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The dimerization of phosphaalkynes (R–C;P, R = H, Me, tBu) [H2C2P2] systems. In an attempt to address the exciting
controversy and uncertainty about phosphaalkynewithout and with the presence of transition metal fragments,

including CpCo (Cp = cyclopentadienyl) and COT–Ti (COT = dimerization, a number of dimer formation mechanisms
proposed in the literature have been examined. Some newcyclooctatetraene), has been probed using density functional

theory calculations (B3LYP with different basis sets). MP2 and plausible intermediates have also been identified.
and CCSD(T) calculations were also performed for the

With Zr or Hf as metallic center, however, a 1,3-diphos-1. Introduction
phabicyclo[1.1.0]butanediyl ligand was shown to be
formed[6] [7] (Scheme 3).In 1986, two independent groups[1] [2] first reported the

cyclodimerization of a phosphaalkyne (R2C;P) in the co-
ordination sphere of cobalt, rhodium, and iridium centers,
yielding a 1,3-diphosphacyclobutadiene ring (referred to
hereafter as 1,3-DPCB), as shown in Scheme 1.

Scheme 3. Observation of bicyclic dimers in Zr, Hf complexes

Interestingly, it has been proven extremely difficult, if not
impossible, to displace the η4-ligated P2C2tBu2 rings from
any of these cornplexes, which is in clear contrast to theScheme 1. Formation of 1,3-DPCB in metal complexes
behavior of analogous cyclobutadiene rings.

As far as the formation of the 1,3-DPCB complexes isSoon afterwards, other similar complexes containing iron
concerned (Scheme 4), it has been assumed that first awere discovered, [3] [4] as well as a sandwich complex of
bis(π-phosphaalkyne) complex is formed, followed by anickel containing two 1,3-DPCB rings[5] (Scheme 2).
coupling process to give a 1-metalla-2,4-diphosphacyclo-
pentadienyl complex. The latter can than undergo a re-
ductive elimination yielding the product 1,3-DPCB com-
plex. This mechanism was postulated by analogy to the re-
action sequence taking place when cyclobutadiene com-
plexes are formed out of alkynes. [8] [9]

Further evidence for this reaction mechanism was pro-
vided by Binger et al. who found the existence of a 1,4-
diphospha-2-rhodacyclopentadiene species as intermediate
in the formation of the 1,3-DPCB complex[10] (Scheme 5).
These authors were able to characterize the 1,4-diphospha-
2-rhodacyclopentadiene species by X-ray diffraction stu-
dies.

Scheme 2. Observation of 1,3-DPCB in Fe and Ni complexes However, no clear-cut evidence has been found yet pro-
ving or disproving that the mechanisms of formation of
other complexes (such as shown in Schemes 1 and 2) also[a] Department of Chemistry, University of Leuven,

Celestijnenlaan 200F, B-3001 Leuven, Belgium proceed via 1-metalla-2,4-diphosphacyclopentadienyl inter-
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Scheme 4. Proposed formation mechanism of 1,3-DPCB involving
metallacyclobutadiene intermediate

Scheme 6. Formation of both 1,3- and 1,2-DPCB when Ti comple-
xes were used

Moreover, the activation energy for 1,2-DPCB formation in
a head-to-head approach is also smaller.

All facts considered, a number of intriguing questions
remain unanswered:

• Why is, in the case of Co and Rh, only the 1,3-DPCB
complex found, and not the 1,2-DPCB, although the latter
is more stable in free form, as found in previous work?[14]

• Concerning the free DPCB species, what is the influ-
ence of bulkier substituents on the carbon atoms, i.e. how
large are steric effects in these systems? As a matter of fact,
the available experiments have usually been carried out with
phosphaalkynes R2C;P where R 5 tBu or other sterically
hindered substituents.

