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The orbital-phase theory was applied to propose pentagon stability in a well-defined manner. Cyclic delocalization
of the lone pair electrons on the five-membered ring atoms through the vicinal o bonds was shown to be favored
by the orbital-phase properties. The pentagon stability was found to be outstanding in saturated phosphorus five-
membered rings in the puckered conformation, and was substantiated by the negative strain energy of
cyclopentaphosphane, PsHs (3). The relative increments of the remarkable increase in the strain energies of protonation
on the different atoms in the most stable conformers supported the significance of the cyclic delocalization of the
lone pairs. Pentagon stability led to the design of three novel polycyclic phosphanes, PioH4 (18), P1sHs (19), and
P1sH, (20), with low strain energies due to many puckered pentagon units in them. The low stability of the
dodecahedron Py (22) was suggested by the high strain energy due to its planar pentagon units. The pentagon
stability is less significant in the saturated nitrogen ring molecules due to the greater energy gap between the n
and o* orbitals.

Introduction to discuss the possibility of the existence of the dodecahedral

Hexagonal structures are thermodynamically preferred in cluster Bo (22).

cyclic unsaturatedl) and saturated2j hydrocarbons. For
planar zz-conjugated molecules, benzen® (s the most
stabilized by the cyclic electron delocalization, while cyclo- ~ Orbital-Phase Prediction. Electron delocalizations in
hexane 2) is the most stable due to the lowest strain energy cyclic conjugated systems involve the cyclic interaction of
of the saturated ring molecules. In this paper, we applied orbitals. The delocalization is under the control of the orbital-
the orbital-phase theotyo predict that the saturated cyclic phase property. The continuitgiscontinuity of the orbital
molecules with lone pairs on the ring atoms, e.g., cyclopenta-phasé underlies the stabilities of the cyclic conjugated
phosphane 3) composed of the group 15 element phos- Systems, i.e., the Hikel rule for aromaticity and the
Woodward-Hoffmann rule for pericyclic reactions. Appli-

Results and Discussion

cations were recently made to the unusually short distance
Hp/ \ between the silicon atoms in disilaoxiranes and 1,3-cyclo-
/ disiloxane$ and to the geminal bond participation in organic
HP—F’H reactions** The finding of cyclic orbital interaction involved

even in acyclic conjugatidnhas expanded the application

phorus, prefer pentagons. The new concept of pentagonaIOf the orbital-phase theory to acyclic conjugated systems such

. . . as the regioselectivities of organic reactiénise abnormall
stability was employed to design some potential polycyclo- 9 9 © Y

phosphanes, JfHs, PisHs, PisHz, and RsHs (18-21), and (2) Ma, J.; Inagaki, SJ. Phys. Chem. 2000 104 8989.
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Figure 1. Cyclic orbital interactions in (a) benzene and (b) the saturated
pentagon ring.

acute L-M—L angles in ML, and ML; complexeg, the
relative stabilities ofr-conjugated polyiorfsand diradicalg?
those ofo-conjugated moleculésand diradicald? and the
conformational stabilities of the substituted alkenes and
alkynes!3

In benzene, there is a cyclic interaction mof, w»*, and
mt3* orbitals (Figure 1a). The orbital-phase continuity require-
ment, previously derived from the third-order perturbation
energy for the three-system interactibard recently derived
from a point of view of electron density is the simultaneous
satisfaction of the following conditions: (1) the electron-
donating orbitals are out of phase; (2) the accepting orbitals
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Figure 2. Cyclic electron delocalization mechanism in the pentagon ring.

