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The molecular and electronic structures of XCCP molecules, with X\ H, F, Cl, Br and I, were investigated
using both unrestricted and restricted CCSD(T), CASSCF/CASPT2 and B3LYP methods, with basis sets up to
6-311&&G(3df,2p) and cc-pVTZ. Our results indicate that these molecules possess two distinct types of
electronic structure, namely phosphinidene and carbene. The triplet phosphinidene is clearly favoured over the
singlet carbene. In the ethynyl-phosphinidene (XÈC3CÈP) framework, both triplet and open-shell singlet states
feature a linear geometry (3&~) ; the corresponding singletÈtriplet energy gaps vary from 70 to 80 kJ mol~1.
Except for the closed-shell singlet of HCCP which is also linear, the phosphaethynyl-halocarbenes (XÈCÈC3P)
are characterized by a bent form (1A@) with rather small barriers to linearity. The standard heats of formation

at 298.15 K) of the triplet phosphinidenes have been evaluated as follows (values in kJ mol~1) : HCCÈP,(*fH¡
421 ; FCCÈP, 292 ; ClCCÈP, 420 ; BrCCÈP, 465 ; and ICCÈP, 569.

1. Introduction

In recent years, the phosphaalkynes (RÈC3P) featuring a
carbonÈphosphorus triple bond have emerged as versatile
building blocks in heterocyclic syntheses and efficient ligands
in coordination chemistry.1,2 Without the protection of bulky
substituents or the coordination sphere of metal complexes,
simple phosphaalkynes are rather short-lived transient species.
The CP radical was detected in interstellar space3 and its
spectral lines were positively identiÐed in the envelope of a
carbon star on the basis of line frequencies measured in the
laboratory.4 Along with the earlier detection of some PH

nspecies5 and the PN molecule6 (isovalent with as inter-N2)stellar molecules, this detection has stimulated considerable
interest in the interstellar chemistry of P compounds.7h9 In
this context, it has been proposed that carbon-chain molecules
containing phosphorus atoms such as CCP, HCCP, . . . might
be produced in the molecular hot core of star-forming
regions.9 From a chemical viewpoint, a number of linear
RCP molecules were generated in the gas phase and character-
ized spectroscopically, including NCCP,10 NCCCCP,11
HCCCP12,13 and PCCP14 whose ground electronic state is a
closed-shell singlet with a typical C3P triple bond. Recently,
Ahmad et al.15 detected for the Ðrst time the spin open-shell
HCCP species using microwave spectroscopic techniques.
This species can formally be regarded as a carbene HÈCÈC3P
derivative. However, the recorded rotational transitions of
HCCP and its isotopically substituted counterparts, as well as
the observed hyperÐne splitting constants, appear to be con-
sistent with a linear framework and a triplet X 3&~ ground
state, in which the phosphaalkyne functional group no longer
exists. The derived structure shows a shortr0 r0(CC)\ 1.241

and a long While the latter is certainlyA� r0(CP)\ 1.685 A� .
longer than the length of a C3P triple bond of around 1.54 A� ,
the former is close to that of a C3C triple bond (1.21È1.22 A� ).

The spin density of the unpaired electrons was also estimated
to be largely concentrated on the P atom (76%). Overall,
the experimental results pointed toward a phosphinidene,
HÈC3CÈP, rather a carbene structure, HÈCÈC3P.

In a subsequent theoretical study, Shao and Fang16 carried
out ab initio molecular orbital (UHF, UMP2, UCISD and
CASSCF) and density functional (UB3LYP) computations
and conÐrmed the linear and triplet phosphinidene character
of HCCP. This is at variance with the situation in the iso-
valent HCCN molecule whose high level computations17,18
demonstrated a bent triplet cyano-carbene equilibrium struc-
ture, with a small barrier to linearity of around 10 kJ mol~1
and, in addition, a tiny singletÈtriplet separation of about 3 kJ
mol~1. In this regard, we note that in ref. 16, only a triplet
state was examined ; no singlet states were considered at all. In
view of a quasi-degeneracy of both spin states in HCCN, it is
of importance also to investigate the singlet state(s) of HCCP.
The carbene character is expected to be more pronounced in
the closed-shell singlet state.

