmol™. (B3LYP/6-311+G**//B3LYP/6-311+G**).

eroatoms) eliminate the phosphinidene by means of a step-
wise mechanism (for an example, see Figure 4 for 3¢). In
the latter case (compounds 3a-d and 5a-d), the intermedi-
ates formed (Figure 3) are best described as n'-adducts of
the phosphinidene (note that phosphinidenes are known to
be stabilised by nucleophiles™*!1331) Some n'-adducts are
similar in energy to the ligand 4+ phosphinidene system; how-
ever, the entropy factor makes the dissociation reaction fa-
vourable. The phosphinidene loss from the n'-adducts (3a-d
and 5a-d) and the norcaradienes (8a and 8b) proceeds with
a remarkably small barrier (except for 3¢). Examination of
the values of the barrier heights reveals that the dissociation
has no kinetic hindrance and the activation barriers of the
complexes with N-donor ligands are not higher than those
of the norbornadiene-type compounds.

Conclusion

1,3,2-Diazaphospholenes (A, Scheme 3) can be described as
phosphinidene complexes with N-donor ligands and as such
they may dissociate to form phosphinidenes. The dissocia-
tion Gibbs free energies for this fragmentation process were
calculated at different levels of theory for a wide range of
promising phosphinidene precursors which are distinguished
by the presence of different substituents R at phosphorus
and the embedding of the parent heterocycle into a bipyri-
dine-like (B, Scheme 3) or a pyrazine-like (C, Scheme 3)
fused ring system. The dissociation energy (and Gibbs free
energy) decreases with the increasing stability of the singlet
phosphinidene depending on R. A further systematic
change can be observed for species with the same substitu-
ent R: the most important factor here is the aromatic stabili-
sation of the N-donor ligand formed upon releasing the
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phosphinidene, although stabili-
sation of the starting complex
may have some influence as
well. In type-B complexes, the
increasing number of benzanne-

ooh lations promotes the dissocia-

tion, whereas in type-C com-
plexes, ring fusion renders the
dissociation thermodynamically

- et less favourable. The energies of
(-2.7) i transition  structures  corre-
(-16.0) sponding to the loss of phosphi-

. nidene for the different precur-

p-o-0 sors studied are reasonably

4 small, allowing the dissociation

kinetically.

On the basis of our calcula-
tions, the phosphinidene com-
plexes under study display a
wide spectrum of dissociation
Gibbs free energies and have
thus different phosphinidene-
generating power. The phosphi-
nidene complexes with negative dissociation Gibbs free en-
ergies seem to be promising precursors for experimental
studies directed to the generation of stable free phosphini-
denes.
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