Phosphindolizine: a compound with planar phosphorus
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Letter

Phosphindolizine, a fused ring with a bridgehead tricoordinated phosphorus, is nearly planar, with an inversion
barrier of 3.5 kcal mol~* at the B3LYP/6-311 + G** level of theory. Diphosphaphosphindolizine is planar. Both
the six- and the five-membered rings exhibit significant aromatic character, even in phosphindolizine, which is
not entirely planar. The lone pair of the tricoordinate phosphorus is delocalized. The estimated aromatic

stabilization in the two rings is 40 kcal mol 1.
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Tricoordinate phosphorus is inherently non planar;' the
inversion barrier of phosphine is 35 kcal mol~1.2 As a conse-
quence, phosphorus compounds do not mimic the rich chem-
istry of unsaturated aromatic nitrogen heterocycles.
Phosphole (1) is essentially non-aromatic,>~> in contrast to
pyrrole (2), since the bending of the phosphorus lone pair
(having large ‘s’ character) precludes effective overlap with the
carbon p-orbitals.

On the contrary, tricoordinate phosphorus is now estab-
lished to be a good m-electron-pair donor when planar,5—#8 and
can serve as an excellent building block in aromatic
systems.**+® Recent computational*/*1® and experimental®?
evidence shows that compounds with partially planarized (i.e.
less pyramidal) tricoordinate phosphorus arrangements have
structural, spectroscopic, magnetic, and chemical behavior
characteristic of aromatic compounds. The first planar tri-
phosphole derivative (3)!? was reported very recently. Penta-
phosphole, (PsH, 4),*>!3 P, (5)*¢ and an alkyl-aryl substituted
triphosphole (6)'* were shown computationally to have planar
tricoordinate phosphorus arrangements. However, 4-6 and
their derivatives have not been synthesized.!® Since com-
pounds with planar tricoordinate phosphorus can have delo-
calized lone electron pairs, their chemistry should be different
from the common phosphines. Hence the search for new syn-
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thesizeable systems with planar tricoordinate phosphorus is
an intriguing challenge.

Our ab initio quantum chemical calculations now demon-
strate that the fused phosphindolizine ring system (7), of which
a derivative (8) has recently been prepared,'® is nearly planar
and exhibits aromatic characteristics.

The calculated!” barriers to planarization for compounds 1
and 7, 9 and 10 are compiled in Table 1. The planar and the
non-planar structures of 7, as well as the geometry of 10 are
shown in Fig. 1. The decrease of the barrier in 1, with respect
to its saturated analog, phospholane (11), was attributed
tentatively®® to the aromatic stabilization in the planar form.
This has been verified recently by ab initio calculations.**~/-°
The inversion barriers at phosphorus in 7 and 9 are reduced
further, in comparison with phosphole (1) (Table 1). Replace-
ment of a CH group by P in five-membered rings is known to
decrease the tricoordinate phosphorus inversion barrier,*/1°
and pentaphosphole (4) is planar.*13 In the phosphindolizine
system, replacement of two CH units by P results in 10, which
is found by second-derivative calculations to have a planar
minimum (Fig. 1) at the B3LYP/6-311 + G** and at the HF/6-
31G* levels of theory.!® While the attempted synthesis of 4
was unsuccessful'®> due to subsequent polymerization reac-
tions, substituted 1,2,4-triphospholes are reported in the liter-
ature.!>2°% Thus, it seems reasonable that 10—a new
heterocycle with planar tricoordinate phosphorus—might be
synthesized.
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Table 1 The B3LYP/6-311+G** inversion barriers (AE in kcal
mol 1) of different compounds containing tricoordinate phosphorus

AE

PH, 337
11 39.4
20 29.1
21 459
1 18.0

7 35

9 2.8
10 0.0

[ e
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Fig. 1 The B3LYP/6-311+G** optimized structures of 7 [non-
planar (a), planar (b)] and 10 (c), as shown by the MOLDEN
program?8

Consistent with the small inversion barrier, the tri-
coordinate phosphorus environment in the phosphindolizines
7 and 9 are substantially flattened. The bond angle sums
about the tricoordinate phosphorus are 325 and 320° in 7 and
9, respectively. These are somewhat lower than the sums
obtained for 3,5-di-tert-butyl-1-(bis-trimethylsilylmethyl)-1,2,4-
triphosphole (342),2° for 1-(2,4,6,-tri-tert-butylphenyl)phos-
phole (332),''¢ or for 3,5-diphosphonio-1,2-diphospholes
(339°).2! The range for the tetraphospholes (CP,H,) are 325—
329° at the same level of theory.*’ Such bond angle sums
allow the phosphorus lone-pair orbital to interact with the
m-system, e.g. as shown by the HOMO of 7 (Fig. 2).

