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Ab initio quantum-chemical investigations are used to
outline the main differences between the phenyldiazonium
cation [PhN,]* (1a,b) and its P analogue [PhP,]* (2a,b). Our
results show that in contrast to 1, 2b exists preferentially as

a bridged structure. The phenyl ion affinity toward P, has
been determined and suggests that the phenyldiphos-
phonium cation should be stable in the gas phase and that it
is probably accessible by reaction between P, and Ph™.

Introduction

The theoretical, structural and synthetic aspects of di-
azonium ions, [RN,]", have been comprehensively studied
and discussed in numerous monographs and reviews.[ In
contrast, data on the chemistry of their phosphorus anal-
ogues is much more limited. Thus, the sterically crowded
salts [Ar*NP]* X~ (Ar* = 2,4,6-tBusCgH,) are the only
compounds isolated to date containing the phosphoazon-
ium (phosphanetriylammonium) cation.! The area of the
respective diphosphonium (phosphanetriylphosphonium)
cations, [RP,]*, is even less well explored. Mass-spectro-
metric evidence has been presented for the formation of the
[iPr,NP,] " cation, ! but the characterization of this species
by other physicochemical methods has yet to be ac-
complished. The closest approach to [RP,]* cations has
been our work on protonated P-aminodiphosphenes, Ar*
—P=P—NR,.1" We succeeded in the synthesis of the do-
nor-stabilized  arenediphosphonium  cation, [Ar*PP-
(PPhg)]", but the free cation was found to be unstable and
could not be directly observed in solution. It is evident that
further synthetic design of diphosphonium ions requires a
detailed theoretical examination of the electronic structure
of these species and of the electronic influence of the sub-
stituent R on the stability and structure of the molecule.
Earlier theoretical investigations on phosphorus analogues
of diazonium ions based on ab initio calculations focused
on the protonated [HP,]*F¥ and methyl-substituted
[MeNP]*™, [MePN]" and [MeP,]" species.°PI>cl5dl5e] For
the latter, the end-on structure appeared to be favoured.
This fact could be rationalized in terms of a preference for
a carbon coordination number of four. However, this hy-
pothesis does not explain the end-on geometry adopted in
the case of [PhN,]*. The purpose of this article is to com-
pare the structures deduced from theory for [PhN,]* and
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[PhP,]* cations, so as to permit more considered interpre-
tation of these geometrical preferences.

Computational Methods

Ab initio calculations were performed using Gaussian 94/
DFT.II71 The optimization and the vibrational analysis
were carried out at the RHF/6-31 G (d,p) level of theory
with the inclusion of dynamic electron correlation at the
MP2 (full)/6-31 G (d,p) level, as well as with density func-
tional theory!® using the hybrid Becke 3LYP! method in
conjunction with the 6-31 G (d,p) basis set. The vibrational
zero-point energies determined at the MP2 level and with
the DFT method*® are known to be accurate and were
used unscaled. Graphical representations of the nature of
the molecular orbitals were obtained using the Molden pro-
gram. 21

Results and Discussion

Phosphorus analogues of alkyldiazonium ions have re-
cently been investigated theoretically by Glaser.[>e15dl5el |
these reports, different geometric structures are advanced
for RP,*, based on energetic considerations of a pro-
tonation process on the one hand, and a clear polarization
of the P, fragment upon electrophilic attack on the other.
However, no information is provided concerning the phen-
yldiphosphonium ion. In this work, we present the first
theoretical investigation concerning the phenyl-substituted
ion and its electronic characteristics.

Our theoretical approximation is more than adequate
considering the large size of the molecule. Glaser®? noted
that regarding isomer stability of the phenyldiazonium ions,
the MP2 results agree qualitatively with the CISD predic-
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tions, but tend to underestimate the stability of the bridged
structure. Furthermore, many studies have shown the qual-
ity of the results obtained using B3LYP to describe geo-
metries, as well as in estimating heats of formation. 3

Considering the phenyldiazonium ion, we found at both
the MP2 and DFT levels, two local minima 1a and 1b,
which are associated with the linear and the out-of-plane
edge-on approaches of N—N to the singlet phenyl cation,
respectively. These results are consistent with earlier theo-
retical research*?, and suggest that the dative bond de-
scription with an overall neutral N, moiety is clearly prefer-
able. However, the latter less stable structure 1b is isoenerg-
etic with the dissociated phenyl cation and N,, and is not
accessible by reaction between these components.