• With Ti as metallic center, both 1,2-DPCB and 1,3-Scheme 5. Proposed formation mechanism of 1,3-DPCB in Rh
DPCB complexes are found. Remarkably, however, the 1,3-complexes
DPCB complex shows two different P2C bond lengths, in
contrast to the Co and Rh cases, where a more delocalized

mediates. Another interesting point is that, when using Co DPCB ring is obtained.
or Rh as metallic center, a 1,2-diphosphacyclobutadiene • Finally, is the mechanism via metallacyclobutadiene in-
complex has never been detected (referred to hereafter as termediates indeed a valid reaction scheme?
1,2-DPCB). In fact, the first example of a 1,2-DPCB com-

In an attempt to obtain more insight into this interestingplex has only recently been characterized by making use of
area of low-coordinated phosphorus chemistry, a compu-titanium[11] [12] (Scheme 6).
tational study has been carried out on free DPCB speciesIn the case of Ti, both the 1,3-DPCB and 1,2-DPCB
on the one hand (R2C2P2, with R 5 H, CH3, and tBu),complexes have been found. While the latter has a large
and some representative metal complexes on the other handdelocalization of electrons within the ring, the former shows
[Cp2Co2(R2C2P2), with R 5 H, CH3, and Cp 5 cyclo-two short and two long P2C bonds. Again, this is in con-
pentadienyl; COT2Ti-(H2C2P2) with COT 5 cyclooctate-trast to the 1,3-DPCB complexes of Co and Rh, where the
traene].carbon-phosphorus ring is also largely delocalized. Without

the presence of metal compounds, a cyclotetramerization of
phosphaalkynes has been found upon heating, which leads
to a tetraphosphacubane. [13] Formation of the latter has 2. Computational Details
been postulated to involve a 1,3-DPCB intermediate.

In our previous work, [14] different equilibrium and tran- The species considered include the important [R2C2P2]
isomers with R 5 H, CH3, and tBu, [Cp2Co2(R2C2P2)]sition structures on the [C2H2P2] potential energy surface

have been calculated. It turned out that 1,2-DPCB tends to isomers (R 5 H, CH3; Cp 5 cyclopentadienyl), and a num-
ber of COT2Ti-[H2C2P2] isomers (COT 5 eyclooctatetra-be more stable than the 1,3-DPCB by about 30240 kJ/mol.
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ene). For the sake of comparison, we also calculated some
isomers of Cp2Co2[H4C4].

All geometries have been optimized using the B3LYP
density functional [15] [16] with the 6231G(d,p) basis set. For
the metal elements, a (14s,9p,5d)/[8s,5p,3d] basis set was
used, [17] augmented by two p functions, [18] one d func-
tion, [19] and one f function. For the free species (R2C2P2)
with R 5 H and CH3, harmonic vibrational analyses have
been performed as well at the B3LYP/6231G(d,p) level.
MP2 geometry optimizations using the 6231G(d,p) basis
set have been performed for the [H2C2P2] compounds, in-
cluding vibrational analysis. To obtain improved relative en-
ergies, coupled cluster CCSD(T)/623111G (2df,p) single-
point calculations using the MP2-optimized geometries as
well as B3LYP/623111G(2df,p) single-point calculations
have also been carried out for the [H2C2P2] isomers.

While the Gaussian 98 electronic structure program[20]

was used for calculating the uncomplexed species, the Mul-
liken software[21] was used for calculations on complexed
species. Both the geometry optimizations in Gaussian 98

Figure 1. Schematic representations of noncomplexed species con-
and in the Mulliken software were performed with a conver- sidered, along with the labeling conventions; labels in italics refer

to species mentioned in the text, but not actually computed ingence criterion of 4.5·1024 Hartree/Bohr for the gradients.
this work

