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The neutral monophosphoniobenzo[c|phospholides 2 and 3
were selectively prepared by reduction of bis(triphenylphos-
phonio)benzophospholide chloride 1[Cl]. Compound 3 was
further converted into the borane adduct 6 and the thioxo-
phosphorane 7. All products were characterised by spectro-
scopic methods and X-ray diffraction. The most notable fea-
tures of the molecular structures are the significantly differ-
ent distances of the two P-C bonds adjacent to the two-co-
ordinate phosphorus atom (P2-C1 175.0-176.6, P2-C3
171.7-173.5 pm), and a short exocyclic C-P(phosphonio)
bond (C1-P1 172.5-173.7 pm) relative to cationic derivatives
such as 1. Structure comparisons revealed further variations
in the bond lengths, which can be related to the changes in

the inductive electron-withdrawing power of the substituents
in the 3-position of the fused ring system. Computational
studies of monophosphoniobenzophospholides, as well as the
corresponding anions with no phosphonio substituents, and
cations with two phosphonio substituents, allowed for the in-
terpretation of the special properties of the neutral species in
terms of a partial n-bond localisation. This, in terms of a VB
picture, is equivalent to the prominence of a single resonance
structure that can best be described as an ylide-substituted
cyclic phosphaalkene. The analysis of these results allows
important predictions for the chemical properties of these
compounds.

Introduction

Bis(phosphonio)benzo[c]phospholide [bis(phosphonio)-
2-phosphaindenide] cations such as 1!l exhibit a very spe-
cial bonding situation that has been described in terms of
a benzophospholide anion with a delocalised heteronaph-
thalenic 10m-electron system, and two positively charged
phosphonio substituents.>*1 Although electron delocalis-
ation over the phosphonio groups and the n-electron system
is low,>#! the electrostatic influence of the substituents still
induces a marked reduction in nucleophilicity relative to the
anionic phospholide derivatives, and polarises the m-elec-
tron distribution in the ring.>~# As a consequence of these
effects, bis(phosphonio)benzophospholides display a very
balanced nucleophilic and electrophilic reactivity, which is
the primary reason for their remarkable stability towards
solvolysis and addition reactions,[-*31 and their preference
to coordinate to transition metal atoms through the phos-
phorus lone-pairl®®l rather than the m-electron system as
most other phospholide-type ligands.!”]

In the course of the investigation of the chemical proper-
ties of bis(phosphonio)benzophospholides, we established
that reduction of 1 gives easy access to both neutral, zwit-
terionic phosphoniobenzophospholides 2, 3, and phos-
phanylbenzophospholide anions 4 (see Scheme 1).[81 Al-
though a structural study of the carbonylnickel complex 5
revealed that the endocyclic bond lengths and angles are
very similar to those of cation 1,1 one can expect that an
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increasing electrostatic polarisation by positively charged
substituents should induce a concomitant modification of
the m-electron distribution in the fused ring system. This
view is, in principle, supported by the results of a comparat-
ive theoretical study of the parent benzo[c]phospholide an-
ion and the corresponding bis(phosphonio)-substituted cat-
ion.”l However, a concise investigation with regard to this
issue is still lacking.
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LiCgH Ni(CO!
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Scheme 1

In the present work we present a combined experimental
and computational study of the molecular and electronic
structures of the neutral 1-(triphenylphosphonio)enzo|c]-
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phospholides 2 and 3, the borane adduct 6, and the thioxo-
phosphorane derivative 7 (Scheme 1). The studied com-
pounds were selected for two main reasons. Firstly, compar-
ison of the bonding situation in 2 and 3 with that in the
“symmetrically” substituted ions 1 and 4, should allow us
to see if the polarisation by a single charged phosphonio
moiety leads to an imbalance in the m-electron distribution,
which may result in partial bond localisation. Secondly,
comparison of the bonding situation in 3 with that in the
borane adduct 6, thioxophosphorane 7, and the phosphon-
ium salt 1 should allow for the monitoring of the differen-
tial effects which accompany the increasing local positive
charge on the phosphorus atom of the substituent in the 3-
position. The understanding of both effects is considered
important for an improved understanding of the chemical
properties of the studied benzo[c]phospholide derivatives,
and, in particular, of their behaviour in complexation reac-
tions. The latter issue is of special interest in light of the fact
that aromatic phosphorus heterocycles have gained recent
attention as ligands in catalysis, because of their unusual
electronic properties.”!