It is also well known that halogen atoms strongly stabilize
the closed-shell singlet state of carbenes through p-electron
donation (for a recent paper on tripletÈsinglet energy gaps of
halocarbenes, see ref. 19). While methylene has a triplet(CH2)ground, the halogenated derivatives HÈCÈX feature a singlet
ground state with substantial tripletÈsinglet gaps. Therefore, a
question of interest is whether, in the halogenated species
XCCP, the singlets could become lower in energy than the
triplet counterparts. In other words, is there competition
between the e†ects of the CP group and halogen atoms on the
electronic structure of the compounds that could lead to two
di†erent types of compounds, namely a carbene and a phos-
phinidene? In an attempt to address this duality, we have
carried out ab initio quantum chemical calculations, and
report here the results on the molecular and electronic struc-
tures of a series of XCCP molecules in which X\ H, F, Cl, Br
and I.
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2. Methods of calculation

Ab initio calculations were carried out using the GAUSSIAN
98,20 Molcas-421 and ACES II22 program packages. The
geometries were fully optimized at di†erent levels including
coupled-cluster theory including all single and double excita-
tions (CCSD) as well as that with perturbative correction for
triple excitations [CCSD(T)], and a multi-conÐgurational
treatment (CASSCF). In the construction of CASSCF wave-
functions, the active spaces including 14 electrons in 12
orbitals were selected. For HCCP, all the 10 valence electrons
were taken into consideration. For the halogenated XCCP
species, only 14 of the 20 valence electrons were chosen
including all the p electrons (six a plus four b) plus two r
electrons of the halogen lone pair (one a plus one b) plus two
r electrons of the phosphorus lone pair. The 12 MOs selected
for variable occupancy comprise four doubly-occupied p plus
two singly-occupied p plus two unoccupied p plus two
doubly-occupied r plus two unoccupied r orbitals. The active
space remains consistent for all XCCP species and covers the
most important valence electrons and orbitals.

Except for iodine, the 6-311&&G(d,p), 6-311&&G(3df,2p) and
correlation consistent cc-pVTZ basis sets were employed in
these computations. The cc-pVTZ basis set for bromine was
taken from EMSL datasets.23 For iodine, the ““all-electronÏÏ
6-311G(2df ) basis set was used (““all-electronÏÏ stands for a
basis set without core potentials). The zero-point energies
(ZPE) were evaluated using (U)B3LYP/6-311&&G(d,p) vibra-
tional frequencies without scaling. In the CC geometry opti-
mizations, the unrestricted formalism (UCCSD) has been used

for the triplet, CCSD based on two reference determinants24a
and quasi-restricted wavefunction (QRHF)24b for open-shell
singlet and restricted CCSD formalism for singlet states ; the
core orbitals were overall frozen. To estimate further the inÑu-
ence of higher excitations or multi-reference wavefunctions on
the tripletÈsinglet splittings, single-point electronic energy
computations using second-order perturbation theory based
on complete active space wavefunctions (CASSCF/CASPT2)
were also carried out using CASSCF(14,12) optimized geome-
tries. The corrections for relativistic e†ects were also included
in the evaluation of total energies and obtained by a direct
calculation of massÈvelocity term and one-electron contact
term for the Ðrst-order relativistic correction implemented in
the Molcas program using the same atomic basis sets.
Another way to calculate the relativistic e†ect is the use of the
DouglasÈKroll transformation24c which includes the scalar
relativistic e†ect in the one-electron Hamiltonian (cc-pVTZ-
DK). In this case it is also possible to carry out geometry
optimizations with the modiÐed Hamiltonian that were
carried out with the cc-pVTZ-DK24d basis set except for
iodine-containing compounds for which only the 6-311G(2df )
basis set was used. Throughout this paper, bond lengths are
given in angstrom, bond angles in degree, rotational constants
in MHz, total energies in (hartree), zero-point and relativeEhenergies in kJ/mol and vibrational wavenumbers in cm~1.