3. Results and Discussion Table 1. B3LYP/6231G(d,p)-optimized bond lengths [Å] and an-
gles [°] for the differently substituted uncomplexed diphosphacyclo-
butadienes under consideration; values in parentheses refer to3.1 Uncomplexed Dimerization Products
MP2/6231G(d,p)-optimized parameters (see Figure 1 for defini-
tion of structures and atom labels)Figure 1 shows schematic representations of the uncom-

plexed species considered in this work, along with the labe-
ling conventions used throughout. Tables 1 and 2 contain
the optimized geometrical parameters and relative energies,
respectively. The minima considered include the free phos-
phaalkynes 1a2c, the two valence isomers of 1,2-DPCB
2a2c and 3a2c, and 1,3-DPCB 4a2c. While 1a/2a and 1b/
2b are transition states for the so-called ”head-to-head”
cycloaddition of two RCP molecules leading to 1,2-DPCB,
1a/4a and 1b/4b describe the ”head-to-tail” reaction yield-
ing 1,3-DPCB. In the following paragraphs, mentioned geo-
metrical parameters refer to the B3LYP-optimized values,
unless otherwise noted.

3.1.1 Dimerization of the Parent H2C;P

Concerning the dimerization products of HCP, it is seen
from Table 2 that these products are all bound with respect
to the free phosphaalkynes. This fact is reproduced at all
levels of theory, including B3LYP, MP2, and CCSD(T),
with one exception, being 4a at the MP2 level.

Both valence isomers 2a and 3a of the head-to-head di-
mers exist. While 2a clearly shows a C5C bond (1.330 Å) The head-to-tail dimer 4a has a parallelogram structure,

with clearly distinguishable alternating single C2P andand a P5P bond (2.071 Å), the reverse is seen for 3a, having
single C2C and P2P bonds (1.463 and 2.488 Å, respec- double C5P bonds (1.925 and 1.679 Å, respectively). The

C2P2C angles turn out to be somewhat smaller than 90°tively) and double C5P bonds (1.698 Å). Both 2a and 3a
possess a trapezoid structure. Of the two valence isomers, (81.10); consequently, the P2C2P angles are larger than

90° (98.9°). 4a turns out to be the least stable of the isomers2a with C5C and P5P π bonds is the most stable, lying
11 kJ/mol below 3a at the B3LYP level and 12 kJ/mol at the considered here. Although it is bound by more than 20 kJ/

mol with respect to the free phosphaalkyne at the B3LYPC0SD(T) level.
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Table 2. Relative energies [kJ/mol] of uncomplexed species conside- It has to be noted, finally, that a proper description of
red the dimerization process of R2C;P species requires a

treatment using a multi-configurational wavefunction
(MCSCF).

However, such a treatment is beyond the scope of the
present work. Note also that density functional methods
are generally believed to incorporate at least some part of
the nondynamical correlation. Therefore, in view of the
good agreement between our B3LYP and CCSD(T) calcu-
lations, we think that the present calculations provide a suf-
ficiently accurate basis for drawing the conclusions de-
scribed above.

3.1.2 Dimerization of Me2C;P and tBu2C;P
[a] Based on B3LYP geometries and including ZPE(B3LYP). 2 [b]

Based on MP2 geometries and including ZPE(MP2). 2 [c] Based In an attempt to tackle the question posed in the intro-
on B3LYP geometries and without ZPE.

duction concerning the influence of bulkier substituents on
C, B3LYP calculations have been carried out for the heavier
phosphaalkynes MeCP and tBuCP. Due to limitations in
computational resources, harmonic frequency calculations
have not been carried out for the latter, and TS 1c/2c andand CCSD(T) levels, MP2 predicts it to be less stable than

the separated monomers. 1c/4c have not been calculated.
Substitution of H in the parent phosphaalkyne by CH3For the dimerization reaction, two transition states have

been located. While TS 1a/2a connects the free HCP mole- yields the following relative energy ordering for the dimers:
2b < 3b <4b, in analogy with the parent species. However,cules to the 1,2-DPCB having C5C and P5P π bonds, TS

