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The structure 4b is shown in Figure 2. It contains a Ni~C-
(0)-C(Me)-C(Me) metallacyclobutenone ring that is 7-bonded
to the molybdenum through carbons C(2) and C(3). This ring
is close to planar, the maximum deviation of any atom from the
mean square plane NiC(2)C(3)C(4) being 0.055 A. The u-
7°m*1,3-¢/2,3-x bonding mode of the C(R)C(R)C(O) ligand has
been observed in only a few other cases, all involving homonuclear
metals.’

In complex 4b, the Mo~C(2) and Mo~C(3) bonds are unequal
[Mo—C(2) = 2.179 (2) A; Mo~C(3) = 2.290 (2) A]. Asymetric
w-bonding of the C(R)~C(R) fragment to the metal has been
reported!®!? in all structurally characterized complexes of this
type. In each case, as occurs here, the significantly longer M~C
bond occurs for that carbon atom bonded to the ketonic CO. The
Ni-~Mo bond length of 2.5859 (2) A is in the same range observed
for other simple Ni-Mo single bonds.'4

Complexes 4a, 5a, and 5b are believed to have similar structures
to 4b.'”  All the compounds lose CO slowly when allowed to stand
in solution at ambient temperatures, over a period of 1-2 days.
The yields of complexes 4a, 4b, 5a, and 5b from reactions of the
complexes 1a and 1b with alkynes are thus time-dependent and
decrease with time significantly. Clean conversion into the cor-
responding alkyne complex 2a, 2b or 3 is observed when samples
of 4a, 1b, or 8a,b are heated in a sealed NMR tube. The com-
plexes Sa and Sb are not regenerated by bubbling CO through
solutions of 3 under ambient conditions. However, 4a is formed
by bubbling CO through toluene solutions of 2a at 25 °C.

Bubbling CO through solutions of 4b for 12 h does not afford
4b. It is not clear to us why a nickelacyclobuteone w-bonded to
Mo rather than molybdenacyclobutenone w-bonded to Ni is ob-
tained. However, the carbonyl ligand may be required by the
nickel to reduce its electron density. In this regard it is interesting
to note that in the alkyne complexes, a carbonyl ligand on the Mo
appears to semibridge to the Ni, rather than remain terminal.

Subtle electronic and steric factors appear to have drastic effects
on the ease of formation and stability of the w-bonded metallacycle.
We have been able to synthesize Ni~Cr and Ni-W analogues to
complexes 2a, 2b, and 3 similarly, but have not yet observed the
formation of any Ni~Cr or Ni~W complex of a structure similar
to 4a,b or 5a,b. Further studies are in progress.
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The stable molecular form of elemental phosphorus, which
occurs in white phosphorus, is the P, tetrahedron, which undergoes
considerable ring strain due to the 60° valence angles at all atoms.
In some polymerized modifications such as black or red phos-
phorus, the valence angles are closer to nonhybridized values.
Indeed, in black phosphorus, which is directly derived from a
simple cubic system, the angles at the phosphorus atoms are 102°
and 96°; in red phosphorus, they are 101°. The question of
whether or not the cubic Pg molecule could be stable has been
put forward several times. Such a structure would give 90° angles
at all phosphorus atoms and should induce reduced ring strain.

Fluck, Pavlidou, and Janoschek have calculated Py (0,) to be
less stable than 2P, by 47 kcal/mol, using the experimental P-P
bond length (2.21 A) of P, in both molecules.! In a previous work
we have optimized the geometry of Pg with a double-{ basis set.?
In this way, Pg was found to be more stable than 2P, by 10
kéal/mol but we already suggested that this result might be
reversed by including d orbitals in the basis set, which should favor
the more compact and constrained P, systems. Halevi, Bock, and
Roth recently reported a MNDO study in which all geometries
were optimized and which gives Py more stable than 2P, by 68
kcal/mol.> These authors show neatly that the simplest D;,
coupling 2P, = Py is forbidden in the ground state. However,
as pointed out by Kutzelnigg,* both an ab initio SCF calculation
with d orbitals in the basis set and a calculation of the force field,
in order to demonstrate that Py is a real minimum on the potential
surface, are still needed. These two points are the main object
of the present report. Possible ways of reaching this intermediate
by coupling two electronically excited P, molecules will be also
examined.