The decrease in the inversion barrier of 7, 9 and 10 (with
respect to 1), is due to aromatic stabilization of the planar
forms both by the five- and six-membered ring moieties. This
is shown by aromaticity criteria (Table 2), e.g. geometric
(Bird?? and bond shortening?® indices, BI and BDSHRT,
respectively) and magnetic [NICS,2#25 NICS(w)*°] and dia-
magnetic susceptibility exaltation (see below) for 7, 9 and 10,
for both their planar and their non-planar forms. Owing to
the shielding effect of the o-ring bonds, the NICS(rt) values are
higher than the NICS values.?® The various aromaticity mea-
sures in the six- and five-membered rings comprising the
planar forms are comparable to the values in the six- (12) and
(planar) five-membered ring (4) models (Table 2). The aromati-
city of planar 7, 9 and 10 is appreciable. The geometric and
the NICS(n) aromaticity criteria for the 7 and 9 minima are
only 20-30% lower than those in the planar structures both in
the six- and five-membered rings. However, in the five-
membered ring moiety these values are larger than those for
1,2,4-triphosphole (13) or 1,3,4-triphosphole (14),*' (These are
non-planar compounds with considerable aromatic character).

Fig.2 The (HF/6-31G*) HOMO of 7, plotted by the MOLDEN
program!®

Table 2 Geometric [BDSHRT and Bird index (BI)] and magnetic [NICS and NICS(rn) in the ring centers (in ppm)] aromaticity criteria and

B3LYP/6-311 + G** total energies (E

‘tot

BDSHRT BI
5-Ring 6-Ring 5-Ring 6-Ring
12°C,, — 62 — 96
1C, 50 — 46 —
1C,, 64 — 87 —
13C, 56 — 63 —
14C; 56 — 56 —
4°C,, 68 — 87 —
1 53 53 75 66
7°C, 61 61 89 87
9 51 54 67 66
9°C, 59 62 93 86
10¢ 62 63 73 77

¢ Planar structures.

in a.u.) for 7,9 and 10 as well as reference five- and six-membered rings containing phosphorus

NICS[NICS(m)]

5-Ring 6-Ring —E,,

— —8.4(—19.1) 534.95528
—5.0(—12.0) — 496.81005

—17.4(—-21.1) — 496.78394
—7.9(—13.0) — 1102.13576
—5.5(—13.0) — 1102.13213

—17.2(—18.8) — 1707.49698

—10.8(—17.8) —2.6(—13.4) 650.45681

—20.0(—23.5) —11.4(—19.1) 650.45125
—9.1(—182) —3.2(—13.6) 682.51875

—19.9(—24.0) —11.2(—18.5) 682.51430

—16.7(—19.8) —9.8(—18.9) 1255.79461
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The NICS values in the six-membered rings of 7 and 9 are
quite small and negative, since the ¢ components have posi-
tive (deshielding) contributions.

The aromatic stabilization energy in phosphindolizine (7) is
complicated to estimate, since the gain in cyclic delocalization
is counterbalanced by the energy consumed to planarize tri-
coordinate phosphorus.*® Similar conclusions have been
drawn from the related investigation of phospholes
PH(CH),P,_,, (n = 1-4).*~*/ The homodesmotic reaction (1),
in which the reference molecules on the right-hand side are
stabilized by the butadienic conjugation (both in the six-
membered ring and in the phosphole moiety), is exothermic by
3.5 kcal mol~!. Reaction (2), which does not consider the
butadienic stabilization of the reference molecules, is endo-
thermic by 3.1 kcal mol 1.

7+15=>16 + 17 1)
7+15=18 + 19 )]
[/ \\+ 2CH,=CH, + EH,
E

= CH,=CH—CH=CH, + 2CH,=CH—EH (3)

The exaltation of the diamagnetic susceptibility, a unique
criterion of aromaticity,2® is estimated to be —12.5 by using
homodesmotic reaction (1) and — 18.0 from reaction (2).27 The
exaltations deduced from isodesmic reactions of type (3) for
five-membered aromatic heterocycles (E = O, S or NH) are all
—11.8 or less;*/ the value is only —2.2 for phosphole (1).*/
A good correlation with other aromaticity measures was
obtained for these systems.>¢ Like the stabilization energies,
equation (2) gives a larger exaltation of the magnetic suscepti-
bility of 7 than given by equation (1).