1a/4a represents the transition structure for head-to-tail di- the stability with respect to the free phosphaalkynes is con-
siderably changed upon Me substitution. The 1,3-DPCB 4bmerization. At the B3LYP level, the head-to-head process

has an energy barrier of 98 kJ/mol, and the head-to-tail re- lies now even higher in energy than the monomers. The
reason for this alteration of relative stabilities has probablyaction passes over a 165 kJ/mol energy barrier. While MP2

is in good agreement with B3LYP and CCSD(T) concerning to be found in the stabilization of the monomers by larger
alkyl substituents. The energy difference between 2b and 4bthe former process, the MP2 head-to-tail energy barrier is

considerably overestimated with respect to the B3LYP or amounts to 48 kJ/mol, and has thus been decreased with
respect to the unsubstituted case (53 kJ/mol). This factCCSD(T) values. Most likely, this is due to the fact that

MP2 is not able to treat nondynamical correlation energy, possibly points to a slight destabilization of the 1,2-DPCB
2b due to steric interactions between the two methyl groups.whereas the DFT and CCSD(T) can do so to some extent

(vide infra). Qualitatively, however, all levels of theory con- Another indication for steric repulsion between the methyl
groups is found in the RC1C2 angle of 2b which is 2.6°firm that the head-to-head product 2a is both kinetically

and thermodynamically favored over its head-to-tail larger than the corresponding value for 2a. The transition
structures for head-to-head and head-to-tail cycloadditioncounterpart.

In agreement with results of previous work, [14] the two reactions are found at 130 kJ/mol and 204 kJ/mol, respec-
tively, relative to the monomers. As a consequence, the en-HCP monomers approach each other in nearly perpendicu-

lar planes to form the 1,2- and 1,3-DPCB (TS 1a/2a and ergy barriers have been increased with respect to the HCP
case (due to stabilization of the MeCP monomers), whereas1a/4a). In TS 1a/2a, formation of the CP bond has clearly

progressed further than the PP bond (C1C2 5 1.908 Å, in the relative ordering of the two TSs has remained nearly
constant. Proceeding in the opposite direction, bothcontrast to P1P2 5 4.068 Å). The same behavior is seen in

TS 1a/4a, where one forming CP bond is markedly shorther DPCBs become less stable with regard to cycloreversion.
Replacing the hydrogen atom by the sterically demandingthan the other (C2P1 5 1.960 Å versus C1P2 5 3.051 Å).

Both transition structures thus imply a highly asynchronous tBu groups has considerable consequences on the relative
stabilities. Only the 1,2-DPCB 2c and 1,3-DPCB 4c are sta-formation of the two new chemical bonds. This suggests a

radical mechanism for this symmetry-forbidden [212] bilized with respect to the free monomers. The correspond-
ing stabilization energies, however, amount to only 6 andcycloaddition.

In general, no severe geometrical differences between the 3 kJ/mol, respectively. It thus seems that replacing Me by
tBu further stabilizes the monomers. The energy gap be-MP2- and B3LYP-optimized structures are found. Con-

cerning relative energies, however, a close examination of tween the two valence isomers 2c and 3c has further in-
creased to 16 kJ/mol, whereas it was 6 kJ/mol for 2a-3a andTable 2 shows that, while B3LYP yields results in excellent

agreement with the CCSD(T) values, MP2 is often in con- 10 kJ/mol for 2b-3b. Most remarkable is the fact that the
energy difference between the head-to-head adduct 2c andsiderable error with the CCSD(T) level.
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Table 3. B3LYP/6231G(d,p)-optimized bond lengths [Å] and an-the head-to-tail dimer 4c has decreased to only 3 kJ/mol, in
gles [°] for the various complexed species under consideration (seefavor of the former. This points to a considerable destabiliz-
Figure 2 for definition of structures and atom labels)

ation of 2c by steric hindrance of the tBu groups. Again,
this observation is in agreement with an RC1C2 angle of
137.3° in 2c, as compared with that of 129.7° for 2a.