3. Results and discussion
Calculated results are summarized in Tables 1, 2 and 3. A few
remarks can be made before a presentation of the results

Table 1 Geometrical parameters and energies for three states of XCCP using coupled-cluster methods (X\ H, F, Cl, Br and I)

Speciesa r(XÈC) r(CÈC) r(CÈP) a(XCC) a(CCP) Etot c *Ed

(a) CCSD(T)
HCCP Ht 1.064 1.231 1.716 180 180 [417.452 81 0.0

Hs 1.064 1.240 1.693 180 180 [417.416 34 90.3

FCCP Ft 1.277 1.223 1.724 180 180 [516.559 12 0.0
Fs 1.320 1.417 1.575 112.2 166.3 [516.544 33 35.5

ClCCP Clt 1.639 1.233 1.712 180 180 [876.579 12 0.0
Cls 1.708 1.362 1.591 117.7 169.1 [876.551 72 70.6

BrCCP Brt 1.785 1.235 1.710 180 180 [2989.554 86 0.0
Brs 1.864 1.354 1.595 117.2 169.5 [2989.527 51 70.8

ICCP Itb [7333.884 08 0.0
Isb [7333.853 93 78.2

(b) CCSD
HCCP Ht 1.063 1.226 1.714 180 180 [417.429 78 0.0

Hos 1.063 1.228 1.700 180 180 [417.397 40 85.0
Hs 1.063 1.230 1.694 180 180 [417.388 60 102.6

FCCP Ft 1.274 1.216 1.723 180 180 [516.527 98 0.0
Fos 1.272 1.219 1.708 180 180 [516.495 51 85.3
Fs 1.320 1.416 1.575 112.2 166.3 [516.506 51 53.1

ClCCP Clt 1.639 1.227 1.711 180 180 [876.545 77 0.0
Clos 1.634 1.230 1.694 180 180 [876.514 06 83.3
Cls 1.703 1.363 1.576 116.5 170.6 [876.510 71 90.7

BrCCP Brt 1.784 1.229 1.709 180 180 [2989.520 83 0.0
Bros 1.779 1.232 1.692 180 180 [2989.489 17 83.0
Brs 1.858 1.352 1.581 116.5 170.9 [2989.485 48 91.7

ICCP Itb 1.979 1.231 1.696 180 180 [7333.853 70 0.0
Iosb 1.972 1.234 1.680 180 180 [7333.822 53 81.8
Isb 2.040 1.322 1.592 122.1 172.1 [7333.815 81 98.0

a Using the cc-pVTZ basis set except for ICCP. b For ICCP, the all-electron 6-311G(2df ) basis set was used and based on CCSD/6-311G(2df )
optimized geometries. c Total energies in d Relative energies in kJ mol~1 including zero-point energies.Eh .
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Table 2 CASSCF(14,12) optimized geometrical parameters and energies obtained from CASPT2/CASSCF(14,12) for three states of XCCP
(X\ H, F, Cl, Br and I)

Speciesa r(XÈC) r(CÈC) r(CÈP) a(XCC) a(CCP) Etot d *Ee

(a) Without relativistic corrections
HCCP Htb 1.054 1.235 1.747 180 180 [417.494 87 0.0

Hosb 1.054 1.240 1.723 180 180 [417.466 27 75.0

FCCP Ft 1.259 1.224 1.756 180 180 [516.611 46 0.0
Fos 1.257 1.230 1.733 180 180 [516.582 92 74.9
Fs 1.292 1.457 1.574 110.3 168.9 [516.586 13 63.2

ClCCP Clt 1.659 1.222 1.742 180 180 [876.634 17 0.0
Clos 1.652 1.229 1.713 180 180 [876.607 21 70.8
Cls 1.739 1.378 1.584 114.2 171.2 [876.598 26 93.0

BrCCP Brt 1.814 1.224 1.741 180 180 [2898.628 01 0.0
Bros 1.807 1.231 1.712 180 180 [2898.601 12 70.6
Brs 1.908 1.364 1.590 114.5 171.1 [2898.592 66 91.7

ICCP Itc 2.016 1.226 1.730 180 180 [7334.572 45 0.0
Iosc 2.007 1.233 1.703 180 180 [7334.545 85 69.8
Isc 2.110 1.340 1.598 117.7 171.2 [7334.538 05 89.3

(b) Including relativistic corrections based on the DouglasÈKroll transformations
HCCP Htb 1.054 1.235 1.747 180 180 [418.340 20 0.0

Hosb 1.054 1.240 1.723 180 180 [418.311 60 75.1

FCCP Ft 1.259 1.224 1.756 180 180 [517.543 52 0.0
Fos 1.257 1.230 1.733 180 180 [517.514 97 75.0
Fs 1.292 1.458 1.574 110.2 168.9 [517.518 36 62.8