to electron delocalization from the lone pair to the Eo

are in phase; (3) the donating and accepting orbitals are inbonds. The electron inx* (o3*) of the transferred config-
phase. If the conditions are satisfied or the orbital phase isuration T, (T,) further shifts toos* (0>*), leading to another
continuous, the delocalization takes place effectively, and transferred configuration,;{T,), via the interaction between

consequently the system is stabilized. The cychig (r.*,

mt3¥) interaction in benzene is favored by the phase continu-
ity. The electron-donating orbital can be in phase with
both of the electron-accepting orbitals in phase with each

other, as is required. This suggests that there should be a

possible structure of the saturated system similarly stabilized.
Replacing one donor orbitaf;, of benzene with the lone
pair orbital n, which lies high in energy, and replacing the
antibondingrz* orbitals with low-lying o* orbitals, we can
obtain similar cyclic (p, 02*, 03*) orbital interactions of the
o-conjugated five-membered ring (Figure 1b). The delocal-
ization mechanism involving the {no>*, os*) interaction
was depicted in Figure 2. In the ground configuration, G,
the lone pair pand bondings, and o3 orbitals are doubly
occupied, and the antibondig* and o3* orbitals are empty.
The electron in p shifts to the antibonding,* and o3*
orbitals through the interactions of the ground configuration
with the transferred configurations,, Bnd T,, being ap-
proximated by the noy* and n_os* interactions, respec-
tively. The mixing of the transferred configuration gives rise

(7) Sakai, S.; Inagaki, Sl. Am. Chem. Sod99Q 112 7961. Iwase, K.;
Sakai, S.; Inagaki, SChem. Lett1994 1601.
(8) Inagaki, S.; Iwase, K.; Kawata, HRull. Chem. Soc. Jpr1985 58,
601.
(9) Inagaki, S.; lwase, K.; Goto, NI. Org. Chem1986 51, 362.
(10) Iwase, K.; Inagaki, SBull. Chem. Soc. Jprl99§ 69, 2781.
(11) Ma, J.; Inagaki, SJ. Am. Chem. So001, 123 1193.
(12) Ma, J.; Ikeda, H.; Inagaki, Bull. Chem. Soc. Jpr2001, 74, 273.
(13) Inagaki, S.; Ohashi, Sheor. Chem. Acc999 102, 65. Ohashi, S.;
Inagaki, S.Tetrahedronin press.

T and T,. The configuration interaction is approximated by
the 0,* —o3* interaction. It follows that the cyclic (G, ¥
T,) configuration or the (n o2*, o3*) orbital interactions
are involved in the cyclic electron delocalization.

As shown in Figure 1b, the cyclic {jv,*, o3*) interaction
meets the phase continuity requirement: the accepting
orbitals o,* and os* in phase with the donating orbitahn
can also be in phase with each other at the same time. Thus,
the phase continuity suggests a possibility that the cyclic
orbital interaction could contribute to the remarkable stability
of the pentagons.

Bond Model Analysis.The orbital-phase continuity is not
a solely sufficient condition for the effective cyclic delocal-
ization. Delocalization between any adjacent bonds is neces-
sary. This is dependent on the energy gap between the n
ando* orbitals and on the orbital overlap. We evaluated the
bond interactions in the nitrogen and phosphorus pentagons
NsHs (4) and RHs (3) together with the hexagonssNs (6)
and RHe (5) by our bond model methéd*1°-1¢ as described
below.
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We previously proposed and applied a bond model to Table 1. Interbond Energies (au) in the Five- and Six-Membered

analyze the electronic structures of molecttés® and
transition state’s*16in terms ofbond interactionsThe single
Slater determinant of the HartreEock wave function )

for the electronic structure of molecules or transition states

is expanded into electron configurations:
Y =Csds+ ZCTCDT+ ZCECI)EJr (@D)]

where ®g, @1, and @ are the ground (G), electron-
transferred (T), and locally excited (E) configurations
expressed by usingond orbitals The bonding and anti-
bonding orbitalsp; and¢* of the ith bond are obtained by
the diagonalization of the 2 2 Fock matrix on the basis of
hybrid atomic orbitalgi, andyi, on the bonded atoms a and
b:3

)
3

A set of bond orbitals, i.e., hybrid orbitals, and their
coefficients €, Cia*, and so on) give the coefficients of the
configurationsCg, Cr, andCg.1° This allows one to obtain
an optimal set of bond orbitals by maximizing the coefficient
of the ground configuration.