3.2 Metal Complexes of the R2C;P Dimers

Overviewing the results gathered from calculations on the
free R2C;P dimers, it turns out that in all cases con-
sidered, the 1,2-DPCB dimer is the more stable. Therefore,
it is most intriguing why, in the presence of transition metal
fragments of Co, Rh, Ir, Fe, and Ni (see Schemes 1 and 2),
only the 1,3-DPCB complexes are found. Interestingly,
when Ti is used, both dimers are found (see Scheme 6). We
have therefore carried out calculations on the model com-
pounds shown in Figure 2. Two transition metal fragments
have been considered: the 14e2 CpCo fragment (Cp cyclo-
pentadiene) and the 12e2 COT2Ti fragment (COT 5
cyclooctatetraene). The calculations include full B3LYP
geometry optimizations and energy calculations. The basis
sets used are specified in a previous section. Optimized geo-
metrical parameters and relative energies of the complexes
considered are shown in Tables 3 and 4, respectively.

[a] Experimental parameters for the tBu analog COT2Ti-2c, ref. [11]

2 [b] Experimental parameters for the tBu analog CpCo-4c, ref. [22]

2 [c] Experimental parameters for the tBu analog COT2Ti-4c,
ref. [11] 2 [d] Experimental parameters for the Cp2Zr complex of
the 2,4-di-tert-butyl-1,3-diphosphabicyclo[1.1.0]butanediyl ligand,
ref. [6]

Table 4. Relative energies [kJ/mol] of the complexes considered

3.2.1 Cobalt Complexes of H2C;P Dimers

While the uncomplexed 1,2-DPCB and 1,3-DPCB clearly
show alternating single and double bonds, their complexed
counterparts CpCo-2a and CpCo-4a have bond lengths be-
tween single and double [r(CC) ø 1.41 Å, r(CP) ø 1.81 Å,
and r(PP) ø 2.23 Å). Complexation of the dimers thus
yields a shortening of the single bonds and a lengthening

Figure 2. Schematic representations of the complexes considered, of the double bonds. This is a geometrical indication thatalong with the labeling conventions; labels in italics refer to species
mentioned in the text, but not actually computed in this work the DPCB rings become less antiaromatic if complexed to
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a CpCo fragment. Another indication of this behavior is formation of a cobaltacyclopentadiene intermediate, has

been observed.[23] This result suggests that the reverse 2the fact that complexation of 4a, which has a parallelogram
structure, leads to CpCo-4a where the diphosphacyclobuta- direct formation of cyclobutadiene out of two acetylene li-

gands 2 is also possible. Since the cobalt intermediates ap-diene unit exhibits a rhombic structure with four equal CP
bond lengths. pear to be too high in relative energy in the case of diphos-

phacyclobutadiene complexes, it is tempting to say that aConcerning the relative stabilities of both CpCo-2a and
CpCo-4a, it seems that complexation has not much altered direct reaction of CpCo-6a or CpCo-7a to CpCo-2a or

CpCo-4a might be possible.the situation with respect to the free dimers. While in free
form, 1,2-DPCB lies 53 kJ/mol below 1,3-DPCB (B3LYP),
in complexed form this energy gap is slightly decreased to
46 kJ/mol. Experimentally observed complexes of CpCo,
however, are formed of tBuCP instead of HCP. In the pre-
vious seetion, it was calculated that the 2a 2 4a energy gap
decreases from 53 kJ/mol to 3 kJ/mol for 2c 2 4c. By trans-
ferring this energy effect to the CpCo-2a 2 CpCo-4a energy
difference, one can estimate the energy gap between CpCo-
2c and CpCo-4c to be 25 kJ/mol, in favor of the latter.