Results and Discussion

Syntheses and Spectroscopic Investigations

3-Diphenylphosphanyl-1-triphenylphosphoniobenzol[c]-
phospholide (3) was prepared as described previously,®! by
reduction of bis(triphenylphosphonio)benzo[c]phospholide
chloride (1[Cl]) with active magnesium, which was gener-
ated by the decomposition of [Mg(THF);(anthracene)]!'%!
in boiling toluene (Scheme 1). Further investigation of this
reaction revealed that direct use of Mg/anthracene as a re-
ducing agent gave slightly lower yields of the product, but
required less effort for the preparation of the reagent and
shorter induction times. 1-Triphenylphosphoniobenzo|c]-
phospholide (2) was formed as a by-product in all the reac-
tions, but could not be isolated as it decomposed during
the workup procedure. However, the specific formation of
compound 2 was observed when the reduction of 1[Cl] was
carried out with NaBH, in 2-propanol.l''l Under these con-
ditions the product precipitated from the reaction mixture.
It was easily separated from the formed PPh; and borate
salts by filtration, and was isolated in good yield after
recrystallisation from THF/iPrOH.

Having shown that quaternisation of the phosphane
functionality in 3 with alkyl halides provides easy access to
various side-chain-functionalised bis(phosphonio)benzo|[c]-
phospholide cations,’ we anticipated that this compound
should similarly undergo other typical phosphane reactions
such as oxidation or formation of adducts with Lewis acids.
In agreement with this assumption, treatment of 2 with
equimolar amounts of borane—THF or sulfur afforded
quantitative yields (based on 3'P NMR spectroscopic in-
vestigation of the reaction mixtures) of the corresponding
borane adduct 6 and thioxophosphorane 7, respectively.
Use of excess reagents or prolonged reaction times gave no
evidence for the quaternisation of the endocyclic phos-
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phorus atom, and both products were isolated in good
yields after evaporation of the volatiles and recrystallisation
from THF/hexane.

The isolated zwitterionic phosphoniobenzophospholides
are bright yellow to colourless solids, which are reasonably
stable towards air and moisture. All products are readily
soluble in polar aprotic solvents (CH,Cl,, MeCN, THF),
very sparingly soluble in toluene, and insoluble in hexane.

The purities and identities of all compounds were un-
equivocally established by analytical and multinuclear ('H,
1B, 13C, 31P) NMR spectroscopic data. The 3'P{'H} NMR
spectra display characteristic AMX (3, 6, 7) or AX patterns
(2) (Table 1). The chemical shifts of the exocyclic phos-
phorus nuclei fall in the expected ranges associated with
the different types of functionalities. The resonance of the
endocyclic phosphorus atom in 2 appears more upfield than
that in 3, whereas the corresponding resonances in 6, 7 are
more downfield and exhibit similar chemical shifts as the
bis(methyldiphenylphosphonio)benzo[c]phospholide cation
(33'P = 229.011). Besides the resonances of the Cg¢Hs
groups, the 'H NMR spectra of all the compounds display
the expected ABCD patterns for the protons of the benzo-
phospholide moiety. For 2, the signal assigned to 3-H is
buried under other resonances in the aromatic region; how-
ever, it can clearly be seen in a two-dimensional 'H,3!'P-
HMQC spectrum. The 'H and ''B NMR spectra of 6 show
the expected broad multiplets assigned to the BH3; moiety.
The '3C NMR spectra of all zwitterionic benzophosphol-
ides reveal close similarities with those of the bis(phos-
phonio)-substituted cations.!!'~*°1 However, major differ-
ences are observed predominantly for the resonances of the
two carbon atoms adjacent to the endocyclic phosphorus
atom (cf. Table 1). In comparison with 1, the signals of the

Table 1. 3'P and selected '*C NMR spectroscopic data of zwitter-
ionic phosphoniobenzo|[c]phospholides; phosphorus atoms are de-
noted as P1, P2, and P3, and carbon atoms as C1 and C3 in agree-
ment with the numbering scheme given in Figure 1

&P Jpp [Hz] e Joc [Hz]

2 1902 (P2) 877 86.4 (C1) 1028 (Jpi.0).
15.1 (P1) 1383 (C3)  54.8 (Jpoc)
36.8 (Jpa.0):
13.5 (Jp1.c)
3 2184(P2) 824 (Jpip) 928 (Cl)  99.0 (Jp; o),
147 (P1) 972 (Jpaps)  143.2(C3) 599 (Jpo),
—21.4 (P3) 12.0 (Jps.0)
53.6 (Jp2.0):