Comparison of the inversion barriers (Table 1) of related
systems helps to understand the planarity of 7, 9 and 10. The
barrier to planarization in phosphine (33.7 kcal mol™?) is
smaller than in phospholane (11) (39.4 kcal mol 1), since ring
strain increases upon planarization of the tricoordinate phos-
phorus. Similarly, the planarization barrier of trivinyl-
phosphine (20) (29.1 kcal mol ™ !)?8 is smaller than that of 21
(45.9 kcal mol~1'), despite the similar conjugation, indicating
an even more pronounced ring-strain effect in the latter fused
cycle. The inversion barrier of phospholane (11) is calculated
to be 20 kcal mol ! larger than that of phosphole (1) due to
the aromaticity of the latter in the planar transition state.’
(This value has been taken as a measure of the aromatic sta-
bilization in the planar system.’) The further decrease of the
inversion barrier in 7, despite the increased ring strain, is thus
due primarily to the even greater delocalization in the bicyclic
system. Using the planarization energy of the related system
21 as the basis of comparison, the aromatic stabilization of 7
is estimated to be 40 kcal mol ! (twice as much as in 1) due to
the combined effects of the two rings. That the bond angle
sum about the tricoordinate phosphorus in 7 (325°) is much
larger than in 15-19 and 21 [the values are between 292 (15)
and 298° (18) in these partially saturated systems], also indi-
cates the decisive effect of the uninterrupted cyclic delocal-
ization in the fused ring 7.

The phosphindolizine ring system (7) contains a substan-
tially flattened phosphorus arrangement, with the lone pair
incorporated into the m-system. Both 7 and 9 are aromatic
even in their non-planar minima. Replacement of two =CH
groups by =P units in the five-membered ring (10) results in a
planar albeit an unusually floppy system. The planarization of
the trivalent phosphorus in these fused-ring systems is due to
the inherent planar preference of the conjugated bicyclic ring
system, and also to the aromatic stabilization in both the five-
and six-membered rings. It is likely that the chemistry of the
phosphindolizine ring system will differ considerably from
that of phosphines or from non-planar phospholes.

Acknowledgements

This work was facilitated by the von Humboldt Foundation
through a Research Fellowship for L.N. Financial support
was also provided by the Deutsche Forschungsgemeinschaft
Graduiertenkolleg ‘Phosphorchemie als Bindeglied verschie-
dener chemischer Disziplinen’ and by the Fonds der Chemis-
chen Industrie.

References

1 R. E. Weston, Jr., J. Am. Chem. Soc., 1954, 76, 2645.

2 P. Schwerdtferger, L. Laakkonen and P. Pyykko, J. Chem. Phys.,
1992, 96, 6807.

3 For reviews see: F. Mathey, Chem. Rev., 1988, 88, 437; A. N.
Hughes, in Handbook of Organophosphorus Chemistry, ed. R.
Engel, Marcel Dekker, New York, 1992, ch. 10; L. D. Quin, in
Comprehensive Heterocyclic Chemistry, eds. A. Katritzky, C. W.
Rees and E. F. V. Scriven, Pergamon, Oxford, 1996, vol. 2, pp.
757-856.

4 For the discussion of the influence of the aromaticity of phosphole
on the inversion barrier see: (a) J. D. Andose, A. Rauk and K.
Mislow, J. Am. Chem. Soc., 1974, 96, 6904; (b) A. N. Hughes and
K. E. Edgecombe, Heterocycles, 1992, 33, 563; (c¢) D. B. Chesnut
and L. D. Quin, J. Am. Chem. Soc., 1994, 116, 5779; (d) L. Nyu-
laszi, J. Phys. Chem., 1995, 99, 586; (¢) M. N. Glukhotsev, A.
Dransfeld and P. v. R. Schleyer, J. Phys. Chem., 1996, 100, 13447,
(f) A. Dransfeld, L. Nyulaszi and P. v. R. Schleyer, Inorg. Chem.,
in press.