ClCCP Clt 1.659 1.222 1.742 180 180 [878.889 24 0.0
Clos 1.652 1.229 1.713 180 180 [878.862 27 70.8
Cls 1.739 1.378 1.584 114.2 171.2 [878.853 56 92.4

BrCCP Brt 1.814 1.224 1.741 180 180 [3022.330 84 0.0
Bros 1.807 1.231 1.712 180 180 [3022.303 93 70.7
Brs 1.909 1.366 1.590 114.2 171.0 [3022.296 14 90.0

ICCP Itc 2.014 1.226 1.730 180 180 [7487.385 21 0.0
Iosc 2.005 1.233 1.704 180 180 [7487.358 51 69.5
Isc 2.112 1.345 1.595 116.3 171.0 [7487.351 68 87.0

a Based on CASSCF(14,12)/cc-pVTZ geometries given, unless otherwise noted. b Based on CASSCF(10,10)/cc-pVTZ wavefunctions. c For ICCP,
the 6-311G(2df ) basis set was used. d Total energies in e Relative energies in kJ mol~1 including zero-point energies.Eh .

obtained for each species. The changes in geometrical param-
eters are quite marginal upon halogenation. In general, there
are signiÐcant but seemingly systematic variations in the rela-
tive energies between the triplet, open-shell singlet and closed-
shell singlet states obtained by the four di†erent methods
including the CCSD, CCSD(T), CASPT2 without and with
relativistic e†ects. Even for the species containing heavy Br
and I atoms, the corrections for relativistic e†ects are rather
small, up to 2 kJ mol~1 in ICCP. The CCSD(T) method tends
to reduce the tripletÈclosed-shell singlet gaps relative to the
CCSD or CASPT2 values. Such a di†erence in behaviour of
both CCSD(T) and CASPT2 methods on carbene energies is
however not unprecedented.25 The singlet state of a carbene is
an inherently multi-conÐgurational problem due to the pos-
sible occupancy of two electrons in either of the two closely-

lying in-plane and out-of-plane orbitals. This is the main
difficulty encountered in evaluating tripletÈsinglet energy dif-
ference by methods based on single HartreeÈFock references.
A small imbalance in the treatment of electron correlation in
both states could induce a signiÐcant deviation in the quan-
tity. Although they are, per deÐnition, seemingly more appro-
priate, the multi-conÐgurational methods also have intrinsic
shortcomings. Thus, the choice of either the active space, the
zeroth-order Hamiltonian or the order of the perturbation
theory, . . . induces a signiÐcant e†ect on the energy gaps.
Within the current Fock matrix formulation, bond energies
obtained by CASPT2 are normally underestimated by 8 to 15
kJ mol~1 for each forming bond (cf. ref. 34). A similar error is
expected to occur in every process where the number of paired
electrons is changed. The CASPT2 method invariably results

Table 3 Rotational constants (MHz) and harmonic vibrational frequencies (cm~1) of triplet phosphinidenes XCCP obtained from B3LYP/6-
311&&G(d,p) calculations

HCCP FCCP ClCCP BrCCP ICCP
Property Ht Ft Clt Brt It

l1 3349 (CH) 2158 (CC) 1964 (CC) 1922 (CC) 1877 (CC)
l2 1847 (CC) 1161 (CF) 957 (CCl) 889 (CBr) 856 (CI)
l3 707 (CP) 564 (CP) 469 (CP) 377 (CP) 326 (CP)
l4 (% mode) 558 301 244 265 269
l5 (% mode) 298 188 133 119 94
Be 5624 2262 1442 963 979
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in an overestimation of the triplet energies. Thus the CASPT2
method enlarges the gap in methylene where the triplet isCH2the lower state. For the parent carbene, the CCSD(T) values
of around [40 kJ mol~1 compare more favourably with the
experimental value of [38 kJ mol~1. In contrast, the corre-
sponding CASPT2 values of around [55 kJ mol~1, irrespec-
tive of the basis set employed, are substantially overestimated
(cf. ref. 35). A comparable behaviour has recently been
observed for halogenocarbenes.25 A treatment based on multi-
reference conÐguration interaction methods such as the
MR-CI or GVB-CI methods on the energy gaps does not nec-
essarily improve the situation.25 For the theoretical energy
gaps obtained in this work that are based on the di†erent
types of wavefunctions mentioned above, the errors can be
expected to be signiÐcant, amounting up to ^15 kJ mol~1.
Nevertheless, the CCSD(T) and CASPT2 methods are consis-
tent with each other regarding energy ordering between the
electronic states. Owing to the fact that, within a homoge-
neous series, the errors on the energy gaps are nearly system-
atic, the appropriate corrections could therefore be made
empirically.