# = Ciaia T Cigkin

& = Cia" Xia T Civ* Xib

Phosphorus and Nitrogen Rings

IBE (au)
molecule n— o2* ni< oz 0* < o3*
3 -0.135 0.108 -0.013
4 —0.189 0.259 —0.003
5 -0.179 0.193 —0.005
6 —0.186 0.367 —0.002

Table 1. The cyclic (p 02*, 03*) interaction is involved in
the cyclic delocalization of the lone pair througttonjuga-
tion, i.e., the electron delocalization betweest and o3*

(02* < 03*) induced by the p — o* and np, — o3*
delocalizations of lone pair electrons (cf. Figure 2). The total
effect of the orbital-phase properties is evaluated by the
extent of the delocalization betwees* and o3*. The IBE
value ofo,* < o3* delocalization in3 is the largest{0.013
au), showing the most effective cyclic delocalization in the
five-membered phosphorus ring. In the six-membered ring,
the o,* and o3* orbitals are not vicinal to each other, so that
the cyclic (n,02*,03*) orbital interaction cannot take place
efficaciously. This was substantiated by the small IBE value
(—0.005 au) of ther,* < o3* interaction in5. The IBE value

is small even between the gemirel orbitals (0.001 au) in

5. The stabilization by the,;n— o>* delocalization (0.135

au) is greater than the destabilization (0.108 au) by the n

The bond interactions are evaluated as the interbond energy> , repulsion in the pentagon, while this is not the case

between the optimized bond orbitatsand ¢;, IBE;;:*4

wherePj, Fjj, andH; are the elements of the density, Fock,
and core Hamiltonian matrixes, respectively.

The geometry optimization of molecules was carried out
at the HF/6-31G*, MP2/6-311G**, and B3LYP/6-311G**
levels using the Gaussian 98 progréhThe 6-31G* basis
set was used for the analysis of the bond interactions.

The interactions of the lone pair orbital with the vicimal
ando* orbitals and the interactions between the vicinal
orbitals in the most stable conformers of the five- and six-
membered phosphorus and nitrogen riBg$ are shown in

(14) Inagaki, S.; Yamamoto, T.; Ohashi, Shem. Lett.1997 977. See
also refs 2-4 and 16.
(15) Inagaki, S.; Goto, N.; Yoshikawa, K. Am. Chem. Sod.991 113
7144. Inagaki, S.; Yoshikawa, K.; Hayano, Y .Am. Chem. So2993
115 3706. Inagaki, S.; Ishitani, Y.; Kakefu, T. Am. Chem. Soc.
1994 116, 5954. Inagaki, S.; Kakefu, T.; Yamamoto, T.; Wasada, H.
J. Phys. Chenil996 100, 9615. Inagaki, S.; Ohashi, S.; Kawashima,
T. Org. Lett.1999 1, 1145.
Inagaki, S.; Ikeda, H.; Kawashima, Tetrahedron Lett1999 40,
8893. Naruse, Y.; Hayashi, A.; Sou, S.; Ikeda, H.; InagakiBd!.
Chem. Soc. Jpr2001, 74, 245.
GAUSSIAN 98 (revision A.7): Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski,
V. G.; Montgomery, J. A.; Stratmann, R. E.; Burant, J. C.; Dapprich,
S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas,
O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.;
Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; Petersson, G. A,;
Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. A;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill,
P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.;
Head-Gordon, M.; Reploge, E. S.; Pople, J. A., Gaussian, Inc.,
Pittsburgh, PA, 1998.

(16)

an
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with the hexagon. This contrast also supported the cyclic
delocalization of the lone pairs being significantly favored
by the phase continuity in the pentagon.

Pentagon stability was also expected for the nitrogen five-
membered ring4 according to orbital-phase continuity
(Figure 1b). The intrinsic delocalization of the lone pairs to
the vicinal ony bonds is a prerequisite to the cyclic
delocalization leading to pentagon stability. The delocaliz-
abilities are well-known to increase with a decrease in the
energy gap between the orbitals involved in the delocalization
and with an increase in the overlap integral. The energy gap
(1.484 au) between the 1§—0.817 au) andr,* (0.667 au)
orbitals in NsHs is larger than that (1.351 au) between the
orbitals 1.020 and 0.331 au, respectively) igHg. The
energy gap is less favorable for the+ o,* delocalization
followed by the o* < o3* interaction or the cyclic
delocalization in NHs. The overlap (0.093) between the n
and o* orbitals in the nitrogen ringd is greater than that
(0.063) in the phosphorus rirg) favoring the delocalization
of the nitrogen lone pair. In fact, the IBE values show that
the n — o,* stabilization (-0.189 au) is smaller than the n
< 0, repulsion (0.259 au) in 8s. This feature is in striking
contrast with that of fHs. Thus, the delocalization of the
lone pair occurs less effectively insNs, compared to the n
< o repulsion, due to the larger energy gap, though the
overlap is more favorable. The IBE value shows weaker
interaction (-0.003 au) betweean,* and o3s*, implying less
total effect of the orbital-phase continuity and less stability
of the nitrogen pentagon.