5 Various types of aromaticity indices are much smaller for phos-
phole than for other five-membered rings (e.g. pyrrole, thiophene):
(a) K. K. Baldridge and M. S. Gordon, J. Am. Chem. Soc., 1988,
110, 4204; (b) L. Nyulaszi, T. Veszprémi, J. Réffy and B. Burk-
hardt, J. Am. Chem. Soc., 1992, 114, 9080; (c) V. I. Minkin, M. N.
Glukhotsev and B. Ya. Simkin, Aromaticity and Antiaromaticity—
Electronic and Structural Aspects, Wiley, New York, 1994; (d)
P.v. R. Schleyer, P. K. Freeman, H. Jiao and B. Goldfuss, Angew.
Chem., Int. Ed. Engl., 1995, 34, 337.

6 The PH,CH," cation is computed to be planar; the m-donor
ability of planar tricoordinate phosphorus rivals that of nitrogen
(J. Kapp, C. Schade, A. M. El-Nahasa and P. v. R. Schleyer,
Angew. Chem., Int. Ed. Engl, 1996, 35, 2236). Similarly, the
n-donor ability of SR, SeR and TeR ligands was as large as that of
the OR ligand (D. Ohlmann, C. M. Marchand, H. Griitzmacher,
G. S. Chen, D. Farmer, R. Glaser, A. Currao, R. Nesper and H.
Pritzkow, Angew. Chem., 1996, 108, 317). It has also been shown
that strong m-electron-pair acceptor groups such silylene (L. Nyu-
laszi, A. Belghazi, S. Kis-Szétsi, T. Veszprémi and J. Heinicke, J.
Mol. Struct. THEOCHEM, 1994, 313, 73) or BH, (C. Schade and
P. v. R. Schleyer, J. Chem. Soc., Chem. Commun., 1987, 1399; M. B.
Coolidge and W. T. Borden, J. Am. Chem. Soc., 1990, 112, 1704;
T.N. Allen, A. C. Scheiner and H. F. Schaefer 111, Inorg. Chem.,
1990, 29, 1930) decrease the inversion barrier of the PH, group.
Phosphinocarbene (PH,CH) is also planar (M. T. Nguyen, M. A.
McGinn and A. F. Hegarty, Inorg. Chem., 1986, 25, 2185).

7 Ring systems with planar tricoordinate phosphorus and electron-
pair acceptor groups were also reported. (MesBPC,H,,);: (H. V.
R. Dias and P. P. Power, Angew. Chem., 1987, 99, 1320) and
phosphinine-2-ylidene: (L. Nyulaszi, D. Szieberth and T. Vesz-
prémi, J. Org. Chem., 1995, 60, 1647).

8 Bis-methylene-phosphorane [R. Appel, Bis(methylene)phospho-
ranes; Multiple Bonds and Low Coordination in Phosphorus Chem-
istry, eds. M. Regitz and O. Scherer. G. Thieme, Stuttgart, 1990, p.
367; W. W. Schoeller, Bonding Properties of Low-Coordinated
Phosphorus Compounds, Multiple Bonds and Low Coordination in
Phosphorus Chemistry, eds. M. Regitz and O. J. Scherer. G.
Thieme, Stuttgart, 1990, p. 5; P. Becker, H. Brombach, G. David,
M. Leuer, H. J. Metternich and E. Niecke, Chem. Ber., 1992, 125,
771] and related compounds also have tricoordinate planar phos-
phorus, and delocalised allyl-type nt-systems.

9 The aromaticity of the planar transition state of phosphole (and
arsole) was originally proposed by Mislow et al. based on the dif-
ference in the DNMR inversion barriers of phosphole and phos-
pholane: (@) W. Egan, R. Tang, G. Zon and K. Mislow, J. Am.
Chem. Soc., 1970, 92, 1443, and (b) by CNDO calculations, ref. 4(a).

10 L. Nyulaszi, J. Phys. Chem., 1996, 100, 6194.

New J. Chem., 1998, Pages 651-654 653



11

12

13

15

16
17

654

(a) L. Nyulaszi, Gy. Keglevich and L. D. Quin, J. Org. Chem.,
1996, 61, 7808; (b) Gy. Keglevich, Zs. Bocskei, Gy. Keserii, K. Uj-
szaszi and L. D. Quin, J. Am. Chem. Soc., 1997, 119, 5095; (c¢) Gy.
Keglevich, L. D. Quin, Zs. Bocskei, Gy. M. Keserdi, R. Kalgutkar
and P. M. Lahti, J. Organomet. Chem., 1997, 532, 109; (d) V.
Caliman, P. B. Hitchcock, J. F. Nixon, L. Nyulaszi and L. N.
Sakarya, Chem. Commun., 1997, 1305.

