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Abstract: To assess the viability of 1,4-
diphosphabutadiyne (PCCP, 2 a) as a
target for synthesis, we have investigated
C2P2 isomers 2, the end-on complexes
[Cr(CO)5PCCP] (3) and [(CO)5Cr-
(PCCP)Cr(CO)5] (4), as well as their
side-on analogues 6 and 7, respectively,
using nonlocal density functional theory
and a large, doubly polarized triple-z
STO basis (BP86/TZ2P); C2N2 isomers 1
were included for comparison. The
PCCP molecule 2 a turns out to be a
thermodynamically stable, linear CP
dimer with a 298 K carbon ± carbon
bond dissociation enthalpy (BDE) of
152.2 kcal molÿ1. The relatively high
BDE and a CÿC bond length of
1.336 �, together with the results of a
careful bond analysis, show that the
PCÿCP bond is best conceived as having
partial triple bond character (i.e.,

P�CÿC�P$PÿC�CÿP) similar to the
NCÿCN bond. However, the relatively
low HOMO ± LUMO gap of 2.5 eV in
the p system of 2 a [versus 5.6 eV in
NCCN (1 a)] is indicative of a low
kinetic stability: 2 a is likely to have a
strong tendency toward polymerization.
A conceivable strategy to protect and
stabilize the evasive target molecule is
coordination of the terminal P atoms to
a transition metal fragment, for exam-
ple, {Cr(CO)5}. The (first) CrÿP bond
dissociation enthalpy (for 298 K) in our
model systems 3 and 4 amounts to
20 kcal molÿ1; side-on coordination (6

and 7) leads to an additional stabiliza-
tion of about 1 ± 2 kcal molÿ1. In a pre-
liminary investigation, the effect of dou-
ble side-on coordination of the P�C
bond of 2 a to {Co2(CO)6} was also
briefly explored and found to furnish
considerable stabilization. Furthermore,
the differences in geometry (e.g., linear
versus nonlinear) and bonding in CP and
CN dimers are discussed and related to
the electronic structures of the mono-
mers. The bonding in the linear CCÿNN
and CCÿPP codimers is also analyzed.
We also address the question why flash
vacuum thermolysis (FVT) of norborna-
dienonazine, although it does contain
the CNNC unit, yields nearly exclusively
CNCN (1 b) and only a trace of CNNC
(1 c).

Keywords: coordination modes ´
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phosphabutadiyne ´ orbital interac-
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Introduction

There is a remarkable discrepancy in our knowledge about
four-atom molecules C2X2 containing two carbon atoms and
two atoms X of Group 15 such as C2N2 (1; X�N) and C2P2 (2 ;
X�P). One representative, cyanogen (formally 1,4-diazabu-
tadiyne, NCCN, 1 a), is stable under normal conditions; it was
first prepared as early as 1815 by nobody less than Gay-

Lussac[1] and has been intensively studied since.[2] In contrast,
its positional linear isomers isocyanogen (CNCN, 1 b)[3, 4] and
especially diisocyanogen (CNNC, 1 c)[5] are rather unstable,
and it is therefore not surprising that their discovery was
reported nearly two centuries later in 1988 and 1992,
respectively.

Much less is known about the corresponding phosphorus
compounds 2. This may be considered to be a consequence of
the Double Bond Rule,[6, 7] which states that double or
multiple bonds are stable only between elements of the
Second Period, whereas those between higher row elements
are usually kinetically unstable. In the present context, this
means that under normal conditions C�X triple bonds are
stable in the case of the cyanides RÿC�N, while their
phosphorus analogues RÿC�P are stable only when protected
by bulky substituents R.

Only three reports have appeared on the occurrence of 2.[8]

They all concern 1,4-diphosphabutadiyne (PCCP, 2 a), the
phosphorus analogue of the stable cyanogen (1 a); to our
knowledge, the 1,3-diphospha isomer CPCP (2 b) and the 2,3-
diphospha isomer CPPC (2 c) have not been described.
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Compound 2 a was obtained by two different experimental
approaches. In the first one, it was detected as a component of
the equilibrium product mixture formed from the gaseous
elements at temperatures above 2000 K; it was identified by
mass spectrometry, and its atomization energy was deter-
mined as Do

0� 392.5� 3.5[8a] or 400.0� 7.0[8b] kcal molÿ1. In the
second approach Bock and Bankmann[8c] attempted the
synthesis of 2 a in a more rational fashion by dechlorination
of Cl2PÿC�CÿPCl2 on a heterogeneous catalyst at 670 8C, but
again 2 a was formed as a minor product only and tentatively
identified by photoelectron spectroscopy and mass spectrom-
etry.

In the context of a program directed toward the develop-
ment of synthetic strategies for alternative routes to 2 a,[9] we
were interested in obtaining more information on the stability
and viability of this compound through a detailed density

functional theoretical (DFT) study (see Experimental Sec-
tion).[10] In this context, the other two CP dimers (2 b and 2 c)
as well as the nitrogen analogues 1 were also of interest
(Results and Discussion, section 1). We have tried to under-
stand the differences in stability and geometry of these species
through a detailed analysis and comparison of the electronic
structure and bonding (Results and Discussion, section 2).[11]

Furthermore, the complexation behavior of 2 a was of
interest because the unstable 1 b has been incorporated into
the stable complex [Cr(CO)5CNCN],[12] and it is known that
unsaturated phosphorus compounds can be similarly stabi-
lized by coordination to transition metals.[7] It was therefore
envisaged that the evasive 2 a might be isolable in the form of
complexes such as [Cr(CO)5PCCP] (3) or [(CO)5Cr(PCCP)-
Cr(CO)5] (4). In order to test this hypothesis, these two
complexes were also incorporated in the present theoretical
investigation, as well as some other coordination compounds
derived from 2 a (Results and Discussion, section 3).

Experimental Section

General procedure : All DFT calculations were performed using the
Amsterdam-Density-Functional (ADF) program developed by Baerends
and others.[4i, 13, 14] The molecular orbitals (MOs) were expanded in a large
uncontracted set of Slater type orbitals (STOs) containing diffuse
functions: TZ2P (no Gaussian basis functions are involved).[13c] The basis
set is of triple-z quality, augmented with one set of 4p functions on Cr and
Co, and two sets of polarization functions (3d and 4f) on C, N, and P. Core
shells (1s for C and N; 1s, 2s, and 2p for P and Cr) were treated by the
frozen-core approximation.[13a,b] An auxiliary set of s, p, d, f, and g STOs was
used to fit the molecular density and to represent the Coulomb and
exchange-correlation potentials accurately in each self-consistent field
(SCF) cycle.[13a] The numerical integration was performed with the
procedure developed by Boerrigter, te Velde, and Baerends.[13d]

Geometries were optimized using analytical gradient techniques.[13e]

Frequencies[13f] were calculated by numerical differentiation of the
analytical energy gradients. Energies, geometries, and frequencies were
computed with the local-density approximation (LDA)[10a, 13g] with nonlocal
corrections to exchange and correlation due to Becke[13h, 13i] and Perdew[13j]

added self-consistently[13k] (BP86). Frequency calculations for 3 and 4 were
performed with LDA only. Energies were calculated directly with respect
to atoms in one numerical integration of the difference energy density
e[1,r]ÿSAeA[1,r] between the overall molecule and the constituent atoms
[Eq. (1)].