Figure 3. Schematic representations of the all-carbon complexesEven if such a crude approximation would be correct, the
considered, along with the labeling conventionsenergy difference is too small and as such it could not ex-

plain why exclusively CpCo-4a complexes are found exper- Since Zr and Hf complexes containing a 1,3-diphos-
imentally, and not the CpCo-2a complexes. Therefore, it phabicyclo[1.1.0]butanediyl ligand have been found exper-
seems necessary to take a closer look at the way the DPCB imentally[6] [7] (Scheme 3), the cobalt analog CpCo-5a has
complexes are formed. also been calculated. It is found at 256 kJ/mol relative to

It has been proposed in the literature, [6] [22] that the for- CpCo-2a. Note that CpCo-5a was optimized within Cs
mation of diphosphacyclobutadiene complexes proceeds by symmetry (MC1C2 mirror plane). Releasing all symmetry
the reaction sequence shown in Scheme 4, in analogy with constraints yielded CpCo-12a, shown in Figure 4, which
that of cyclobutadiene complexes resulting from bis(π- still possesses Cs symmetry, but now with an MP1P2 mirror
acetylene) complexes. [8] [9] Therefore, a number of additional plane. This structure, which has so far not been reported in
structures have also been calculated. These include the the literature, possesses a tilted 1,3-diphosphabicyclo[1.1.0]-
bis(π-phosphaalkyne) complexes CpCo-6a and CpCo-7a, butanediyl ligand, so that a bond between Co and P1 is
and four possible cobalt species CpCo-8a2CpCo-11a. For formed. Selected geometrical parameters of this molecule
the sake of comparison, the all-carbon analogues, shown in are given in Table 5. While the C1P1 bond length amounts
Figure 3, have been computed as well. For the latter mol- to 1.951 Å, indicating a single bond, the C1P2 distance of
ecules, Table 4 shows that the bis(π-acetylene) complex B 1.811 Å suggests a partial double bond character between
lies higher in energy than the CpCoCb complex A by the C1 and P2 atoms. The folding angle C1P1P2C2 of 100.4°
237 kJ/mol. The cobalt complex C is found at an intermedi- shows that the 1,3-diphosphabicyclo[1.1.0]butanediyl unit
ate position of 173 kJ/mol. Hence, the B R C R A reaction has opened up by about 8° with respect to CpCo-5a. The
seems possible for these species, and it has indeed been most striking feature of this molecule, however, is its energy.
found experimentally. [8] [9] A different situation appears CpCo-12a is found at 181 kJ/mol relative to CpCo-2a and
when the acetylene molecules are replaced by H2C;P thus well below the bis(π-phosphaalkyne) complexes CpCo-
species. Two bis(π-phosphaacetylene) complexes are pos- 6a and CpCo-7a (Table 4). Most likely, flattening of the
sible, CpCo-6a and CpCo-7a. While in the former complex, 1,3-diphosphabicyclo[1.1.0]butanediyl unit in CpCo-12a
the two HCP molecules are side-on coordinated in a head- uniquely leads to the 1,3-DPCB complex CpCo-4a. There-
to-head fashion, the latter complex has them oriented in a fore, CpCo-12a should be regarded as an important candi-
head-to-tail manner. The complexes are found at 247 and date for an intermediate in the formation of CpCo-4a.
245 kJ/mol above CpCo-2a, respectively, which is very simi-
lar to the situation of A and B. However, the cobalt com-
plexes CpCo-8a, CpCo-9a, CpCo-10a, and CpCo-11a are 3.2.2 Cobalt Complexes of CH32C;P Dimers
found at a much higher relative energy than the bis(π-phos-
phaacetylene) complexes. Note that CpCo-11a has been cal- In order to check the influence of larger R substituents

on phosphaalkynes, the methyl analogues CpCo-2b2CpCo-culated only for the sake of completeness, since it seems not
possible that CpCo-11a can be formed starting from CpCo- 11b have also been calculated (see Figure 2). It is seen from

Table 4 that substituting H by CH3 has a rather moderate6a or CpCo-7a. The relative energies of these cobalt com-
plexes range from 308 to 349 kJ/mol, with respect to CpCo- effect on the relative energies. The energy gap between the

1,2-DPCB complex CpCo-2b and the 1,3-DPCB complex2a. Hence, it is unlikely that these species intervene as inter-
mediates, such as shown in Scheme 4. In this respect, it is CpCo-4b has slightly increased with respect to the hydrogen

analogues. The cobalt complexes CpCo-8b2CpCo-11b arenoteworthy that direct fragmentation of a complexed cyclo-
butadiene ligand into two acetylene ligands, without prior now found at an even higher relative energy than was the
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Scheme 3), it is also worth comparing the experimental geo-
metry with calculated values for CpCo-5b. Table 3 shows
that B3LYP yields good values for the C1P1 and P1P2 dis-
tances. The folding angle C1P1P2C2, however, is consider-
ably overestimated with respect to the experimental one
(93.4° versus 70°). Note, though, that the latter effect could
be due to steric interactions of the two Cp ligands with the
tBu groups.