A. The parent species, HCCP

Geometrical parameters of the lowest-lying triplet (denoted
hereafter as Ht), open-shell singlet (Hos) and closed-shell
singlet (Hs) states of HCCP were optimized at four di†erent
levels of theory, namely CCSD and CSD(T) with the cc-pVTZ
basis (Table 1) and CASSCF(14,12) with the cc-pVTZ and cc-
pVTZ] DK basis set (Table 2). While total and relative ener-
gies are also listed in both Tables 1 and 2, some relevant
molecular properties for the triplet state are summarized in
Table 3.

The present results concur with earlier experimental and
computational Ðndings15,16 indicating that the triplet state Ht
is strictly linear and lies below both open-shell Hos and(3&g~)
closed-shell Hs singlets. The CP distance in the triplet is more
sensitive to the method than the CH and CC ones. The
CASSCF method tends to stretch this bond giving much
longer distances than the CCSD methods. Note that when
using the same basis sets, the CCSD(T) values for the CÈP
length are consistently longer than the B3LYP ones by about
0.025 that end up with a smaller rotational constantA� , Be(Table 3). Compared with the experimental microwave
result15 of MHz, the CCSD(T) constants are signiÐ-Bo \ 5623
cantly smaller, whereas the B3LYP/6-311&&G(d,p) method
yields a surprisingly good value MHz. Using theBe \ 5624
same B3LYP method but with the 6-311G(d,p) and cc-pVTZ,
rotational constants of 5632 and 5638 MHz, respectively, were
reported in ref. 16. Although a certain cancellation of errors is
likely responsible for the performance, this indicates that the
total length of the molecule is well reproduced by the B3LYP/
6-311&&G(d,p), being in fact r(HÈP)\ 3.987 vs. 3.983A� A�
from experiment.15 The small di†erences seen in the individ-
ual distances reÑect the unavoidable variations in placing the
central atoms for the experimental Ðtting procedure. Ahmad
et al.15 estimated a somewhat longer CC distance and slightly
shorter CH and CP distances, as compared with the calcu-
lated values. Attempts to locate a triplet carbene having a
bent shape were not successful ; all energy minimizations
invariably led to the linear phosphinidene.

Regarding the singlet states, we were not able to compute
the open-shell state Hos at the CCSD(T) level and to achieve a
CASSCF convergence for the closed-shell state Hs. Neverthe-
less, the available results listed in both Tables 1 and 2 suggest
that the open-shell state Hos is likely to be lower in energy
that the closed-shell Hs even though the energy gap HsÈHos
amounts to only 20 kJ mol~1. The singlet Hos still has a
linear nuclear framework, and with respect to the triplet Ht,
the CÈP distance in Hos is reduced by only 0.02 indicatingA� ,
that it also has a phosphinidene character.

The geometry of the closed-shell singlet Hs appears to be
method-dependent. While the B3LYP method with various
basis sets tends to suggest a bent carbene, the higher level
CCSD(T) with the cc-pVTZ and 6-311]]G(3df,2p) basis sets
optimize it to a linear form (1&`). Nevertheless, the barrier to
linearity computed in the former levels is extremely small,
being a few hundred J mol~1. The linear geometry of Hs opti-
mized using CCSD(T) with various basis sets is also consistent
with a phosphinidene form, HÈC3CÈP, whose bond distances
are quite close to those of Ht and Hos. The total length of this
singlet is slightly shorter resulting in a rotational constant Belarger by about 60È70 MHz than that of the triplet counter-
part. In this context, it would be difficult to make a distinction
between these electronic states without the aid of the hyper-
Ðne splitting parameters. Overall it can be concluded that the
HCCP species is a linear species in all three lower-lying elec-
tronic states. In particular, the closed-shell singlet is actually a
Ñoppy species whose bending motion leads to two distinct
electronic structures, namely carbene and phosphinidene.