DE[1]�
�

e[1,r]ÿ
X

A

eA[1,r]dr (1)

In other words, we evaluate the energy of the overall molecule, E[1]��
e[1,r]dr, and the energies of each of the component atoms, EA�

�
eA[1,r]

dr, in the same numerical integration grid. This provides more accurate
relative energies than subtracting total energies from separate calculations,
because the same relative numerical integration error applies to a much
smaller quantity, yielding in turn a much smaller absolute error.

Bond analysis : The central electron-pair bond in the linear CN´ and CP´

dimers was analyzed using the extended transition state (ETS) method
developed by Ziegler and Rauk.[14] The overall bond energy DE is divided
in two major components [Eq. (2)].

DE�DEprep�DEint (2)

The preparation energy, DEprep, is the amount of energy required to deform
the separated fragments from their equilibrium structure to the geometry
that they acquire in the composite molecule. The actual interaction energy,
DEint , between the prepared fragments can be further split up into three
physically meaningful terms [Eq. (3)].

DEint�DVelst�DEPauli�DEoi (3)

Abstract in German: Um die Chancen für eine erfolgreiche
Synthese von 1,4-Diphosphabutadiin (PCCP, 2a) zu erkun-
den, haben wir die C2P2-Isomere 2, die End-on-Komplexe
[Cr(CO)5PCCP] (3) und [(CO)5Cr(PCCP)Cr(CO)5] (4)
sowie deren Side-on-Analoga 6 und 7 untersucht, wobei
nichtlokale Dichtefunktionaltheorie angewendet sowie eine
groûe, doppelt polarisierte Tripel-z-STO-basis (BP86/TZ2P)
verwendet wurden; zum Vergleich wurden auch die C2N2-
Isomere 1 berechnet. Das PCCP Molekül 2a erweist sich als
thermodynamisch stabiles, lineares CP-Dimer mit einer Koh-
lenstoff ± Kohlenstoff-Bindungsdissoziationsenthalpie (BDE)
von 152.2 kcal molÿ1 bei 298 K. Die relativ hohe BDE und
eine CÿC-Bindungslänge von 1.336 � sowie die Resultate einer
detaillierten Bindungsanalyse zeigen, daû die PCÿCP-Bindung
am besten mit der Annahme eines partiellen Dreifachbin-
dungscharakters verstanden werden kann (P�CÿC�P$
PÿC�CÿP), ähnlich der NCÿCN-Bindung. Allerdings gibt
die relativ kleine HOMO-LUMO-Lücke von 2.5 eV im p-
System von 2a (vgl. 5.6 eV in NCCN (1a)) einen Hinweis auf
geringe kinetische Stabilität : 2a neigt vermutlich stark zur
Polymerisation. Eine aussichtsreiche Strategie zum Schutz und
zur Stabilisierung dieses schwer zugänglichen Moleküls könnte
die Koordination des terminalen Phosphoratoms an ein Über-
gangsmetallfragment wie {Cr(CO)5} sein. Die (erste) CrÿP-
Bindungsdissoziationsenthalpie (bei 298 K) in unseren Mo-
dellsystemen 3 und 4 beträgt 20 kcal molÿ1; die Side-on-
Koordination (6 bzw. 7) liefert eine zusätzliche Stabilisierung
von ungefähr 1 ± 2 kcal molÿ1. Der Effekt einer doppelten Side-
on-Koordination der P�C Bindung von 2a an {Co2(CO)6}
wurde ebenfalls untersucht; sie führt zu einer erheblichen
zusätzlichen Stabilisierung. Weiterhin werden Unterschiede in
der Geometrie (z. B. linear/nichtlinear) und im Bindungsver-
halten von CP- und CN-Dimeren diskutiert und mit der
elektronischen Struktur der Monomere korreliert. Auch die
Bindungssituation in den linearen CCÿNN- und CCÿPP-Co-
Dimeren wird analysiert. Schlieûlich untersuchen wir noch das
Problem, warum die Blitzvakuumthermolyse von Norborna-
dienonazin, obwohl es die CNNC-Teilstruktur bereits enthält,
fast ausschlieûlich CNCN (1b) und nur eine Spur von CNNC
(1c) liefert.
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Here, DEelst corresponds to the classical electrostatic interaction between
the unperturbed charge distributions of the prepared fragments and is
usually attractive. The Pauli repulsion, DEPauli , comprises the four-electron
destabilizing interactions between occupied orbitals and is responsible for
any steric repulsion. The orbital interaction, DEoi , accounts for electron-
pair bonding,[14a] charge transfer (e.g., HOMO ± LUMO interactions), and
polarization (empty/occupied orbital mixing on one fragment due to the
presence of another fragment).

Results and Discussion

1. C2P2 and C2N2: structures and energies : In this section we
present the geometries and energies of a selection of C2N2 (1)
and C2P2 (2) species obtained at the BP86/TZ2P level. They
are summarized in Figures 1 and 2. For the assessment of the
nature of our target molecule PCCP (2 a), which has only been
tentatively characterized experimentally,[8] it is helpful to
compare this molecule with an existing analogue. Thus, let us
first consider the well-known NCCN (1 a) and its linear
isomers in which phosphorus is replaced by its first-row
congener nitrogen.

1.1. The C2N2 species : All three CN dimers 1 a ± 1 c have stable
minimum-energy structures of linear symmetry: D1h for 1 a

and 1 c, C1v for 1 b (see Fig-
ure 1). An interesting phenom-
enon is that the central bond R2

(see Scheme 1) becomes both
shorter and weaker if one cou-
ples the two CN radicals
through CÿC (1 a), NÿC (1 b),
or NÿN (1 c) bonds: in this

order, R2 contracts from 1.373 to 1.305 to 1.274 �, while the
corresponding bond dissociation enthalpy (BDE�ÿDH at
298 K) decreases from 136.6 to 113.5 to 68.2 kcal molÿ1; the
zero Kelvin electronic-bond dissociation energies, that is,
ÿDE, are 140.5 (1 a), 117.2 (1 b), and 71.4 kcal molÿ1 (1 c). The
contraction of R2 is due to the combined effect of the smaller
effective size of nitrogen compared with carbon and to its
higher electronegativity, which causes the weakly CÿN
antibonding cyanide SOMO to have a lower amplitude on
nitrogen. These effects lead to an onset of both repulsive and
bonding interactions at shorter bond lengths if N instead of C
is involved in the central bond (for more details, see section 2
and ref. [4i]).

The CÿN bond length of the isolated cyanide radical is
1.173 �. It contracts by about 0.01 � if cyanide binds through
carbon to the another CN radical as in 1 a and 1 b (Figure 1).
However, if CN binds through nitrogen, the terminal CÿN
bond expands by about 0.02 � as in 1 b and 1 c.

There is yet another linear isomer, CCNN (1 d), which can
be conceived to be a codimer of C2 and N2 monomers, held
together by a donor ± acceptor bond between the valence state
LUMO of C2 (i.e. , 3sg) and the sHOMO of N2 (again 3sg). A
more detailed discussion of this bond has been given by
Scheller et al.[16] Compound 1 d is even higher in energy than
the least stable CN dimer 1 c, although by 3.2 kcal molÿ1 only.
The CÿC, CÿN, and NÿN bond lengths in 1 d are 1.277, 1.267,
and 1.140 �, respectively.