For the benzenediphosphonium ion, two local minima
are found at the same level of calculation, but linear end-
on coordinated 2a is less favoured than the symmetrically
bridged local minimum 2b by 16.29 kcal/mol [6-31 G (d,p)/
MP2], 16.84 kcal/mol [6-31 G (d,p)/B3LYP]. Furthermore,
regarding the affinity of P, towards the phenyl cation, our
results suggest that 2b should be stable in the gas phase.
Affinities are calculated to be 52.83 kcal/mol by HF/MP2
(45.50 kcal/mol by B3LYP) for the end-on coordination,

Figure 1. Energies and geometrical parameters of 1(a,b) and 2(a,b)

calculated at the MP2/6-31 G** and B3LYP/6-31G** levels of the-

ory. Total energies, Ey, in atomic units; zero-point vibratiopal
energies, ZPVE, in kcal/mol; angles in°, and bond lengths in A
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and 69.67 kcal/mol by HF/MP2 (61.79 kcal/mol by B3LYP)
for the bridged local minimum. It should be pointed out
that, in contrast to 1b, the generation of the phenyldiphos-
phonium ion 2b by reaction between P, and the phenyl cat-
ion is not excluded in the gas phase.

Energies and geometries of 1a,b and 2a,b are summarized
in Figure 1. For 2a, differences are apparent between the
optimal geometries computed with MP2 and DFT. A linear
structure is found at the DFT/6-31 G (d,p) and RHF/6-31
G (d,p) levels, but a bent geometry appears as a minimum
at the MP2 (full)/6-31 G (d,p) level. The potential energy
surface characteristics for the edge-on coordinated structure
are greatly affected by electron correlation. Structure 2b is
calculated to be the only minimum (MP2 and DFT levels)
corresponding to the out-of-plane edge-on approach. The
distance C—P is proportionally shorter than the C—N dis-
tance in 1b. This fact explains the widening of the P—C—P
angle (60°) compared to the N—C—N angle (41°). It is
noteworthy that theoretical models do not affect the
P—C—P and C—P—P angles, which are quasi-similar. In
addition, the bond length alternation suggests that the ©
electrons are not fully delocalized into the phenyl ring. A
significant lengthening is observed for the C—C bond in the
a position of Cgy,ir, compared to that in the phenyldiazon-
ium ion.

Figure 2. Charges of 1(a,b) and 2(a,b) calculated at the MP2/6-31
G** and B3LYP/6-31G** levels of theory
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A key difference to the diazonium cation is seen in the
polarization of these systems. Considering the charges dis-
played in Figure 2, it is clear that the positive charge (for
2a and 2b) is distinctly localized on the P—P moiety, while
the stable structure of diazonium analogous la can be
viewed as a phenyl cation with a closely associated nitro-
gen molecule.

An examination of the molecular orbital interactions that
occur in these two systems is clearly relevant, since these
directly affect the nature of the preferentially adopted struc-
ture and thus will be a source of information with regard
to the synthesis and detection of such species.

Localization and energetic positions of MOs allow us to
visualize these interactions as in Figures 3 and 414, If we
analyse them for the end-on coordination structures 1a and
2a, they are very well described as an interaction between
the oxx orbital and the LUMO of the phenyl cation
[oxx—>0*pn —17.29 eV (X = N), —13.32 eV (X = P)] and
a back-donation from rt, (phenyl cation) to the n*xx orbital
of the same symmetry [mopn—>*xx —12.78 eV (X = N),
—11.75 eV (X = P)]. Furthermore, the formation of cpc
becomes easier than that of oy as a consequence of the
opp €nergetic position in comparison with that of oy In
fact, experimentally determined ionic state energies for N,

Figure 3. Selected molecular orbitals (MO) of the linear compound
la calculated at the B3LYP/6-31 G** level
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Figure 4. Selected molecular orbitals (MO) of the linear compound
2a calculated at the B3LYP/6-31 G** level
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and P, [°’2*, and 2I1", associated with the ejection of an
electron from *r, (n bond) and 3c4 (oxx) orbitals] are ob-
served at 15.60, 16.98 and 10.81, 10.62 eV, respectively. The
electron transfer should be more important in the case of
P, than in the case of N,, and the n back-donation is not
expected to compensate this transfer. In agreement with this
hypothesis, the charges are found to be negative at Cjys, and
positive on the two phosphorus atoms. It is noteworthy that
a slightly less pronounced polarization is obtained by using
B3LYP than at the MP2 level.