Ab initio effective core potential SCF calculations were per-
formed with the PSHONDO algorithm,? using double-¢ (DZ) and
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Figure 1. Simplified orbital correlation diagram for the Dy, least-motion coupling of two square-planar P, molecules. Orbital occupation corresponds

to the coupling of quintet states with opposite spins on each fragment.

Table I. Summary of the Results on P,, P, (7,), and Pg (Oy)°

Table II. Calculated Harmonic Vibrational Frequencies®

Dz DZzd exptl

P, rp.p 1.962 1.865 1.893¢

ke 5.7 7.2 5.6°
P, Foup 2.370 2.190 2.21¢

ka, 1.5 22 175, 1.68/
P; roop 2.420 2.274

K, 1.5 2.1
2P, — P, AFE +3.0 -29.4

AH? +4.3 -28.1 ~52¢
2P, — P AE -10.3 +26.3

AH -8.1 +28.5
4P, — Py AE -4.2 -32.4

AH +0.5 -27.7

¢Units: rin A, k in mdyn/A, AE and AH in kcal/mol. ®AH is AE
corrected by the differences in zero-point vibration energies calculated
from Table II. “Reference 9. “¢Reference 10. ¢Reference 11.
fReference 12. &Reference 13.

double-{ + d (DZd) basis sets (5(d) = 0.57). Force field cal-
culations were carried out at the DZ level only, which is appro-
priate for this purpose and which lead to reasonable vibrational
frequencies as can be seen for P, and P,. The results are sum-
marized in Tables I and II. The P-P bond is found to be 0.08-A
longer in Py than in P,. The inclusion of d orbitals in the basis
set shortens this distance by about the same amount in both P,
and Pg (~0.18 and -0.15 A, respectively). As expected? Pg is
calculated to be 26 kcal/mol less stable than 2P, at the DZd level.
Correlation effects can be expected to increase this difference by
favoring the strained tetrahedra over the near-strain free cube.
We have already proposed that the 12 cis parallel repulsions
occurring between the P-P bonds in the cube might be responsible
for the lower stability of Pg over 2P,.2 The calculated vibrational
frequencies (Table II) are all real, which means that the O,
structure is a real minimum on the P potential surface. The Py
— 2P, dissociation being forbidden in the ground state, cubic P,
might therefore be a viable intermediate, which could actually

(13) Mc Bride, B. J.; Heimel, S.; Ehlers, J. G.; Gordon, S. NASA [Spec.
Publ.], SP NASA SP-3001.
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ty 422 462 481 te 274

ay 575 606 619 agy 374

thy 385

t, 388

ay, 409

t,, 428

€ 451

2
2In ¢m”! (DZ basis set). ?Reference 9. “Reference 12. ?Reference
11,

be observed, under which conditions?

Since it is not accessible from two tetrahedral ground-state P,
molecules and since it seems most improbable to build the cube
from a simultaneous coupling of four P; units, we suggest that
a simple way of building cubic Py might be the coupling of two
square-planar Py units, i.e., two electronically excited P, molecules.
Obviously, Dy, least-motion coupling is allowed from quintet states,
as illustrated by the simplified orbital correlation diagram of
Figure 1. For open-shell triplet or singlet states, the a,, orbital
is filled while the b,, orbital is empty. The reaction is formally
forbidden; its barrier depends on the CI matrix element between
these two orbitals. Note that because of the very nature of a,,
and by, orbitals, a simple C,, C4, Dy, Cyp, or C, distortion does
not make the reaction allowed while a Gy, or C, distortion does.'
By means of UHF + CI calculations'® performed at the DZd level,
these two square-planar open-shell states were estimated to lie

(14) Noneclipsed arrangements of two rhomboid P, units may define such
C,, or C, point groups.