3.2.3 Titanium Complexes of H2C;P Dimers

The situation changes quite drastically when COT2Ti is
used as the complexing metal fragment (COT 5 cycloocta-
tetraene). Only complexes of the HCP molecule have been
investigated in conjunction with this metal fragment, since
our available computational resources did not allow larger
systems to be calculated.

The energy difference between the 1,2-DPCB complex
COT2Ti-2a and the 1,3-DPCB complex COT2Ti-4a
amounts to 54 kJ/mol, in favor of the former. Both bis(π-
phosphaalkyne) complexes COT2Ti-6a and COT2Ti-7a
are found at about 270 kJ/mol above COT2Ti-2a.

So far, the situation is quite analogous to the case of co-
Figure 4. B3LYP-optimized structures of CpCo-12a, CpCo-12b balt complexes. However, more serious differences appearand COT2Ti-12a

when turning our attention to the metalla complexes. The
complexes COT2Ti-8a and COT2Ti-10a are now lying
well below the bis(π-phosphaalkyne) complexes in relativeTable 5. B3LYP/6-31G(d,p)-optimized bond lengths [Å] and angles

[°] of the CpCo-12a, CpCo-12b and COT2Ti-12a structures energy. As such, for COT2Ti complexes, these findings
support the reaction mechanism shown in Scheme 4. An-
other important difference 2 as compared with the cobalt
complexes 2 concerns the COT2Ti-5a species, which con-
tains a 1,3-diphosphabicyclo[1.1.0]butanediyl ligand. While
in the case of Co, it was found at relative energies of
2502270 kJ/mol, it is now located at 174 kJ/mol. Hence,
COT2Ti-5a is likely to be accessible from the bis(π-phos-
phaalkyne) complexes, and thus it possibly represents an
important intermediate. In analogy to the CpCo-12a com-
plex, containing a tilted 1,3-diphosphabicyclo[1.1.0]butane-
diyl ligand, COT2Ti-12a has also been located. While itscase for their hydrogen analogues. Hence, in the case of

methyl substitution, it is also likely that the proposed reac- geometry is shown in Figure 4, the corresponding optim-
ized parameters are given in Table 5. Apart, of course, fromtion mechanism of Scheme 4 is not valid. The complex con-

taining a tilted 1,3-diphosphabicyclo[1.1.0]butanediyl li- the MC and MP distances, all values are very similar to
the ones derived for CpCo-12a and CpCo-12b. The relativegand CpCo-12b has also been located and is found at a

relative energy of 190 kJ/mol. Hence, similar to the case for energy of the species COT2Ti-12a is calculated to be
163 kJ/mol with respect to COT2Ti-2a. Hence it is onlyR 5 H, it possibly represents an important intermediate in

the formation of DPCB complexes. As CpCo-4b represents 11 kJ/mol more stable than its analog containing a non-
tilted 1,3-diphosphabicyclo[1.1.0]butanediyl ligand. Thethe best approximation to the structure of the experimen-

tally known CpCo-4c, some geometrical parameters of the species COT2Ti-5a and -12a as well as the metalla com-
plexes COT2Ti-8a2COT2Ti-10a should be considered ac-latter have also been included in Table 3. While the calcu-

lated metal2phosphorus distances are somewhat longer cessible from the bis(π-phosphaalkyne) complexes. This im-
plies that all of them possibly represent important inter-than the experimental value (by about 0.02 Å), the metal2

carbon bond is slightly underestimated by 0.01 Å. The mediates in the formation of DPCB complexes. Note that,
in the case of Ti complexes, the complex COT2Ti-11aother parameters are in good agreement with experimental

values, and the geometry obtained using B3LYP optimi- could not be located, in contrast to CpCo-11a and CpCo-
11b.zation thus seems very reliable.