If we consider the bridged structures 1b and 2b, the
LUMO o™ of the phenyl cation is seen to interact with the
nxx Orbital. Regarding the energetic gap between the
LUMO Ph* and nxx, this interaction will be easier in the
case of P, (AE = 1.70 eV cf. 3.06 eV for N,/Ph*). This is
well represented for the phosphonium ion by the MO at
—14.38 eV.

We note that, in contrast to the aforementioned behav-
iour, in the case of N,, a destabilizing interaction occurs
between my N and the lower op,™ orbitals. If we consider the
charges, notable differences are evident in their distribution
between the phenyldiphosphonium cation and the phenyldi-
azonium cation. The large positive charge localized on each
phosphorus atom and the negative one on Ci,,, could be
explained first of all by the high o transfer, which is not
sufficiently compensated by the n back-donation (vide in-
fra).

Finally, = back-donation appears as for the linear mol-
ecule, involving the m,pn ™ and the n*xx orbitals, which can
be visualized by the MO at —12.69 eV for the phosphorus
compound, and at —13.29 eV for the nitrogen analogue.
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Figure 5. Selected molecular orbitals (MO) of the bridged com-
pound 1b calculated at the B3LYP/6-31 G** level

.
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CeHs"

Why is the bridged form 2b stabilized in comparison with
the linear one? An explanation is found mainly in the stabil-
izing interactions and notably in the interaction " pp—6*p ",
which is observed only in the bridged form. Naturally, other
interactions play an important role in determining the sta-
bility of these systems, such as the interaction n2Ph*—n*
pp DUt these are in fact found in both isomers. Nevertheless,
the interaction n*pp—c*pn+ leads to a more effective over-
lap, compared with the cpp—0*pp" interaction that exists
in the linear form. In other words, the overlap is more effec-
tive with two phosphorus atoms (bridged form) than with
only one (linear form). Finally, taking into account the en-
ergetic positions, the molecular orbitals npp and cpp remain
localized on this moiety, while Ty and o are mixed with
the o-MO from the phenyl ring (destabilizing interactions).

Conclusion

The new insight given by the present study shows that
aromatic diphosphonium ions might be stable species. To
date, all attempts to isolate these molecules have failed,
mainly due to difficult kinetic control rather than because
of thermodynamic factors. However, considering the c*pp-
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Figure 6. Selected molecular orbitals (MO) of the bridged com-
pound 2b calculated at the B3LYP/6-31 G** level
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MO energetic position (—7.69 eV) for the bridged structure,
the availability of the diazonium ion complex, and the posi-
tion of the corresponding o* MO (—7.66 eV), we can
reasonably expect that it should be possible to stabilize the
system by means of nucleophilic assistance.

Financial support of this work by the CNRS (France) is grate-
fully acknowledged. We also thank the Institut du Développement
de Ressources en Informatique Scientifique (IDRIS, Orsay, France),
administered by the CNRS, for the calculation facilities, and Dr.
Gijs Schaftenaar for allowing us to use his graphics program
Molden. We also thank Mrs. F. Gracian for her invaluable help in
the realization of the figures.

(11 a4l K. H. Saunders, The Aromatic Diazo Compounds, 3rd ed.,
E. Arnold, London, 1985. — [Pl S, Patai (Ed.), The Chemistry
of Diazonium and Diazo Groups, Wiley Interscience, New York,
1978, p. 511—591, 645—657. — LW, Gerhartz (Ed.), Ullmann’s
Encyclopedia of Industrial Chemistry, VCH, Weinheim, New
York, 1987, vol. A8, p. 505. — 1 | 'G. Laing, Arenediazonium
Salts and Diazo Compounds, in Rodd’s Chemistry of Carbon
Compounds, Elsevier, Amsterdam, London, New York, 1973,
vol. 3, section C, p. 11—88.

(21 2al E, Niecke, M. Nieger, F. Reichert, W. W. Schoeller, Angew.
Chem. Int. Ed. Engl. 1988, 27, 1713. — [2°1 E. Niecke, M. Nieger,
F. Reichert, Angew. Chem. Int. Ed. Engl. 1988, 27, 1715. — [?c
N. Burford, T. S. Cameron, J. A. C. Clyburne, K. Eichele, K.
N. Robertson, S. Sereda, R. E. Wasylishen, W. A. Whitla, Inorg.
Chem. 1996, 35, 5460—5467, and references cited therein.