Regarding the singletÈtriplet gap of HC3CÈP which corre-
sponds to the energy di†erence between the lowest-lying
singlet Hos and the triplet state Ht, the CASPT2 methods
employed here (Table 2) imply that this quantity amounts to
about 75 kJ mol~1 in favour of the triplet, a value much
smaller than that of 150 kJ mol~1 in the parent phos-
phinidene (HP).26,27 Apparently, the HCC moiety tends to
reduce the energy gap. The ordering of lower-lying electronic
states in HCCP is thus similar to that of vinylphosphinidene28

and bisphenylphosphinidene29 (PÈPhÈP) but at(H2C2CHÈP)
variance with that of phenylphosphinidene30 (PhÈP).

Shao and Fang16 noted a certain discrepancy in the harmo-
nic vibrational frequencies obtained using UHF, UMP2 and
UB3LYP for the triplet Ht. Such a variation can be expected
as the UHF and UMP2 frequencies are usually overestimated
and the authors did not use scaling factors. Table 3 lists the
B3LYP/6-311&&G(3df,2p) harmonic frequencies. It turns out
that the basis set e†ect is rather small. Compared with the
triplet Ht, the CH and CC stretching frequencies in the singlet
Hs are reduced by about 90È100 cm~1, whereas the CP
stretching frequency is shifted upward by 100 cm~1.

B. The Ñuorinated derivative, FCCP

The optimized geometries of FCCP are also summarized in
Tables 1 and 2. The triplet FCCP Ft is linear in which the
CÈC distance is compressed and the CÈP stretched, as com-
pared with the parent Ht. These motions reinforce overall the
phosphinidene character of the F derivative. The rotational
constant derived from CCSD(T) distances is equally smaller
than those from B3LYP (by 40 MHz). A value Be(FCCP)\
2250 ^ 50 MHz could thus be predicted on the basis of
B3LYP results. The changes in the distances are also well
reÑected in the harmonic vibrational frequencies that show an
upward shift of 300 cm~1 for the CÈC frequency (from 1847
cm~1 in HCCP to 2158 cm~1 in FCCP), and a downward
shift of the CÈP frequency (from 707 to 564 cm~1, cf. Table 3).

Again two singlet states Fos and Fs have been located.
While the open-shell Fos exhibits a linear phosphinidene
skeleton, the closed-shell Fs is characterized by a bent carbene
FÈCÈC3P featuring a typical triple C3P distance of 1.56È1.57

(as compared with that of 1.54È1.55 in HC3P) and a sig-A� A�
niÐcantly longer CÈC distance of 1.42È1.43 being betweenA� ,
typical double and single CC distances. Both FCC and CCP
bond angles are also sensitive to the method used. However, a
small change in this angle causes a substantial variation in the
rotational constant The remaining constants andAe . Be Ceare more consistent with a probable value of Be \ 2660 ^ 20
MHz. The value is about 85 MHz smaller. Again in thisCecase, the linearÈbent energy di†erence in the singlet Fs is small
(to simplify the presentation of data, the rotational and vibra-
tional parameters for singlet states are omitted).
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As expected, the Ñuorine exerts a strong stabilizing e†ect on
the carbene by e†ectively placing the closed-shell singlet Fs
slightly below the open-shell singlet Fos (by 8 kJ mol~1
according to CASPT2 results). Considering the fact that the
FÈCÈH Ñuorocarbene already reverses the gap in having a
singlet ground state with a tripletÈsinglet gap of about 70 kJ
mol~1 (ref. 19), the persistent triplet ground state in FCCP
arises no doubt from its phosphinidene character.26,27 It is
thus clear that in a competition between a triplet phos-
phinidene and a singlet carbene within a XCCP framework,
the balance is invariably tipped in favour of the triplet mani-
fold and the former clearly predominates. In this most
favoured case for the singlet carbene, the energy di†erence
amounts up to 60 kJ mol~1 at its expense (CASPT2 values, cf.
Table 2). The coupled-cluster approach CCSD(T) provides a
smaller energy separation of about 35 kJ mol~1. It is apparent
that we have been dealing with the energies of two di†erent
isomers, namely a phosphinidene and a carbene, having two
distinct electronic states and molecular shape ; this gives an
additional difficulty in obtaining a consistent set of wavefunc-
tions.

C. The chlorinated and brominated derivatives, ClCCP and
BrCCP

The optimised geometrical parameters are equally shown in
Tables 1 and 2. In many respects, the behaviour of both
systems is qualitatively similar to that of the Ñuoro-derivative
discussed above, even though the e†ects are less marked on
the tripletÈsinglet energy di†erences. In each system, the
triplet and open-shell singlet phosphinidenes are linear
whereas the closed-shell singlet carbenes are bent. In the
latter, the central angles ClCC and BrCC are quasi-identical
and slightly larger than for FCC. Otherwise, the changes in
geometrical parameters are rather marginal. Relative to
FCCP, a decrease of both CÈC and CÈP stretching fre-
quencies could be noted (Table 3).