(15) The CI calculations were carried out with the CIPSI algorithm:
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open-shell states, the CI was performed from the spin-up set of the UHF
wavefunction. Multireference wavefunctions built over 50, 36, and 16 de-
terminants were taken as zeroth-order descriptions for closed-shell singlet and
open-shell triplet and quintet states, respectively, and perturbed to the second
order in energy.
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45 kcal/mol above the tetrahedral 'A, ground state P, for the 3Eg
triplet state and 119 kcal/mol for the °E, quintet state. The full
exploration of these excited surfaces is complicated by the existence
of many extrema and plateaux. There is little doubt that Dy °E,
is the lowest minimum on the quintet surface, but the shape of
the triplet surface is quite different. According to our first results,
the Dy, square-planar form, *E,, is only a saddle point between
two nearly square-planar D,; forms, which in turn are plateau
points corresponding to transition states between two bicyclo-
butyl-diradical-like C,, stable forms.'®” Further exploration of
these surfaces is under way.
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In the past decade, many metal-polyhydride complexes of the
type H,ML, (where L is a tertiary phosphine), first prepared by
Chatt, Shaw, and co-workers in the 1960’s, have been structurally
characterized.' In particular, polyhydride complexes of iridium
and rhenium (e.g., HsIrL, and related compounds) have received
considerable attention because of their ability to activate C-H
bonds in saturated and unsaturated hydrocarbons.* In this paper
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Figure 1. Structure of the core of H;Ir[P(i-Pr),], as obtained from the
neutron diffraction analysis. Atoms are drawn at the 50% probability
level. For clarity, only the ipso carbon atoms of the isopropy! groups are
shown. The hollow connecting lines between the H atoms do not rep-
resent bonds but represent nonbonding contacts between the hydride
ligands.

Table I, Selected Distances and Angles in Hslr[P(i-pr);],°
Bond Distances, A

Ir-H, 1.606 (5) H,..-H, 1.90 (1)
Ir-H, 1.630 (4) H,.-+H, 1.89 (1)
Ir-H, 1.615(5) Hj--H, 1.83 (1)
Ir-H, 1.587 (5) Hyee+Hs 1.84 (1)
Ir-H; 1.578 (4) Hs--H, 1.93 (1)
av 1.603 (9) av 1.882 (2)
Ir-P 2.309 (1) C-H (methyl) (av) 1.086 (1)
P-C (av) 1.859 (1) C~C (av) 1.528 (1)
C-H (ipso) (av)  1.100 (2)
Bond Angles

H,~Ir-H, 72.0 (5)° Ir-P-C (av) 114.1 (5)°
H,~Ir-H, 68.8 (5)° P-C-H (av) 102.4 (10)°
H,-Ir-H, 70.5 (5)° C~C-H (av) 111.2 (4)°
H,~Ir-H; 75.4 (5)° C-C-C (av) 110.0 (3)°
H-Ir-H, 73.0 (5)° P-C-C (av) 114.2 (10)
av 719 (11)°  C-P-C (av) 104.5 (30)
H-Ir-P (av) 89.7 (3)° H-C-H (av) 107.6 (2)°

?Results of the 80 K neutron diffraction study. The esd’s of average
values were calculated as o(£) = [X72,(£ ~ x))*/n(n - 1)].

we report the preparation and single-crystal X-ray and neutron-
diffraction analysis of HsIr[P(i-Pr);], (i-Pr = isopropyl).
H,Ir[P(i-Pr);], was synthesized in a manner similar to that
employed by Chatt et al. to make other iridium polyhydrides:*
to a deep red solution of HIrCL,{P(i-Pr),],%’ (0.61 g, 1.04 mmol)
in THF, 0.15 g (3.9 mmol) of LiAlH, was added in portions. An
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were added to 50 mL of isopropy! alcohol and the suspension was heated for
1 h. To this green-brown suspension was added 0.907 mL (5.6 mmol) of the
triisopropylphosphine, which resulted in a yellow-green precipitate. The
mixture was refluxed at 80 °C for 18 h, during which time a red crystalline
solid was deposited. The compound was extracted with toluene (5 X 10 mL),
concentrated, and cooled to ~10 °C to give a crystalline solid. Its structure
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