P. B. Hitchcock, P. Hunnable, G. Clokes, J. F. Nixon, L. Nyulaszi,
E. Niecke and V. Thelen, Angew. Chem., 1998, 37, 1083.

L. Nyulaszi, Inorg. Chem., 1996, 35, 4690.

L. Nyulaszi and J. F. Nixon, unpublished work.

The attempted synthesis of pentaphosphole failed due to sub-
sequent polymerization reactions. M. Baudler, S. Akpapoglou, D.
Ouzounis, F. Wasgestian, B. Meinigke, H. Budzikiewitz and H.
Miinster, Angew. Chem., Int. Ed. Engl., 1988, 27, 288. The dimer-
ization of pentaphosphole also was shown computationally in ref.
13.

U. BergstraBer and M. Regitz, unpublished work.

Calculations were performed with the Gaussian 94 program
package (Gaussian 94, Revision B.2, 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. Petersson, J. A. Montgomery, K.
Raghavachari, M. A. Al-Laham, V. G. Zakrzewski, 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.
Gonzalez and J. A. Pople, Gaussian, Inc., Pittsburgh PA, 1995) at
the B3LYP/6-311+ G** level. Phosphindolizines 7 and 9 and 10
were also optimized at the HF/6-31G*, BLYP/6-31G* and MP2/
6-31G* levels, resulting in similar structures to those at the
B3LYP/6-311+G** level. NMR chemical shifts were calculated
by the GIAO (gauge including atomic orbitals) method; magnetic
susceptibilities in ppm cgs by the IGAIM method with the 6-
311+ G** basis at the B3LYP/6-311 + G** optimized geometries.
SOS-DFT (density functional theory) routines (V. G. Malkin,
O. L. Malkina and D. R. Salahub, Chem. Phys. Lett., 1993, 204, 80)
of the DeMon program package (V. G. Malkin, O. L. Malkina,
M. E. Casida and D. R. Salahub, J. Am. Chem. Soc., 1994, 116,

New J. Chem., 1998, Pages 651-654

18

19

20
21

22
23

24

25

26

27

28

5898) were used with the BIII basis set (W. Kutzelnigg, U. Fleis-
cher and M. Schindler, NMR Basic Principles and Progress, 1990,
23, 190) to compute the individual localized molecular orbital con-
tributions to the NICS value by employing the Pipek—Mezey
localization (J. Pipek and P. G. Mezey, Chem. Phys., 1989, 90,
4916), which separates o- and m-components of the double bonds,
see ref. 25.

G. Schaftenaar, MOLDEN 2.5, Caos/CAMM Center Nijmengen,
The Netherlands, 1994.

The lowest harmonic frequency at B3LYP/6-311+G** was 59
cm~ ! (At BLYP/6-31G* the planar structure has an imaginary
frequency of i16 cm™! and the barrier to planarity is 0.02 kcal
mol~!. Considering the lowest harmonic frequency, which is 40
cm™! for the non-planar minimum, 10 is quasiplanar at the
BLYP/6-31G* level.)

V. Caliman, P. B. Hitchcock and J. F. Nixon, J. Chem. Soc., Chem.
Commun., 1995, 1661.

G. Jochem, H. N6th and A. Schmidpeter, Chem. Ber., 1996, 129,
1083.

C. W. Bird, Tetrahedron, 1985, 41, 1409.

L. Nyulaszi, P. Varnai and T. Veszprémi, THEOCHEM, 1995,
358, 55.

The nucleus-independent chemical shift (NICS) is defined as a
negative of the chemical shielding computed e.g. in the ring center:
P. v. R. Schleyer, C. Maerker, A. Dransfeld, H. Jiao and N. J. R. v.
E. Hommes, J. Am. Chem. Soc., 1996, 118, 6317.

The NICS(n) values describe the n contributions to the total NICS
values: P. v. R. Schleyer, H. Jiao, N. J. R. v. E. Hommes, V. G.
Malkin and O. L. Malkina, J. Am. Chem. Soc., 1997, 119, 12669.

P. v. R. Schleyer and H. Jiao, Pure Appl. Chem., 1996, 28, 209.

The diamagnetic susceptibilities calculated at the HF/6-311 + G**/
/B3LYP/6-311+G** level using the IGAIM scheme are:
7:—80.19, 15:—96.41, 16:—80.01, 17:—84.08, 18:—80.01,
19:—-78.63.

At the MP2/6-31g* level, see ref. 4(d).

Received in Cambridge, UK, 26th January 1998;
Letter 8/01739E