14.1, 11.9
6 2308(P2)  86.1 (Jpopy) 983 (Cl)  98.6 (Jp;.0),
155(P1) 884 (Jpips) 1448 (C3)  58.1 (Jpoo).
9.4 (P3) 11.6 (Jps.0)

11.7,9.4

7 2283(P2) 884 (Jpups) 984 (Cl) 975 (o),
161 (P1)  88.7 (Jpipa)  1357(C3) 588 (Jpyo).
35.0 (P3) 14.1 (Jps.0)
88.1 (Jps.0):
59.1 (Jpa.c).
13.2 (Jpr.c)
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C-1 atoms adjacent to the exocyclic PhsP moiety are shifted
upfield by about 10—20 ppm and approach the typical
values observed for stable phosphonium ylides,['?! whereas
the resonances of the C-3 atoms are deshielded by about
25—35 ppm and are similar to the chemical shifts for phos-
phinines.l'?) On the whole, although the average chemical
shift of both resonances (6 = 112.4—121.5) changes little
relative to that of the cation 1 (§ = 109.0), their large
difference provides the first evidence for a marked polaris-
ation of the m-electrons.

The UV/Vis spectra of the neutral benzo[c]phospholides
display four major absorption bands whose positions and
intensities are similar to those of the cation 1['31 (Table 2).
All observed electronic transitions display the characterist-
ically high extinction coefficients of m—n* transitions and
are much stronger than t—c* transitions which are typical
for ylides.['¥ The two bands between 235 and 265 nm are
assigned to m—mn* transitions within the peripheral phenyl

rings of the Ph,P and Ph;P* moieties, and the two bands
at the lowest wavelengths are assigned to transitions of the
benzophospholide chromophore. Absorption bands assigned
to n—n* transitions are not observed and are presumably
obscured by the much more intense t—n* transitions. The
position of the energetically lowest absorption is compar-
able with those in 2-phosphanaphthalenes.!'>] Examination

Table 2. UV/Vis data (in CH,Cl,) of the zwitterionic phosphonio-
benzophospholides 2, 3, 6, 7, and the salt 1[CI] (from ref.['3])

Amax [0M] (Emax/10* [I'mol~"-cm™1])

1[C]] 227 (52) 260 (16) 338 (11) 353 (13)
2 239 (33) 258 (31) 314 (17) 354 (12)
3 236 (47) 251 (45) 330 (sh) 372 (16)
6 241 (45) 263 (26) 334 (11) 359 (13)
7 238 (46) 254 (45) 336 (16) 361 (21)

(d)

| A/u‘L “ 4 \9}73/“% . <
b 7

(o110 o
) \ ) / X\

Figure 1. ORTEP-style view of the molecular structures of 2 (a), 3 (b), 6 (c), and 7 (d) with thermal ellipsoids drawn at the 50% level;
hydrogen atoms are omitted for clarity, selected bond lengths are given in Table 3; in order to obtain a unique scheme, the crystallographic
numbering was changed and a numbering scheme consistent with TUPAC rules used for the ring atoms; exocyclic phosphorus atoms are
labelled as P1 (phosphonio group in the 1-position of the ring) and P3 (substituent in the 3-position of the ring)
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of the spectra of the 3-substituted neutral compounds 3, 6,
7 and the cation 1, reveals a continuous blue-shift of the
energetically lowest absorption band with increasing elec-
tron-withdrawing power of the substituent in the 3-position,
and an opposite trend for the second lowest absorption
band.

Crystal Structure Studies

Suitable single crystals of 2, 6, and 7 were grown by slow
evaporation of saturated THF solutions. Single crystals of
3 were obtained by cooling a saturated solution in toluene
to —30 °C. The molecular structures are shown in Figure 1,
and selected bond lengths are given in Table 3. The corres-
ponding data of the cation 1!'81 and the anionic complex
5081 were included for comparison.

The results of the X-ray structure analyses reveal that the
benzophospholide moieties in compounds 2 and 3 are
planar, whereas in 6 and 7 the atoms in the benzene unit
are slightly twisted around the long axis of the fused ring
system. The origin of this distortion presumably arises from
crystal packing effects; this effect is not considered signific-
ant and therefore will not be discussed further. The ex-
ocyclic phosphorus atoms in all compounds are located in
the ring planes. The phenyl substituents at the exocyclic P2
and P3 atoms in 3 display a staggered conformation when
observed along the P2—P3 axis, and those in 6 and 7 are
eclipsed. As in the cation 1,['®l the endocyclic phosphorus
atom is always confined between two phenyl rings so that
the P—B and P—S bonds (in 6 and 7), or the hypothetical
axis of the lone-pair (in 3) at the exocyclic P3 atom, form
angles of approx. 60—70° with the ring plane.