Bl E. Niecke, R. Streubel, M. Nieger, D. Stalke, Angew. Chem. Int.

Ed. Engl. 1989, 28, 1673.

al \/ D. Romanenko, V. L. Rudzevich, E. B. Rusanov, A. N.

Chernega, A. Senio, J.-M. Sotiropoulos, G. Pfister-Guillouzo,

M. Sanchez, J. Chem. Soc., Chem. Commun. 1995, 1383—1385.

— Mol D. Romanenko, V. L. Rudzevich, E. B. Rusanov, A. N.

[4]

Eur. J. Inorg. Chem. 1998, 1821—1825



Theoretical Comparison of the Electronic Structures of [PhN,]* and [PhP,]*

FULL PAPER

6

[7

8

1

Chernega, A. Senio, J-M. Sotiropoulos, G. Pfister-Guillouzo,
M. Sanchez, Phosphorus, Sulfur Silicon 1996, 111, 200.

5al M. T. Nguyen, N. J. Fitzpatrick, Chem. Phys. Lett. 1988,
146, 524—530. — 5°1 T, Busch, W. W. Schoeller, E. Niecke, M.
Nieger, H. Westermann, Inorg. Chem. 1989, 28, 4334—4340. —
5 R. Glaser, C. J. Horan, G. S.-C. Choy, B. Harris, J. Phys.
Chem. 1992, 96, 3689—3697, and references cited therein. — 54
R. Glaser, C. J. Horan, P. E. Haney, J. Phys. Chem. 1993, 97,
1835. — I R, Glaser, C. J. Horan, G. S.-C. Choy, B. L. Harris,
Phosphorus Sulfur 1993, 77, 73—76.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G.
Johnson, M. A. Robb, J. R. Cheeseman, T. Keith, G. A. Peters-
son, J. A. Montgomery, K. Raghavachari, M. A. Al-Laham, V.
G. Zahrzewski, J. V. Ortiz, J. B. Foresman, J. Cioslowski, B. B.
Stefanov, A. Nanayakkara, M. Challacombe, C. Y. Peng, P. Y.
Ayala, W. Chen, M. W. Wong, J. L. Andres, E. S. Replogle, R.
Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley, D. J. Defrees,
J. Baker, J. P. Stewart, M. Head-Gordon, C. Gonzales, J. A.
Pople, Gaussian 94, Revision C.3, Gaussian, Inc., Pittsburgh,
PA, USA, 1995.

W. J. Hehre, L. Radom, P. v. R. Schleyer, J. A. Pople, Ab Initio
Molecular Orbital Theory, John Wiley and Sons, New York,
1986.

B N. H. March, Electron Density Theory of Atoms and Mol-
ecules, Academic Press, Inc., San Diego, CA, 1992. — 851 J K.,

Eur. J. Inorg. Chem. 1998, 1821—1825

[14]

Labanowski, J. W. Andzelm (Eds.), Density Functional Methods
in Chemistry, Springer-Verlag, New York, 1991. — B4 R, G.
Parr, W. Yang, Functional Theory of Atoms and Molecules, Ox-
ford University Press, New York, 1989.

Becke 3LYP: [°d A, D. Becke, Phys. Rev. 1986, A33, 2786. — [
A. D. Becke, J. Chem. Phys. 1988, 88, 2547. — 19 C, Lee, W.
Yang, R. G. Parr, Phys. Rev. 1988, B37, 785.

P. J. Stephens, F. J. Devlin, C. F. Chabalowski, M. J. Frisch, J.
Phys. Chem. 1994, 98, 11623.

See: http://www-srs.caos.kun.nl/schaft/molden

R. Glaser, C. J. Horan, J. Org. Chem. 1995, 60, 7518—7528.
M. J. Frisch, G. W. Trucks, J. R. Cheeseman, Systematic Model
Chemistries Based on Density Functional Theory: Comparison
with Traditional Models and with Experiment in: Recent Devel-
opments and Applications of Modern Density Functional Theory,
Theoretical and Computational Chemistry (Ed.: J. M. Sem-
inario), 1996, vol. 4, pp. 679—707, Elsevier Science B.V.

It is well known that ab initio orbitals do not derive from a
purely one-electron Hamiltonian and therefore do not possess
the property of associativity necessary to justify a construction
from fragment orbitals. Thus, we preferred to present Kohn-
Sham orbitals, which are more appropriate from this point of

view.
[198056]

1825