We have investigated the transformation of 1 a via TS(1 a/
1 b) to 1 b, and of 1 b via TS(1 b/1 c) to 1 c (Figure 1). The 298 K
activation enthalpies DH= for these reactions are 57.6 and
80.4 kcal molÿ1, respectively. The reverse barriers are 34.5
(1 b!1 a) and 35.1 kcal molÿ1(1 c!1 b). Sunil et al.[4e] have

reported two transition states
for direct conversion of 1 c into
1 a, one of D2h and the other of
C2v symmetry, which are 16.8
and 76.1 kcal molÿ1, respective-
ly, above 1 c (DE at MP4/6-
31G*//MP2/6-31G*). We have
found similar structures 1 e and
1 e'' at 23.2 and 65.4 kcal molÿ1

above 1 c (DH298 at BP86/TZ2P;
Figure 1). However, according
to our vibrational analysis,
these are actually transition
states for the automerization
of 1 a and 1 c, respectively, and
not for the interconversion
1 a!1 c. Likewise, in a recent
computational study [B3LYP/6-
311G(d)], Ding et al.[4l] were
not able to find the transition
states for the interconversion of
1 c to 1 a reported in referen-
ce.[4e] Instead, they located two
different activated complexes
that are, to some degree, struc-
turally similar both to ours and
to those of Sunil et al. ,[4e] but

Figure 1. BP86/TZ2P results for C2N2 isomers (1): geometries (in �, degrees), electronic energies (in kcal molÿ1)
relative to 2CN, number of imaginary frequencies (in parentheses), and 298 K enthalpies [in square brackets].

Scheme 1.
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have a lower symmetry (Cs and C1) and belong to the
automerization of 1 b (C1N2C3N4!N2C1N4C3). They do find a
cyclic transition state[4l] for the isomerization of 1 c to 1 a ;
however, this transition state is rather high in energy above 1 c
(44.4 kcal molÿ1 at B3LYP and 39.4 kcal molÿ1 at CCSD(T)//
B3LYP, respectively). Thus, caught in potential-energy wells
of at least 34 kcal molÿ1, all three CN dimers are kinetically
stable toward unimolecular isomerization at room temper-
ature.

1.2. Flash vacuum thermolysis of norbornadienonazine : Our
results are of relevance for the question why norbornadi-
enonazine (C6H6>C�NÿN�C<C6H6), even though it con-
tains the CNNC entity and thus is a straightforward precursor
of 1 c, on flash vacuum thermolysis (FVT) yields mainly
CNCN (1 b);[3] less than 1 % of 1 c was tentatively identified in
the thermolysis product.[3d, 5]

While Sunil et al.[4e] had suggested a low-energy pathway
from 1 c via 1 a to 1 b, the present study gave no indication for
such a pathway. Another problem with a 1 c!1 b isomer-
ization proceeding via 1 a is that it does not explain the
predominant formation of the less stable 1 b on FVT at lower
temperatures; the ratio of 1 b :1 a on FVT of norbornadi-
enonazine was approximately 2:1 at 450 8C and 1:2 at
800 8C.[3d] Moreover, 1 b was found to be remarkably stable
towards rearrangement to 1 a under FVT conditions; the ratio
of a 92:8 mixture of 1 b/1 a remained unchanged on FVT at
500 8C, and only at 750 8C did it become 1:1.[3i] We therefore
have to look for alternative interpretations of the formation of
1 b. In all likelihood, the precursor norbornadienonazine
fragments on FVT in two steps:[3d] first, only one benzene
moiety is split off under formation of an intermediate C6H6>

C�NÿN�C, which may isomerize to the more stable C6H6>

C�NÿC�N; thereafter, the second benzene moiety dissociates
to furnish CNCN (1b). The isomerization of C6H6>C�NÿC�N
is, however, still a high-energy process. This is suggested by
the results from a preliminary exploration of the potential-
energy surface of the simple model system 5 [Eq. (4)].

The interconversion of H2CNNC (5 a) to H2CNCN (5 b)
proceeds via intermediate 5 c, which is 31.1 kcal molÿ1 above
5 a ; this is a lower limit for the reaction barrier. The 298 K
reaction enthalpy for the conversion of 5 a to 5 b is
ÿ36.7 kcal molÿ1.

1.3. The C2P2 species : Our target molecule PCCP (2 a) turns
out to be a stable, linear CP dimer; the two monomeric units
are bound by DH�ÿ152.2 kcal molÿ1 at 298 K through a
carbon ± carbon bond of 1.336 � (Figure 2). The weakly IR-
active asymmetric CÿP stretching vibration (P! C 
CÿP!) has a frequency of 1245.8 cmÿ1, that is, some
20 cmÿ1 higher than that of the CP radical (1226.3 cmÿ1) and

about 35 cmÿ1 lower than that of HCP (1281.2 cmÿ1). The
PCÿCP bond is even somewhat stronger (16 kcal molÿ1) and
shorter (0.04 �) than the NCÿCN bond. This is indicative of
(partial) multiple CÿC bond character. Thermodynamically,
2 a should therefore be just as stable a molecule as the well
known cyanogen (1 a). However, problems may be expected
in view of a possibly low kinetic stability of 2 a, which stems
from its rather small HOMO ± LUMO gap of only 2.5 eV (see
section 2.2); for comparison, the HOMO ± LUMO gap in
NCCN is 5.6 eV. Strategies to cope with the lower kinetic
stability of 2 a are discussed in section 3.

However, there are more differences between 2 and 1 that
become apparent when we couple the CP radicals through
phosphorus. The weakening of the central bond R2 (see
Scheme 1), for example, is much more pronounced along the
series 2 a ± 2 c than for the linear nitrogen analogues 1 a ± 1 c :
the 298 K BDEs (ÿDH) are 152.2, 68.7, and 7.5 kcal molÿ1 (!)
for PCÿCP, CPÿCP, and CPÿPC, respectively (compare
Figures 1 and 2). The fact that R2 elongates from 2 a to 2 b
to 2 c (from 1.336 to 1.709 to 2.216 �) instead of decreasing as
in 1 a ± 1 c is, of course, simply due to the more diffuse
character and larger effective size of the phosphorus atom
compared with carbon or nitrogen. The external CÿP bonds
are somewhat elongated in 2 a ± 2 c with respect to the isolated
CP radical (1.577 �).

More importantly, the linear CPCP (2 b) and CPPC (2 c) are
no longer minimum-energy structures (Figure 2). Instead,
structure 2 b represents a second-order saddle point connect-
ing nonlinear, Cs symmetrical species 2 b''. The latter is the
actual equilibrium structure of CPÿCP with a C-P-C angle of
134.78. Note, however, that the preference for the nonlinear
2 b'' is only marginal: on the zero Kelvin potential-energy
surface 2 b'' is only 0.8 kcal molÿ1 more stable than 2 b, whereas
the 298 K CPÿCP bond dissociation enthalpies for both are
equal (ÿDH� 68.7 kcal molÿ1). It is therefore quite conceiv-
able that another quantum chemical method may yield the
linear 2 b as the equilibrium structure, but this would not
affect our conception of the essential physics: CPCP (either
2 b or 2 b'') is much less prone to adapt a linear structure than
PCCP; apparently, the CPÿCP structure is highly flexible. In
addition, the barrier for isomerization to PCCP (2 a) is
extremely lowÐeffectively zeroÐand the nature of the
corresponding reaction profile differs qualitatively from that
for the nitrogen system (1 b!1 a) in that it proceeds via an
intermediate 2 ab (Figure 2). This unimolecular isomerization
mechanism is shown in Equation (5).

Intermediate 2 ab is 39 kcal molÿ1 below CPCP (2 b'') and
44.5 kcal molÿ1 above PCCP(2 a). The zero Kelvin activation
energy DE= for the first step in the isomerization is not more
than�0.1 kcal molÿ1 and the activation enthalpy DH=(298 K)
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is even slightly negative (ÿ0.5 kcal molÿ1). Similarly, with
2 kcal molÿ1, the activation enthalpy for step 2 (2 ab!2 a) is
very low. We conclude that, contrary to CNCN (1 b), CPCP
(2 b'') is a labile species that easily converts to its more stable
PCCP isomer 2 a.