The lengths of all C—C bonds in the benzophospholide
moiety (136—144 pm) lie in a range which is typical for
aromatic systems and match those of corresponding bonds
in indoles and indolyl anions.['”l Endocyclic and exocyclic
P—C distances in the zwitterions 2, 3, 6 and 7 are similar
to those in the ions 1 and 5,81 and are intermediate be-
tween pure single and double bond lengths. Comparison of
the C1—P2 and P2—C3 bond lengths in the same molecule

reveals the former to be significantly longer than the latter
in all zwitterions. The effect is largest for 2 [Arp_c = 4.9(3)
pm] and decreases continuously for 3 [Arp_c = 3.3(3) pm]
and 6, 7 [Arp_c = 1.9(4) pm]. This effect is not observed in
1 and 5, which have identical substituents at the C1 and C3
atoms, and in “asymmetric”’ bis(phosphonio)benzophos-
pholides!® with two different phosphonio groups. No sim-
ilar asymmetry of the C—C bonds on opposite sides of the
ring system is observed in any compound.

Comparison of corresponding bond lengths and angles
in the fused rings of the disubstituted compounds 1, 3 and
5—7 reveals that the C—C bonds and all bond angles are
indistinguishable within experimental error. Insignificant
variations were also found for the P2—C3 and the exocyclic
P1—-C1 bonds, whereas the C1—P2 bond lengths increase
slightly but systematically in the series 3 < 6 = 7 < 1. The
endocyclic P2—C3, C1-C7a, and C3—C3a bonds in the
monosubstituted zwitterion 2 are shorter than the corres-
ponding bonds in 3 by approx. 1 pm. A similar shortening
is also observed for the exocyclic PI—C1 bond, and might
suggest a slight increase in the ylidic nature of the phos-
phonio group. However, it must be noted that although the
discussed differences and trends are significant when com-
pared with the estimated standard deviations, it cannot be
ruled out that these differences may have arisen from crystal
packing effects or other intermolecular interactions (cf. the
bond length differences between crystallographically inde-
pendent molecules of 5 which are of similar magnitude). A
further interpretation of these effects is thus, in our opinion,
only meaningful when linked with the results of computa-
tional studies (see below).

The more pronounced variation of the C3—P3 distances
in the studied zwitterions is easily explained in terms of the
different substitution patterns at the P3 atom. Both the
P3—B bond in 6 [193.15(19) pm] and the P3—S bond in 7
[196.90(7) pm] are longer than those in the corresponding
triphenylphosphane derivatives (P—B in PhsP—BH; 190.1
pm, 181 P—S in Ph;P=S 195.2 pm!'?)), and lie near the upper
limit of the known expected ranges for borane adducts and

Table 3. Selected bond lengths [pm] in the zwitterionic phosphoniobenzophospholides 2, 3, 6, 7, the cation of the salt 1[CpW(CO);] (data
taken from ref'®)), and the anion of the salt S[Li(THF),] (data taken from ref.®l); the atom numbering scheme is identical to the one
given in Figure 1

1 2 3 5al 6 7
Cl1-P2 172.8(4) 176.62(11) 176.23(13) 173.2(4) 174.7(4) 174.99(17) 175.40(19)
P2—C3 172.9(4) 171.71(14) 172.93(12) 1.736(4) 174.4(4) 173.23(16) 173.53(19)
C3—-C3a 144.1(6) 142.09(17) 143.38(18) 144.0(5) 143.1(5) 143.6(2) 143.73)
C3a—C4 140.2(6) 141.46(18) 141.82(17) 141.3(5) 140.0(5) 141.0(2) 141.4(3)
C4-C5 136.3(7) 137.7(2) 137.56(19) 137.2(5) 138.0(5) 136.9(2) 137.03)
C5-C6 139.1(8) 140.36(18) 140.7(2) 139.9(6) 140.1(5) 140.2(2) 140.0(3)
C6-C7 138.0(8) 137.51(16) 137.66(19) 136.7(5) 137.1(5) 137.7(2) 137.4(3)
C7-CTa 139.8(6) 141.26(15) 141.58(18) 141.6(5) 141.6(5) 141.5(2) 141.0(3)
C7a—Cl 144.9(6) 142.95(15) 143.93(17) 144.1(5) 142.3(5) 143.7(2) 143.7(3)
C3a—CTa 142.3(6) 143.02(15) 143.06(17) 143.2(5) 144.0(5) 143.0(2) 142.5(3)
PI—Cl 174.7(4) 172.55(11) 173.47(12) 178.9(4) 177.7(4) 173.51(16) 173.65(19)
P3-C3 174.9(4) - 180.92(13) 178.0(4) 177.4(4) 178.24(16) 177.42(19)