It is interesting that the electron delocalization from the
different lone pair orbitals to the vicinal-#° antibonding
orbitals takes place to different extents (Scheme 1). The
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Scheme 1 PH;
—0.135a.u. H%P F(
n‘%ﬂ w NS
b WO'1235U'\_) b } 0.083 a.u. 7
2
-0.135 a.u, —0.133 au. 4),113““3 The three- and four-membered ringsHe and RH,
oligomerize rapidly below room temperature to the five-
Table 2. Strain Energies (kcal/mol) of Monocyclic Rings membered ring s compound. Also the thermolysis of
molecule  RHF/6-31G*  B3LYP/6-311G**  MP2/6-311G** diphosphane, M4, preferentially gives rise to (Pkl)and
3 —2.53 —-3.01 —3.40 polycyclic phosphanes A, (m < n) containing five-
4 9.48 15.67 12.51 membered rings and to much lesser extent to higher
2 g:gg 12:37’2 1%:?% homologues of the open-chain phosphangd,R,.?% In
8 7.19 6.73 5.95 addition, the six-membered ring (PRas observed to be
1% g-gg g-gg g-ig converted into (PPB)on warming?
11 756 6.40 6.72 In contrast with the monocyclic phosphanes, the nitrogen

rings (NH) and (NH} were calculated to have much higher
cyclic (n, 02*, 03*) interaction (Figure 1 and Table 1) is  Strain energies (Table 2), in agreement with the calculations
most effective, as shown by the highest IBE valu®(135 by Gimarc and Zhaé2?*So it is not surprising that none of
au) of the a— o,* interaction. The interactions betweep n  these nitrogen molecules have been observed‘yehe
and nyand their corresponding vicinat orbitals are weaker ~ difference in strain energies between (Ntanhd (NH) is
(—0.133,-0.123,-0.113, and—0.083 au, in Scheme 1). Very small, being only 0.91 kcal/mol at B3LYP/6-311G**.

This suggests that the puckered structure should be importanfCOmparable stain energies were also obtained by Gimarc
for pentagonal stability. and Zhacd®23 Pentagonal stabilization should also occur in

Strain Energies. Orbital-phase continuity and the small (NH)s, while it is not as effective as that in the phosphorus

A . ) pentagon. Recent calculatiGhssuggest that the five-
energy gap between n ansf orbitals give rise to the S .
=7 = . o . membered ring is one of the most important factors for the
stabilization by the cyclic delocalization of the lone pairs

7 . . ingle- i I - lecul =
through the vicinab bonds and lower the strain energies of single-bonded nitrogen cluster-type molecules (4
the phosphorus pentagon. We calculated the strain energies
(Table 2) according to the homodesmotic reaction (e¥ 4).