The tendency to distort from linearity becomes even
stronger when both CP radicals bind through phosphorus as
in CPPC (2 c), which is a fourth-order saddle point. Without
aiming at completeness, we have performed a preliminary
exploration of the C2P2 potential-energy surface in order to
find minimum-energy structures that involve PÿP bonding
(see Figure 2). This revealed the C2v symmetric 2 e'', which is at
ÿ77.9 kcal molÿ1 (DH) relative to 2 CP. The PÿP bond in 2 e'' is
2.362 �, that is, 0.146 � longer than in the linear 2 c, and the P2

unit is symmetrically bridged by each of the two carbon atoms
with CÿP bond lengths of 1.802 � and a dihedral C-P-P-C
angle of 113.28. There is no CÿC bond (dCC� 2.272 �). The
puckered 2 e'' may automerize through a 37 kcal molÿ1 barrier
(DH) associated with the planar C2h symmetric transition state
2 e. The C atoms in the latter are arranged trans with respect to
each other, each bridging the P2 fragment asymmetrically.
Species 2 g, another C2v symmetric energy minimum, contains

a firm CÿC double bond of 1.346 �; this molecule is
11.7 kcal molÿ1 above 2 e''. Structures 2 c'' and 2 f represent
third- and first-order saddle points of higher energy, respec-
tively; they will not be further discussed. Finally, an interest-
ing linear C2P2 isomer not yet discussed is 2 d, the phosphorus
analogue of 1 d, which one can view as a donor ± acceptor
bound codimer of C2 and P2 (vide supra). It is the second most
stable, linear C2P2 isomer, 66.4 kcal molÿ1 above PCCP (2 a).
The CÿC, CÿP, and PÿP bond lengths in 2 d are 1.282, 1.645,
and 1.929 �, respectively.

1.4. Comparison with previous studies : The present results
agree well with the available experimental and previous
theoretical results. All reports about 2 refer to PCCP (2 a).
Our PCÿCP bond dissociation enthalpy of 152.2 kcal molÿ1

computed at BP86/TZ2P is nicely in between the experimen-
tal values of 148.9� 7.4[8a] and 157.4� 9.2 kcal molÿ1[8b] ob-
tained through mass-spectrometric equilibrium measure-
ments. Bock and Bankmann[8c] have calculated the geometry
of PCCP using an MNDO approach. The MNDO value for
the CÿC bond length (1.36 �; see Table 1) is 0.02 � longer,

Figure 2. BP86/TZ2P results for C2P2 isomers (2) (see caption to Figure 1). Energies are relative to 2 CP.
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whereas that for the CÿP bond (1.44 �) is 0.14 � shorter than
our DFT results.

Our values for the internal bond lengths R2 of 1 a and 1 b are
generally in good agreement with those obtained by other
theoretical calculations and by a variety of experimental
methods (Figure 1, Table 1). Experimentally, the NCÿCN
bond strength was determined to be 134.7� 4.2 kcal molÿ1[15d] ,
only 1.9 kcal molÿ1 less than our value. To our knowledge, no
experimental geometry or BDE values have been reported for
1 c. Sunil et al.[4e] have computed an NCÿCN bond dissocia-
tion energy of 149.9 kcal molÿ1 at MP4SDTQ (using spin-
projected calculations for CN to correct for spin contamina-
tion) that deviates by �9 kcal molÿ1 from our BP86/TZ2P
value (ÿDE) and by �15 kcal molÿ1 from the experimental
result (ÿDH).[15d]

2. C2P2 and C2N2: electronic structure and bonding: In this
section, we try to understand the nature of the bonding in the
target molecule PCCP (2 a). To this end, the electronic
structure of the linear (CP)2 systems (2 a ± 2 c) is analyzed and
compared with that of the linear (CN)2 species (1 a ± c).
Thereafter, we address the question why PCCP and the CN
dimers are linear, whereas CPCP and especially CPPC tend to
possess a nonlinear geometry.

2.1. CP and CN: electronic structure and orbital interactions:
The valence levels of the CN and CP fragments are displayed
in Figure 3, together with a schematic representation of the
corresponding orbitals. At the lower end of the orbital
spectrum, we have the sHOMOÿ1 (i.e., 3s for CN and 5s for
CP), which is given by the bonding 2s(C)�2s(N) or
2s(C)�3s(P) combination. This low-energy orbital as well as
the high-energy unoccupied 6s(CN) and 8s(CP) are of minor
importance for the central bond in the CN and CP dimers 1 a ±
c and 2 a ± c. Instead, it is the frontier orbitals in the middle of
the orbital spectrum that determine the bonding capabilities
of the CN and CP monomers: in s symmetry they are the
sHOMO and the sSOMO (i.e. , 4s and 5s for CN; 6s and 7s for
CP), and in p symmetry they are the pHOMO and the pLUMO

(i.e., 1p and 2p for CN; 2p and 3p for CP). Both sHOMO and
sSOMO are essentially nonbonding orbitals. The former pro-
vides the axial N or P lone pair, whereas the latter carries the

Figure 3. Valence orbital levels of CN and CP.

unpaired electron. The doubly degenerate pHOMO constitutes
the two p bonds in CN and CP; its antibonding counterpart is
the unoccupied pLUMO.

How do these fragment orbitals interact in the dimers? In
s-symmetry, the SOMOs on the two monomers provide the
electron-pair bond by forming the (sSOMO�sSOMO)2 configu-
ration (A). Not being separated by a large HOMO ± LUMO
gap from the occupied orbitals, the SOMO is furthermore

predestined to enter into a subtle interplay of stabilizing and
destabilizing interactions with the closed-shell sHOMO of the
other fragment: i) the SOMO may act as an unoccupied
orbital accepting charge from the sHOMO, which leads to
stabilization; or ii) it may act as an occupied orbital whose
electron experiences Pauli repulsion with the same-spin
electron in the sHOMO. Another important Pauli-repulsive
component in s symmetry stems from the destabilizing four-
electron-two-orbital sHOMO� sHOMO interaction (see also
Figure 5).

In p symmetry, there is a stabilizing donor ± acceptor
interaction between the doubly degenerate pHOMO and pLUMO

(B) causing two partial p bonds. They are opposed by the

Table 1. Bond lengths of the central bond R2 in the linear dimers 1 a ± c of CN
and 2 a ± c of CP.[a]

NCÿCN CNÿCN CNÿNC PCÿCP CPÿCP CPÿPC
(1a) (1b) (1c) (2a) (2b) (2c)

theoretical
this work[b] 1.373 1.305 1.274 1.336 1.709 2.216
MNDO[8c] 1.36
MP2[4c] 1.381 1.318 1.279
CEPA[4f] 1.395 1.322 1.294
B3LYP[4l] 1.375 1.307 1.274

experimental
HR-IR[15a] 1.389
HR-Raman[15b] 1.380
MW[3c] 1.314
ED 1.388[15c] 1.312[3p]

X-ray[3q] 1.300

[a] See Scheme 1. [b] Computed at the BP86/TZ2P level.
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Pauli-repulsive four-electron-two-orbital pHOMO�pHOMO in-
teraction. Note the difference in nature between the s bond
(electron-pair bonding) and the p bonds (donor ± acceptor
bonding).