In both derivatives, the linear triplet phosphinidenes Clt
and Brt are inherently more stable than the singlets. Due to
the fact that both chlorine and bromine atoms induce a
smaller stabilization on closed-shell singlet carbene Cls and
Brs, they remain higher in energy than their corresponding
open-shell singlet Clos and Bros, in contrast with the situation
in FCCP. The calculated singletÈtriplet gaps (osÈt) for the
phosphinidene moiety in both ClCCP and BrCCP systems are
basically identical and slightly smaller than that in HCCP and
FCCP (by 5 kJ mol~1).

The gaps between the triplet phosphinidene t and singlet
carbene s are also decreased by up to 25 kJ mol~1 [CCSD(T)
value, cf. Table 1] with respect to that of HCCP.

D. The iodinated derivative, ICCP

The calculated data are also recorded in both Tables 1 and 2.
Again, a similar electronic spectrum emerges in that the linear
triplet phosphinidene It is the lowest-lying state followed by
the linear open-shell singlet phosphinidene Ios which precedes
the bent closed-shell singlet carbene Is. Because the basis set
employed for iodine [6-311G(2df )] is di†erent from that for
the other systems (cc-pVTZ), a direct comparison of values
could not be made. Nevertheless, it can be expected that the
electronic structure of ICCP is very close to that of BrCCP
and ClCCP either for the trend or for the energy ordering.

E. The standard heats of formation of phosphinidenes
X–C3C–P

In an attempt to obtain a quantitative characteristic and
useful parameter for the species under consideration, we have
evaluated the standard heats of formation of the linear triplet
phosphinidenes for which the value for the parent HCCP has
recently been determined.31 For this purpose, two sets of

exchange reactions (1) and (2) have been considered as
working reactions :32

HCCÈP] HX] XCCÈP] H2 (1)

HCCÈP] CH3X] XCCÈP] CH4 (2)

Combination of the calculated heats of reactions (1) and (2)
at the CCSD(T)/cc-pVTZ level with corrections for zero-point
vibrational and thermal energies [for ICCP, the 6-311G(2df )
basis was used] and the known experimental heats of forma-
tion of the reference species33 has allowed the corresponding
values for XCCP to be derived. Based on the value

kJ mol~1, the values obtained by both*fH298¡ (HCCP)\ 421
reactions (1) and (2) are internally consistent and their average
values provide us with the following estimates :

kJ mol~1, kJ*fH298¡ (FCCP)\ 292 *fH298¡ (ClCCP)\ 420
mol~1, kJ mol~1 and*fH298¡ (BrCCP)\ 465

kJ mol~1.*fH298¡ (ICCP)\ 569

4. Summary
The present theoretical study on the electronic structure of the
XCCP species using both coupled-cluster and multi-
conÐgurational second-order perturbation theories as well as
density functional theory that were not employed systemati-
cally in earlier studies, points out that each of the XCCP mol-
ecules has a linear triplet ground state and in this state the
molecule can best be regarded as an ethynyl-phosphinidene
(XÈC3CÈP). The singlet phosphinidene counterparts turn out
to have an open-shell electron conÐguration and also a linear
arrangement. In the closed-shell singlet manifold, while the
parent HCCP also has a linear framework, the halogenated
systems present a bent nuclear conÐguration and thus corre-
spond to halocarbenes substituted in addition by a CP group
(XÈCÈC3P). The presence of the terminal phosphorus atom
allows a remarkable stabilization of the triplet state by allow-
ing electron delocalization of the open-shell center, from the
carbon to the phosphorus, thus transforming the nature of the
system from a carbene to a phosphinidene. Stabilization of the
singlet carbene by halogen atoms is, as usual, large but not
large enough in this case to compete and to tip the balance in
favour of the carbene character. If generated in an appropriate
spin state and reaction conditions, both types of transient
intermediates could be expected to exist and to undergo
typical and di†erent reactions to a variety of substrates. A
consistent set of standard heats of formation for the triplet
phosphinidenes were also evaluated.
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