Protonated Cations.The pentagonal stabilization model
led to the prediction of a significant increase in strain energy
of 3 on protonation, since lone pair for the cyclic delocal-
ization are lost. This was confirmed by the remarkable
. ) increase in the strain energies by protonation on the 1-, 2-,
The strain energy & was found to baegatve (—3.01 keall 54 3.positions of the most stable conformeBd(8) 9.74
mol at B3LYP/6-311G**), in agreement with the results by kcal/mol, ©) 9.78 kcal/mol, and X0) 6.31 kcal/mol at
Schiffer, Ahlrich, and Haer;® and by Gimarc and Zha®. B3LYP/6-311G** as shown in Figure 3). On the other hand,
The strain energy 0§ is higher (2.30 kcal/mol at BSLYP/  the increment in the strain energy upon protonation (4.10
6-311G**). Theoretical calculations on the relative stability kcal/mol at B3LYP/6-311G**) of the six-membered ring
of 3 were reported by Yoshifuji, Inamoto, and Nagés€he PsH7* (11) was smaller than those of the five-membered
stability of the phosphorus pentagons, cyclopentaphosphanegingsg—10. Similar increases in the strain energies were also
(PR}, is in agreement with some experimental observations provided by the MP2/6-311G** calculations. However, we
by Baudler’? The parent compoun@has been isolated and  cannot rule out the possibility that electrostatic repulsion
structurally characterized by spectroscopic methods, while hetween the positive charges should be responsible for the
5 is still unknown. Only 1-phosphinocyclopentaphosphane jncrease in the strain. We compared the strain energies of
(7), a constitutional isomer o with a pentagon unit, has  the conformer8—10 of 3, where the electrostatic repulsions
been detectetf. are much closer to one another. The increase in the strain
on protonation at the 1- and 2-positior&gnd9) is more
(18) (a) George, P.; Trachtman, M.; Bock, C. W.; Brett, A. Tétrahedron remarkable than that at the 3-positiohO)f. The relative
ils%zzs?ﬁicsrlgéc(titgn\/\(/;}{a)lio r?xsrt—:Tﬂei;Eixsﬁrflgcigféﬂgstg?& the increases were found to be closely related to the delocaliz-
suggestion of a reviewer. The strain energies gfgPand RHg are abilities of the n, n;, and 3 lone pair electrons (Scheme 1).
(oslmel at e BSLYPIS1LG level, and14.30 and. 1146 koay | 11eSe results imply the significance of lone pair delocaliza-
mol at the MP2/6-311G** level, respectively. The results supported 1ion and the puckered conformation in pentagon stability.

the pentagon stability although the isodesmic reaction underestimated  Design of Polycyclophosphaneslhe pentagon stability
the strain energy as was pointed out in ref 18a.

(XH),, + NXH,XH, — nXH,XHXH, (4)

(19) Schiffer, H.; Ahlrichs, R.; Figer, M. Theor. Chim. Actd989 75, 1. is in agreement with the Baudler rule of the maximum
(20) Gimarc, B. M.; Zhao, MPhosphorus, Sulfur Silico994 93—94,
231; Coord. Chem. Re 1997, 158 385. (23) Zhao, M.; Gimarc, B. MJ. Phys. Chem1994 98, 7497.
(21) Yoshifuji, M.; Inamoto, N.; Ito, K.; Nagase, Ehem. Lett1985 437. (24) Wright, J. S.; McKay, D. J.; DiLabio, G. AHEOCHEM1998 424,
(22) (a) Baudler, M.Angew. Chem., Int. Ed. Engl982 21, 492. (b) 47. Ha, T.-K.; Suleimenov, O.; Nguyen, M. Them. Phys. Letf.999
Baudler, M.Angew. Chem., Int. Ed. Endl987, 26, 419. (c) Baudler, 315 327. Gimarc, B. M.; Zhao, Mlnorg. Chem.1996 35, 3289.
M.; Glinka, K. Chem. Re. 1993 93, 1623. (25) Chen, C.; Shyu, S.-Ant. J. Quantum Cheni999 73, 349.
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9 10
9.78 6.31
(9.30) (5.56)

5 1
B3LYP/6-311G** 0.00 4.10
MP2/6-311G** (0.00) (5.12)

Figure 3.

2.27

1.47

Figure 4. Relative energies (kcal/mol) of conformers1df optimized at
B3LYP/6-311G**.

number of five-membered ring unitd.Known polycyclic
phosphane¥ e.g., “Ufosane” P1Rs?® (the derivatives ol.3)
and the PR’ (the derivatives of14) substructure of

Increase of strain energies (kcal/mol) by protonations relative to tho3eanfl 5.

13a
0.00

13b
0.56

Figure 5. Relative energies (kcal/mol) of conformers1# optimized at
B3LYP/6-311G**.