Before we discuss the actual energetic effects of the various
interfering mechanisms, let us take a more detailed look at the
shape of the frontier orbitals (see contour plots in Figure 4).

Figure 4. Contour plots and energies (eV) of CN and CP frontier orbitals
(scan values: 0.0, �0.02, �0.05, �0.1, �0.2, �0.5).

Note that the difference in appearance between the CN and
CP orbitals is rather small, in spite of the fact that phosphorus
is clearly less electronegative than nitrogen. This has the
following reason. The sSOMO, for example, arises from the
bonding 2ps(C)�ps(X) combination with an antibonding
admixture of 2s(C), leading to an essentially nonbonding
character and the large characteristic lobe on carbon (X�N,
P). The ps(X) in CN, that is, the nitrogen 2ps, is energetically
in between the carbon 2s and 2p AOs. However, the energy of
the ps(X) in CP, that is, the phosphorus 3ps, is much higher
and approaches that of the 2ps(C). As a result, the 2s(C)
component becomes smaller, but this is out weighed by an
increasing 2ps(C) contribution. Overall, the sSOMO becomes
somewhat more localized on C as we go from CN (49 %) to
CP (61 %). Likewise, the sHOMO gets a somewhat higher 2s(C)
component going from CN to CP, but the appearance is very
similar in both radicals. The pHOMO and pLUMO result from the
bonding and antibonding 2pp(C)� pp(X) combinations, re-
spectively. In CN, the pHOMO has a higher amplitude on the
more electronegative N and the pLUMO on the more electro-
positive C. The contributions from carbon and phosphorus in
CP are more in balance. Yet both the pHOMO and pLUMO do
have more extended lobes on phosphorus simply because this
atom is more diffuse and larger than carbon.

An important feature of the CX orbitals (X�N, P) is their
delocalized nature. In particular the SOMO, carrying the
unpaired electron, has significant amplitude at both ends of
the diatomic. This causes CN and CP to be ambident radicals.
Thus, in terms of simple valence bond (VB) structures, they
are best represented as resonances C and D.

As a direct consequence, CN and CP may form electron-
pair bonds either through CÿC, CÿX or XÿX coupling (X�N,
P) leading to 1 a ± c and 2 a ± c. However, it is also clear that
the SOMO is not evenly distributed, having a more extended
and higher amplitude lobe at the carbon side. On this ground,
the strength of the electron-pair bond A and thus the stability
of the dimer should decrease in the order XCÿCX>

CXÿCX>CXÿXC. This trend may be reinforced by the fact
that the sHOMO� sHOMO repulsion increases in the same order
because the sHOMOÐthe N or P lone pairÐis either more
extended (CP 6s) or of higher amplitude (CN 4s) on the
hetero atom.

2.2. Bonding in linear CP and CN dimers: quantitative trends :
The qualitative considerations above nicely match the trends
in relative stability along the series 1 a ± c and 2 a ± c discussed
in section 1. However, underneath the surface of the overall
bond dissociation enthalpy, the situation is more complex as
we show in the following quantitative analysis (see Table 2
and Figure 5). The first step of forming the dimer is the
adaption of the monomer�s geometry to the situation in the

Table 2. Analysis of the central bond R2 in 1a ± c and 2a ± c.[a,b]

NCÿCN CNÿCN CNÿNC PCÿCP CPÿCP CPÿPC
(1a) (1b) (1c) (2a) (2b) (2c)

bond energy decomposition [kcal molÿ1]
DEs ÿ 230.0 ÿ 306.9 ÿ 360.7 ÿ 243.3 ÿ 168.3 ÿ 71.5
DEp ÿ 58.2 ÿ 79.4 ÿ 85.8 ÿ 77.6 ÿ 56.7 ÿ 32.6
DEoi

[c] ÿ 288.2 ÿ 386.3 ÿ 446.5 ÿ 320.9 ÿ 225.0 ÿ 104.1
DE0 144.3 265.5 371.3 161.5 149.6 91.0
DEint

[d] ÿ 143.9 ÿ 120.8 ÿ 75.2 ÿ 159.4 ÿ 75.4 ÿ 13.1
DEprep 3.4 3.6 3.8 4.7 6.5 7.3
DE[e] ÿ 140.5 ÿ 117.2 ÿ 71.4 ÿ 154.7 ÿ 68.9 ÿ 5.8

fragment orbital overlaps hCX jCXi[f,g]

hsSOMO jsSOMOi 0.46 0.31 0.21 0.43 0.27 0.16
hsHOMO jsHOMOi 0.26 0.31 0.37 0.22 0.27 0.29
hsHOMO jsSOMOi 0.35 0.41/0.24 0.28 0.32 0.41/0.19 0.22
hpLUMO jpLUMOi 0.33 0.20 0.15 0.18 0.21 0.25
hpHOMO jpHOMOi 0.09 0.12 0.14 0.13 0.10 0.07
hpHOMO jpLUMOi 0.21 0.25/0.14 0.16 0.17 0.14/0.20 0.15

CX fragment orbital populations[f,h]

sSOMO 1.18 1.51/1.10 1.44 1.11 1.35/0.90 1.13
sHOMO 1.79 1.52/1.79 1.51 1.86 1.74/1.84 1.76
pLUMO 0.08 0.09/0.11 0.10 0.16 0.14/0.12 0.09
pHOMO 1.93 1.88/1.94 1.91 1.83 1.87/1.83 1.90

[a] Carried out at the BP86/TZ2P level. [b] See Scheme 1. [c] DEoi�DEs�
DEp. [d] DEint�DEoi�DE0. [e] DE�DEint�DEprep. [f] sHOMO, sSOMO, pHOMO,
pLUMO are 4s, 5s, 1p, 2p for CN, and 8s, 9s, 3p, 4p for CP (Figures 3 and 4). [g] In
the case of CXÿCX (X�P, N): hf left CX jf right CXi/hf right CX jf left CXi.
[h] In the case of CXÿCX (X�P, N): population of f in left CX/population of f
in right CX.
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composite molecule, that is, a slight reduction or increase of
the CÿX bond length (X�N, P). The associated preparation
energy DEprep is rather small in all cases, that is, 4 ± 7 kcal molÿ1

(Table 2). It has no influence on the overall trend and will not
be further discussed. The actual interaction energy DEint

between the prepared monomers decreases in both the CN
dimers (from ÿ143.9 to ÿ75.2 kcal molÿ1, see Table 2) and in
the linear CP dimers (from ÿ159.4 down to only
ÿ13.1 kcal molÿ1) as we go from CÿC to CÿX to XÿX
coupling. However, these qualitatively similar trends in the
two isomeric series turn out to have quite different origins. In
the CN dimers, the reduction in bond strength is caused by an
enormous increase in DE0 repulsion (from 144.3 to
371.3 kcal molÿ1) if we go from 1 a to 1 c. The increase in
DE0 is counteracted, but not compensated, by a sizeable
increase in DEoi (from ÿ288.2 to ÿ446.5 kcal molÿ1). In
contrast, in the CP dimers the bond strength decreases
because of a weakening of the bonding orbital interactions
DEoi (fromÿ320.9 toÿ104.1 kcal molÿ1), which is particularly
pronounced for the s bond DEs, in spite of an opposite trend
of the repulsion energy DE0, which actually decreases (from
161.5 to 91.0 kcal molÿ1).