Since the Cp2Zr complex of the 2,4-di-tert-butyl-1,3-di- As far as geometry is concerned, both COT2Ti-2c and
COT2Ti-4c have been characterized experimentally by X-phosphabicyclo[1.1.0]butanediyl ligand is known[6] (see
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ray diffraction. [11] Their geometrical parameters are also sharp contrast to the available experimental observations

for the all-carbon CpCoCb complexes. However, a rathershown in Table 3. For these species, B3LYP seems to over-
estimate slightly the metal2phosphorus bond lengths by remarkable and so far unknown species has been located

theoretically, containing a tilted 1,3-diphosphabicyclo-about 0.02 Å, while the reverse trend is noted for the metal
2carbon distances (an underestimation of about 0.05 Å). [1.1.0]butanediyl ligand. In view of its relative energy, the

latter complex is more likely to be an intermediate in theThe most striking discrepancy between experimental and
optimized geometries is the fact that, for the 1,3-DPCB formation of diphosphacyclobutadiene complexes than the

cobalta species.complex, B3LYP yields a rhombic C2P2 ligand, having four
equal C2P distances, while the experimentally resolved An extension has also been made from R 5 H to R 5

Me. Theoretical findings show, however, that substitutingstructure shows alternating single and double C2P bonds.
At this point, however, it is not elear whether such an in- H by Me does not affect the conclusions drawn above.

• While the COT2Ti complexes behave rather ana-consistency originates from either a shortcoming of the
B3LYP method or an effect of crystal packing or even an logously to the CpCo complexes, one major difference is

detected. The metalla ring intermediates, that turn out toelectronic effect of the tBu groups.
be too high in relative energy in the case of CpCo com-
plexes, seem now to be valuable candidates to intervene in
the formation of COT2Ti DPCB complexes. As such, in4. Conclusions
the case of Ti complexes, several routes leading from the
bis(π-phosphaalkyne) to the diphosphacyclobutadiene com-In an attempt to tackle some points of controversy and un-

certainty concerning the formation and relative stabilities of plexes seem to be possible. This fact may explain the exper-
imental detection of complexes of both the 1,2- and 1,3-di-DPCB complexes, calculations have been carried out on a

number of important isomers of [R2C2P2] with R 5 H, mers.
A characterization of the complexes considered in thisCH3, and tBu, [Cp2Co2(R2C2P2)] isomers (R 5 H, CH3;

Cp 5 cyclopentadienyl), and isomers of COT2Ti-[H2C2P2]. work by harmonic frequency analysis, as well as the lo-
cation of transition structures connecting the various com-Several of these points have been addressed, which lead to

new insights into the chemistry of DPCB complexes. plexed species, seem thus necessary for a full understanding
of the formation of diphosphacyclobutadiene complexes. At• Concerning the uncomplexed species, the calculations

confirm the previous results that the valence isomer of 1,2- this very moment, these calculations are unfortunately quite
beyond our computational limits. Nevertheless, we believeDPCB having π bonds between the two C atoms and be-

tween the two P atoms tends to be the most stable diphos- that the presented results add several new insights into this
interesting problem in low-coordinated phosphorus chemis-phacyclobutadiene. The other isomer is found 6 kJ/mol

higher in energy for R 5 H, 10 kJ/mol for R 5 Me and try.
16 kJ/mol for R 5 tBu. The 1,3-DPCB is considerably less
stable than 1,2-DPCB for both R 5 H and Me (53 and
48 kJ/mol, respectively). Only for R 5 tBu, the 1,2 and 1,3 Acknowledgments
dimers are found rather close in energy. The fact that the
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