Table 3. Strain Energies (kcal/mol) of Polycyclophosphanes Calculated
at B3LYP/6-311G**

molecule strain energy molecule strain energy
12 4.01 19 0.09
13 —2.19 20 1.71
14 —4.35 21 12.26
18 3.62 22 68.05

of high symmetry, composed of pentagon units only, has
low strain (4.01 kcal/mol). The relative energies of the
conformers (Figure 4) increase with the number of pairs of
hydrogen atoms in close proximity. Alkyl derivatives were

Hittorf's phosphorus, contain as many pentagonal unit_s 3Sdetected in the mixture of reaction produttsThe strain
possible. There are many polycyclic phsophanes contammgenergy of RiH5 (13) is very low andnegatie (—2.19 kcal/

five-membered ring units among those derived from the
structured rule by Hger?®

We first calculated the strain energies of some known
polycyclophosphanes. The smallest cage molecsth E.2)

(26) (a) Korber, N.; Daniels, J.; von Schnering, H.Ahgew. Chem., Int.
Ed. Engl.1996 35, 1107. (b) von Schnering, H. G.; Fenske, Dty
W.; Binnewies, M.; Peters, KAngew. Chem., Int. Ed. Engl979
18, 679. (c) Baudler, M.; Jachow, H.; Germershausery.JAnorg.
Allg. Chem.1987 553 15. (d) Tebbe, K.-FZ. Anorg. Allg. Chem.
1989 572, 115. (e) Wichelhaus, W.; von Schnering, H.aturwis-
senschafter1973 60, 104.

(27) (a) Baudler, M.; Aktalay, Y.; Arndt, V.; Tebbe, K.-F.; Feher, M.
Angew. Chem., Int. Ed. Endl983 22, 1002. (b) Baudler, M.; Jachow,
H.; Tebbe, K.-F.; Feher, MZ. Anorg. Allg. Chem1991 593 9.

(28) H&ser, M.J. Am. Chem. S0d994 116, 6925. Beker, S.; Haer, M.
Z. Anorg. Allg. Chem1995 621, 258.
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mol at B3LYP/6-311G**; cf. Table 3). The unsymmetrical
isomerl3awas calculated to be slightly (0.56 kcal/mol) more
stable than the symmetrical ofi8b (Figure 5), in agreement
with the experimental ratio of 3:1 of the two isomers in
solution??¢ Pentacycldodecg@hosphane(4)14) also has a
negatve strain energy of—4.35 kcal/mol at B3LYP/6-
311G**. The comparable stabilities of the two stable
conformersl4a and 14b (Figure 6) account well for the
coexistence of these two isomers (ratibaldb = 3:2) in
solution??° Haser et af® suggested by the negative values

(29) Baudler, M.; Arndt, VZ. Naturforsch.1984 39b, 275.
(30) H&ser, M.; Schneider, U.; Ahlrichs, R. Am. Chem. S0d.992 114,
9551.
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Figure 6. Relative energies (kcal/mol) of conformers1f optimized at
B3LYP/6-311G**.

of AE, = E(P,) — nE(P,)/4 that some clusters such ag P
(15, Cy), Pis (16, Ca), and Rg (17, Cy,) containing many
five-membered rings should be energetically stable relative

to Py, supporting the pentagon stability. 18d 18e 18¢
2.55 2.67 4.43
o R Pt Figure 7. Relative energies (kcal/mol) of conformers 18 optimized at
/ ¥ 7 F/=\ /:\—T\ B3LYP/6-311G**.
H P P
He R N R _P. 7/ Y
L TYRL gk
R ———P H
F N
12 13 14

R SN 4 R — 5K
PéEP\\P;P!i?P Ff:,/\ / _I\T/ N Féz\ F/g\~P\/P‘,l\ /P*\P
2 e

15 16 17

Pentagon stability led to the design of some novel
polycyclic molecules18—21. The constitutional isomet8
of the known “rooflike” R;Hs (14) has two less five-
membered rings, but still has four pentagon units. The strain
energy of18 was calculated to be low (3.62 kcal/mol at
B3LYP/6-311G**, Table 3). The low strain energy suggests 19d
the possibility of being synthesized in the future, since the e g 3';:| i s (K I‘/WI  con mé‘oi_ ed at
strain energy ofl8 is smaller than that of the known Bgf\r(i/é_3lfg*f"e energies (kcal/mol) of conformersXd optimized
tetrahedral P molecule (10.15 kcal/mol at B3LYP/6-
311G**). The all-exo form {8a) is the most stable of all
the conformersl8a—f (Figure 7), because all the five-
membered rings are puckered in directions favorable to the
cyclic delocalizations of the lone pair electrons. The all-endo
form (18f) isomer is the least stable.