The increase in Pauli repulsion along the CN dimers 1 a ± c
is caused by the increase in overlap between the closed-shell
sHOMO and pHOMO orbitals (Table 2), respectively, which have
higher amplitudes on nitrogen (Figure 4). In NCCN (1 a), the
repulsive overlap between the CN sHOMO�s, for example, is

relatively small (0.26) leading to a correspondingly weak
interaction. This is illustrated by the relatively small separa-
tion between the zeroth-order bonding sHOMO�sHOMO and
antibonding sHOMOÿ sHOMO combination belonging to the
fictitious situation in which only sHOMO/sHOMO and sSOMO/
sSOMO interaction has occurred, but not yet mixing between
sSOMO and sHOMO (see orbital interaction diagram in Figure 5c,
central panel). In CNNC (1 c), the overlap between the
sHOMO�s rises to 0.37 and, likewise, the gap between zeroth-
order bonding and antibonding combinations increases (Fig-
ure 5d). But what about the increase in stabilizing orbital
interactions along 1 a ± c? This does not correlate with the
bond overlap hsSOMO j sSOMOi, which, as qualitatively predict-
ed, decreases from 0.46 down to 0.21. Here, the sSOMO/sHOMO

interaction comes into play. Indeed, for the zeroth order the
sSOMO/sSOMO interaction decreases along 1 a ± c, as indicated by
the reduced splitting between the occupied sHOMO�sHOMO and
the unoccupied sHOMOÿ sHOMO in the zeroth-order panels for
1 a and 1 c (Figures 5c and 5d). Thus, for the zeroth order, the
sSOMO�sSOMO descends strongly and comes out close to, in fact
even below, the sHOMO�sHOMO. This causes strong mutual
repulsion that pushes the sHOMO�sHOMO upward (Figure 5c,
right panel). As a result, DEs and DEoi become less bonding in
1 a. In contrast, in 1 c it is the occupied sHOMOÿ sHOMO that
approaches, in the zeroth order, the unoccupied sSOMOÿ
sSOMO from below (Figure 5d, central panel). The resulting
strong-stabilizing donor ± acceptor interaction has the effect

Figure 5. Schematic s orbital interaction diagram for: a) PCÿCP, b) CPÿPC, c) NCÿCN, and d) CNÿNC (MO and FMO energies in eV). Left panel: FMOs.
Central panel: zeroth-order interaction, that is, no sSOMO/sHOMO mixing. Right panel: final situation including all interactions.
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of making DEs and DEoi more bonding. This effect, which
leads to the increase in DEs and DEoi along 1 a ± c, may also be
regarded as an attempt of the system to alleviate the strong
sHOMO� sHOMO repulsion. A similar mechanism is active in p

symmetry. Furthermore, note that in 1 a the sHOMO�sHOMO

ends up at low energy (ÿ19.1 eV), whereas it becomes the
HOMO in CNNC (ÿ8.6 eV). For a more detailed discussion
on the nature of the central bond in CN dimers and, in par-
ticular, on the interference between electron-pair bonding and
closed-shell/closed-shell Pauli repulsion, we refer to ref. [4i].

What causes the Pauli repulsive and bonding orbital
interaction to behave differently, that is, why do both DE0

and DEoi decrease from 2 a to 2 c? In the first place, the CP
orbitals are more extended and diffuse at the P side. This leads
to smaller overlap, which reaches a lower maximum at longer
bond length R2, as soon as phosphorus becomes involved in
the central bond (see Table 1). Thus, the Pauli repulsion
contained in DE0 and, even more so, the bonding orbital
interactions DEoi decrease along 2 a ± c instead of increasing as
they do along 1 a ± c. Secondly, the decrease in sSOMO�sSOMO

electron-pair bonding, if we go from 2 a to 2 c, is no longer
compensated by a strongly stabilizing sHOMO/sSOMO interac-
tion; the sHOMOÿ sHOMO just does not come close enough to
the empty sSOMOÿ sSOMO (compare Figures 5a ± d). This is
simply due to the smaller sHOMO� sHOMO splitting in the CP
dimer together with the larger sHOMO/sSOMO gap in CP (3.5 eV)
compared with CN (2.4 eV; see Figures 3 and 5).

The carbon ± carbon bonds in 2 a and 1 a, the most stable CP
and CN dimer, respectively, are of comparable strength(DE�
ÿ154.7 and ÿ140.5 kcal molÿ1, respectively) and the differ-
ences in the bonding mechanisms are subtle (Table 2). As
mentioned above, the sSOMO/sHOMO repulsion is less pro-
nounced in PCCP. This leads to a somewhat stronger orbital
(DEoi) and overall interaction (DE), a slight reduction of the
bond length R2 (1.336 � in 2 a versus 1.373 � in 1 a), and a
small increase of pHOMO�pHOMO repulsion contained in DE0

(Table 2). Furthermore, the sSOMO�sSOMO of 2 a does not drop
below the sHOMO�sHOMO and turns into the highest occupied s

orbital at ÿ9.1 eV, unlike the situation in NCCN in which it
ends up at ÿ19.1 eV (compare Figures 5a and 5c). Note also
that in PCÿCP, the p-bonding contribution DEp

(ÿ77.6 kcal molÿ1), although much smaller than DEs

(ÿ243.3 kcal molÿ1), is still substantial in the sense that it
furnishes half of the overall bond energy DE. Thus, in terms of
simple valence bond structures, the nature of 2 a is best
represented by resonance E.

The most important difference between 2 a and 1 a is the
much smaller HOMO ± LUMO gap in the former: 2.5 eV
versus 5.6 eV. This difference is already predetermined by the
p electronic structures of the diatomic fragments. The HOMO
and LUMO are the zeroth-order antibonding pHOMOÿpHOMO

and bonding pLUMO�pLUMO combinations of fragment orbitals,
respectively, in both 2 a and 1 a. Because the 2pp(C) and
3pp(P) atomic orbitals in CP do not overlap as efficiently as
the 2pp(C) and 2pp(N) in CN do, the pHOMO/pLUMO gap of CP

and the HOMO ± LUMO gap of PCCP are smaller than the
corresponding ones in CN and NCCN; the HOMO ± LUMO
gap of PCCP is even smaller than that of the reactive CNNC
(5.4 eV). We conclude that in all likelihood, our target
molecule 2 a is also kinetically labile, in spite of its high
thermodynamic stability. For example, its tendency to poly-
merize may be even higher than that of CNNC. This
conclusion is in line with the recent experimental observation
that promising direct precursors of 2 a appear to fragment and
decompose under the conditions of their formation.[9] A
potential remedy is discussed in section 3.

2.3. Linear versus nonlinear geometry : So far, we have
compared linear CP and CN dimers, but actually 2 b and 2 c
are higher order saddle points. In contrast to their nitrogen
analogues, 2 b and 2 c tend to adapt nonlinear structures (2 b''
and 2 e'', respectively; see Figure 2 and Results and Discus-
sion, section 1). Why is that so? To answer this question we
have analysed how the CX/CX bonding changes on bending
2 a ± c and, for comparison, 1 a ± c as shown in Equation (6).

The results, that is, the changes in DEoi and DE0, and overlaps
on bending the system, are summarized for 2 a, 2 c, 1 a, and 1 c
in Table 3.

The question of bending or not bending is a subtle one, but
it is mainly determined by the trend in Pauli-repulsion that is
part of DE0 (Table 3). In all cases, bending is opposed by an
increase in repulsion (DDE0> 0), especially on CÿC coupling,
but much less so for XÿX coupling, whereas DDEoi either
favors (2 a, 2 c, 1 a) or only weakly resists the distortion (1 c).
The increase in repulsion on bending, DDE0, is strongest for
2 a (41.1 kcal molÿ1), but weakest for 2 c (2.4 kcal molÿ1),
which causes the latter isomer to eventually distort toward
2 e''. The CPCP isomer, for which the results are not shown in
Table 3, is an intermediate case with a very shallow potential-
energy surface between linear 2 b and nonlinear 2 b'' and an
extremely weak preference for the latter structure at our
BP86/TZ2P level of theory. As pointed out in section 1.3,
other theoretical methods or levels might reverse the ener-

Table 3. Changes in bonding on bending the CP/CP or CN/CN bond as
shown in Equation (6).[a]

NCÿCN CNÿNC PCÿCP CPÿPC
(1a) (1 c) (2a) (2c)

change in bond energy terms [kcal molÿ1]
DDEoi ÿ 12.2 1.2 ÿ 27.3 ÿ 3.0
DDE0 26.2 6.6 41.1 2.4
DDEint

[b] 14.0 7.8 13.8 ÿ 0.6

change in fragment orbital overlap hAB jCDi[c]

DhpHOMO jsSOMOi 0.15 0.12 0.18 0.09

energy gap between fragment orbitals [eV][c]

pHOMO/sSOMO 0.2 0.2 0.6 0.6

[a] BP86/TZ2P level. [b] DDEint�DDEoi�DDE0. [c] sSOMO, pHOMO are 5s,
1p for CN, and 7s, 2p for CP, respectively (Figures 3 and 4).
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getic order of linear (2 b) and
nonlinear (2 b'') CPCP struc-
ture, but without changing the
physical picture of an increas-
ing bias toward nonlinearity
along the series PCCP, CPCP,
and CPPC.

The trend in the DDEoi term
is, amongst others, the result of
decreasing sSOMO/sHOMO over-
laps when the system is twisted
(not shown in Table 3). This
causes the four-electron inter-
action between the zeroth-or-
der sSOMO�sSOMO and sHOMO

�sHOMO, contained in the DEoi

term, to become less repulsive,
especially for NCCN and much
less so for CNNC (see Fig-
ure 5). The trend in DDE0 cor-
relates with the overlap of the
pHOMOx on one fragment with
the sSOMO on the other frag-
ment. This is zero by symmetry
in the linear species (see
Scheme 2, left). However, on
bending, as the lobe of the
sSOMO moves out of the nodal
plane of the pHOMOx , overlap
begins to build up and reaches values of 0.18, 0.09, 0.15, and
0.12 for 2 a, 2 c, 1 a, and 1 c, respectively (see Scheme 2, right,
and Table 3). The increase in overlap on bending is largest for
PCÿCP and smallest for CPÿPC, because both the sSOMO and
pHOMO of CP have a somewhat higher weight on carbon than
the sSOMO and pHOMO of CN as explained in section 2.1.

Scheme 2.

The overlap hpHOMO j sSOMOi and repulsion DE0 can be
further decreased by reducing the dihedral angle A-B-C-D of
the bent dimer, shown on the right side in Equation (6) and
Scheme 2, in which it is 1808. For 2 c, this leads ultimately to
equilibrium structure 2 e'', in which the dihedral angle amounts
to 113.28 (Figure 2). The corresponding nitrogen structure 1 e''
is a transition state for automerization of linear CNNC
(Figure 1).

3. Stabilization of PCCP through coordination : Our target
molecule PCCP (2 a) turns out to be thermodynamically
stable, but it is likely to be kinetically labile (vide supra). A
counter measure against this lability may be coordination to a

transition metal, as illustrated by the stabilization of 1 b in
[Cr(CO)5CNCN].[12] This might lead to an isolable complex,
in which 2 a is electronically stabilized and/or sterically
protected. We have therefore analyzed the model complexes
[Cr(CO)5PCCP] (3) and [(CO)5Cr(PCCP)Cr(CO)5] (4). The
results are shown in Figure 6.

Indeed, the D4h symmetric complex 4 turns out to be stable
towards dissociation at room temperature, although the
coordination bond is of moderate strength only. The 298 K
enthalpy for dissociation of 4 into {Cr(CO)5} and 3 is
20.4 kcal molÿ1 and that for dissociation of 3 into {Cr(CO)5}
and PCCP is 19.7 kcal molÿ1, while the CrÿP bond lengths in 3
and 4 amount to 2.3 �. The CÿP bonds of the PCCP unit in 4
are slightly shortened, by 0.011 �, with respect to those in
uncoordinated 2 a (compare Figures 2 and 6). In line with this,
the frequency of the weakly IR-active asymmetric CÿP
stretch vibration increases by 47 cmÿ1 from 2 a (1245.8 cmÿ1)
to 4 (1293.2 cmÿ1).[17] The energy needed to rotate a {Cr(CO)5}
group in 4 by 458 around the CrÿCr main axis is less than
0.1 kcal molÿ1, and we conclude that the {Cr(CO)5} groups
rotate freely with respect to each other. To assess the
influence of the nonlocal DFT method applied, we have also
computed the (first) [Cr]ÿP bond dissociation energies
(zero K, no ZPE correction) of 4 and 3 using our standard
BP86 as well as the PW91[18] and BLYP[13h, 13i, 19] approaches; in
all cases the TZ2P basis was employed. The BP86 bond
energies (20.9 and 20.6 kcal molÿ1) turn out to be close to and,
in fact, in between the slightly stronger PW91 (23.8 and
23.4 kcal molÿ1) and the slightly weaker BLYP bond energies
(18.6 and 18.3 kcal molÿ1; not shown in Table 4).

Figure 6. BP86/TZ2P results for {Cr(CO)5}, 3, and 4 (see caption to Figure 1). Energies are relative to PCCP and
2{Cr(CO)5}.
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We have also analyzed the CrÿP bond in 3 and 4. In Table 4,
our results are collected and compared with those from
literature for the Cr(CO)5ÿCNCN and Cr(CO)5ÿCO bonds.
The CrÿPCCP bond is furnished by relatively well-balanced s

donation [from the sHOMO and, to a lesser extent, sHOMOÿ1 of
PCCP to the 3ds-derived LUMO of {Cr(CO)5}] and p

backdonation [from the 3dp-derived HOMO of {Cr(CO)5} to
the pLUMO of PCCP]. In 3, the s and p components of the
bonding orbital interactions between {(CO)5Cr} and PCCP
amount to ÿ26.7 and ÿ24.9 kcal molÿ1, leading, together with
the repulsive DE0 term (29.9 kcal molÿ1) and a small DEprep

(0.6 kcal molÿ1), to the overall bond energy DE�
ÿ20.9 kcal molÿ1. The s donor and p acceptor orbitals of
PCCP are slightly stabilized
and destabilized, respectively,
but in spite of this the HO-
MO ± LUMO gap is further re-
duced, that is, from 2.5 eV in 2 a
to 2.3 eV in 3, instead of being
increased. How is this possible?
The answer is very simple: it is
not the sHOMO (which is stabi-
lized on complexation), but the
relatively high energy pHOMO

that provides the overall HO-
MO of PCCP, and this pHOMO is
somewhat more destabilized by
the 3dp-type HOMO of
{Cr(CO)5} than the pLUMO.
Thus, one may expect that a
kinetic stabilization of the
PCCP unit in 3 is not primarily
achieved by an increase of the
HOMO ± LUMO gap, but in-
stead through steric protection.
The reactivity will in principle

also be reduced due to the fact that the frontier orbitals of 3
are delocalized more or less over the entire complex and have,
naturally, somewhat less amplitude on PCCP than the HOMO
and LUMO of the isolated ligand they mainly stem from. The
situation is very similar for the CrÿP bond in 4 between
{(CO)5Cr} and {(PCCP)Cr(CO)5}. In contrast, the reactive
CNCN (1 b) forms a much stronger coordinative bond of
DE�ÿ49.6 kcal molÿ1[12c] with {Cr(CO)5} (see Table 4).
Aarnts et al.[12c] have pointed out the similarity of the
coordination capabilities of CNCN and the CO ligand, which
is well-known to form stable complexes. We find that the
weaker CrÿPCCP interactions are mainly due to smaller
overlap (Table 4). One reason is that the PCCP frontier
orbitals involved are symmetrically delocalized over both
ends of PCCP, whereas they are more localized on the
terminal carbon atom of CNCN.