A H
P
R P~H R PR ~ Rempr ™~ pP 2la
Te—k " " NN }L\P_Pzp H \pi/p\pi/ 0.00
F[,rL\ Qf P_p\’ [P/ \>P l \P/L Figure 9. Relative energies (kcal/mol) of conformers2if optimized at
i ~p S\ Sk B3LYP/6-311G**.
H— |
H H/V Py
18 19 20 21 one of the lone pair orbitals is not antiperiplanar with those

Polycyclophosphanes s (19) and RsH, (20) were

of the pentagon but is antiperiplanar with those of the six-
membered ring inl9d—f. The stabilities ofl9a—c relative

calculated to have low strain energies of 0.09 and 1.71 kcal/to 19d—f demonstrate the prediction that puckering in the
mol, respectively. These molecules are also recommendeddirection favorable for the cyclic delocalization of lone pairs
as potential targets to be synthesized. There are six stereois crucial to the pentagon stability.

isomers,19a—f, of PigH3 (Figure 8). Each lone pair orbital

The polycyclophosphane 1§M; (21) is more strained

on the phosphorus bonded to hydrogen is antiperiplanar with(12.26kcal/mol at B3LYP/6-311G**) thah8—20, while the

the P-P bonds of the five-membered ringslifia—c, while

strain energy is close to that of.PThe energy difference
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between the two conformers (Figure 9) is very small (0.39
kcal/mol), as is expected.

Ma et al.

Conclusions
The orbital-phase theory was applied to propose “pentagon

The puckered structure of the five-membered ring has beenstability”. Cyclic delocalization of the lone pair electrons in

shown to be required for pentagon stability. The pentagons
are all planar in the dodecahedraboR22). Thus, the

pentagonal stabilization was predicted to occur less ef-
fectively. Our calculation did show a very high strain energy
of 68.05 kcal/mol (at B3LYP/6-311G**). The strain energy
of P, calculated at the HF/6-31G* level (119.3 kcal/mol) is
also higher than those o0 (43.6 kcal/mol), SiH2o (32.3
kcal/mol), GgoHzo (29.3 kcal/mol), and SiH,o (21.0 keal/
mol) reported by Nagase et &l Thus, the B cluster is a
less promising target for synthesis, in agreement with the
predictions by Haer and co-worke?8 and Hu et al3?
although Rulisek et & and Scheréf suggested that the
search for & should not be a search for utopia.
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the puckered pentagonal ring was shown to stabilize the five-
membered phosphorus rings by the cyclic interaction of a
lone pair orbital and the vicinal* orbital favored by orbital-
phase continuity. The cyclic delocalization is less effective
in the nitrogen analogud due to the large energy gap
between the n anad* orbitals, and in the six-membered rings

5 and6. The significance of the cyclic delocalization of the
lone pairs in the phosphorus pentagon was substantiated by
the negative strain energy. Pentagon stability led to the
prediction that three novel polycylic phosphan&8;-20,
should be stable enough to be targets of synthesis. The planar
structure of the pentagonal units in dodecahed?@rwas
suggested to result in high strain and consequently low
stability. The puckered five-membered phosphorus ring is
an important structural unit for pentagon stability.

Pentagon stability is generally expected for the five-
membered ring molecules with the lone pair orbitals on the
ring atoms at high energy levels and the antibondirig
orbitals of the vicinal bonds at low energy levels. A wide
variety of five-membered ring molecules are known in
organic and inorganic molecules and in biological systems,
and will be synthesized in the future. Pentagon stability will
be a useful concept to understand the properties of the known
molecules and to design unknown molecules.
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