Keeping in mind that complex formation of simple
phosphaalkynes P�CÿR is dominated by side-on coordina-
tion,[20] we have also briefly analyzed 6 and 7, the side-on
analogues of 3 and 4, respectively; the results are summarized
in Figure 7. Not surprisingly, the side-on complexes turn out to
be more stable than their end-on analogues, but the differ-
ences are marginal: DDE�ÿ1.4 kcal molÿ1 for 6 relative to 3
and DDE�ÿ2.4 kcal molÿ1 for 7 relative to 4.

Furthermore, we have carried out a preliminary exploration
of the possibility of forming more strongly bound complexes
involving dinuclear metal fragments,[20] using [(CO)6-
Co2PCCP] (8) as a model. Complex 8 involves a tetrahedral
Co2CP unit with rather short CoÿC and CoÿP bonds of 2.017
and 2.275 � and a relatively long CÿP bond of 1.746 � (see
Figure 8); for comparison, the analogous CrÿC, CrÿP, and
CÿP bond distances in 6 are 2.394, 2.546 and 1.629 �,
respectively (see Figure 7). Note that as in 8, a relatively long
CÿP bond has been experimentally observed in related
dinuclear complexes of phosphaalkynes such as [(CO)6-
Co2(t-BuCP)W(CO)5] (1.695(6) �[21a]) and [Cp2(CO)4Mo2-

Table 4. Analysis of the (CO)5CrÿL coordinative bond.

ÿ{(PCCP)Cr(CO)5}[a,b] ÿPCCP[a] ÿCNCN[c] ÿCO[c]

(in 4) (in 3)

bond energy decomposition [kcal molÿ1]
DEs ÿ 26.5 ÿ 26.7 ÿ 39.9 ÿ 37.4
DEp ÿ 23.8 ÿ 24.9 ÿ 45.4 ÿ 37.8
DEoi

[d] ÿ 50.3 ÿ 51.6 ÿ 85.3 ÿ 75.2
DE0 27.4 29.9 32.8 31.0
DEint

[e] ÿ 22.9 ÿ 21.7 ÿ 52.5 ÿ 44.2
DEprep 2.3 0.8 2.9 2.0
DE[f] ÿ 20.6 ÿ 20.9 ÿ 49.6 ÿ 42.2

fragment orbital overlaps h{Cr(CO)5} jLi
h10a1 j sHOMOi 0.37[g] 0.27[h] 0.44 0.44
h8e1 jp*LUMOi 0.10 0.11 0.14 0.17

fragment orbital populations [e]
{Cr(CO)5}:10a1 0.32 0.35 0.32 0.32
L:sHOMO 1.61[i] 1.71[j] 1.63 1.62
{Cr(CO)5}:8e1 1.85 1.84 1.78 1.83
L:p*LUMO 0.12 0.13 0.22 0.20

[a] This work: BP86/TZ2P level. [b] All values equal for D4h and C4v

symmetric 4. [c] BP86 from ref. [12c]. [d] DEoi�DEs�DEp. [e] DEint�
DEoi�DE0. [f] DE�DEint�DEprep. [g] h10a1 j sHOMOÿ1i� 0.11. [h] h10a1 j
sHOMOÿ1i �0.28. [i] Population of {Cr(CO)5PCCP} sHOMOÿ1 is 2.00 e.
[j] Population of PCCP sHOMOÿ1 is 1.83 e.

Figure 7. BP86/TZ2P results for 6 and 7: geometries (in �, degrees) and electronic energies (in kcal molÿ1)
relative to PCCP and 2 {Cr(CO)5}.
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Figure 8. BP86/TZ2P geometry of 8 (in �, degrees).

(t-BuCP)] (1.719(3) �[22]). In line with this, the hypothetical
dissociation of 8 into closed-shell C2v {(CO)6Co2} and PCCP is
rather endothermic, that is, some 76 kcal molÿ1. In the context
of future synthetic strategies, it should be pointed out that not
only complexes [Co2(CO)6(RÿCP)] are known, but also those
carrying an additional metal fragment bonded end-on to
the phosphorus lone pair such as [Co2(CO)6(RÿCP)-
W(CO)5];[20, 22] in analogy, complexes of the type [Co2-
(CO)6W(CO)5](PCÿCP)[Co2(CO)6W(CO)5] are conceivable,
which might lend considerable electronic stabilization and
steric protection to PCCP (2 a).

In conclusion, one may succeed in stabilizing the kinetically
unstable 2 a in the coordination sphere of a transition metal
complex. It remains to be seen if this stabilization will prove to
be sufficient for isolation; possibly, mono and dinuclear
transition metal complexes[20] other than those of Group 6
should also be considered.

Conclusions

1,4-Diphosphabutadiyne (PCCP, 2 a) may very well be a
viable target for synthesis, as follows from our BP86/TZ2P
study. The PCCP molecule turns out to be a thermodynami-
cally stable, linear CP dimer with a 298 K carbon ± carbon
bond dissociation enthalpy (BDE) of 152.2 kcal molÿ1. The
central PCÿCP bond is best conceived as having partial triple
bond character (i.e, P�CÿC�P$PÿC�CÿP) similar to the
NCÿCN bond.[4i] The strength of the central bond in the CP
dimers decreases in the order CÿC, CÿP, and PÿP coupling,
because of a less efficient overlap between the more diffuse
phosphorus lobes of the CP sSOMO�s that provide the electron-
pair bond. Note that a similar trend along the CN dimers, that
is, decreasing bond strength along CÿC, CÿN, and NÿN
coupling, has a different cause, namely the increasing
repulsion between the CN sHOMO�s (i.e., the N lone pairs).[4i]

Compound 2 a is the global minimum of the C2P2 structures 2
and kinetically stable towards unimolecular isomerization.

However, we do foresee problems because of a low kinetic
stability towards bimolecular reactions. This is suggested by
the relatively low HOMO ± LUMO gap of 2.5 eV in the p

system of 2 a. For comparison, the HOMO ± LUMO gap in 1 a
(5.6 eV ) is much higher. Thus, 2 a is likely to react with itself
as soon as it is formed, giving rise to polymerization.[9]

Coordination of the terminal phosphorus atoms to a
transition metal may electronically stabilize and sterically
protect 2 a. Both the first and second CrÿP bond dissocia-
tion enthalpies (for 298 K) in our model complex
[(CO)5Crÿ(PCCP)ÿCr(CO)5] (4) amount to 20 kcal molÿ1.
These are only moderately strong coordination bonds, but the
complex is presumably thermodynamically stable at ambient
temperatures or below; synthetic strategies will have to be
developed which take this restriction into account. Alterna-
tively, variations in transition metal and/or auxiliary ligands
may be necessary to further stabilize the system. We feel that
an isolable complex of 2 a must be feasible.
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