(2] The given values refer to two crystallographically independent molecules per unit cell.
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sulfides of tertiary phosphanes (P—B 192.2+2.7, P-S
195.4+0.5 pm!'7)). This suggests a comparatively low nucle-
ophilicity of the exocyclic phosphane moiety in the
studied molecules.

Computational Studies

In order to carry out a meaningful discussion of the
changes in structure and bonding in the studied phos-
phoniobenzophospholides, and to gain a reliable basis for
the interpretation of rather small structural distortions, we
performed a comprehensive computational study using the
B3LYP density functional method,” employed in the
GAUSSIAN 982! guite of programs. To minimise compu-
tation times, the calculations were performed on the model
compounds 1-H—4-H, 6-H, 7-H, in which all peripheral
phenyl rings of 1—4, 6, 7 had been replaced by hydrogen
atoms, and any interaction of ionic species with the appro-
priate counter-ion was neglected.?”) The molecular struc-
tures of all compounds were obtained from energy optimis-
ations at the B3LYP/6-31+g* level, and were shown to be
local minima on the energy hypersurface by means of vibra-
tional analyses. The results revealed that in the most stable
conformers of compounds 3-H, 6-H, and 7-H, the P—X
axes of the PH,X units (X = BHj;, S, lone-pair) form an
angle of approx. 60° with the ring plane. This is in agree-
ment with the experimentally observed conformations of 3,
6, 7 and implies a molecular C; symmetry. The molecular
structures of 1-H and 4-H display C,, symmetry, in agree-
ment with the results of earlier computational studies of 1-
H at a different theoretical level,”! and with the experiment-
ally observed conformations of 1'% and complex 5.81 As
the molecular structures of 3-H, 6-H, 5-H, and 7-H allow
no clear-cut separation between orbitals of o- and m-sym-
metry, we re-optimised the structures of these species under
the constraint of C; symmetry. The resulting molecular
structures are local minima on the energy hypersurface
whose energies (at the B3LYP/6-31+g* + ZPE level, see
Table 4) and metric parameters (apart from the different
torsion angles of the PH,X groups) do not differ signific-
antly from those of the C;-symmetric conformers. Relevant
structural parameters of the “symmetric” (Cs or C,,) con-
formers, together with m-orbital populations and Wiberg
bond indices (WBI), which were computed from NBO
population analyses,?*! are given in Figure 2.1*4 For further
discussion we will refer only to the properties of the “sym-
metric”’ conformers.

Comparison of the computed bond lengths in the model
compounds with the experimental data of 1-3, 6, and 7
shows a close agreement for all endocyclic C—C bonds and
P1—C9 bonds (using the same numbering scheme as in Fig-
ure 1). The differences in the bond lengths are less than 1
pm. The computed lengths of the endocyclic C1 —P2 bonds
are generally about 3 pm longer than the experimental
values, and those of the exocyclic C1 —P1 bonds are shorter
by the same amount. However, the variation of the indi-
vidual computed bond lengths in different molecules repro-
duces the same trends that have been found in the experi-
mental studies. This finding strongly suggests that the small

Eur. J. Inorg. Chem. 2001, 2763—2772

Table 4. Computed absolute energies (at the B3LYP/6-31+g* level),
zero-point energies, molecular point groups, and relative energies
of different conformers (at the B3LYP/6-31+g* + zpe level) for the
model compounds 1-H—4-H, 5-H, 6-H

Ea.ul] ZPE [kJ/mol]  Symmetry  E* [kJ/mol]
1-H  —1334.6269  396.7 Cyy 0.0
2-H —992.3217  344.6 Cs 0.0
3-H —1334.2684 366.4 Cs 0.0
—1334.2677  365.7 C —1.1
4-H —1333.7776  336.4 Gy, 0.0
—1333.7735 3352 C, 9.7
6-H —1360.9254  450.2 Cs 0.0
—1360.9245  450.1 C, -0.2
7-H  —1732.4745  375.5 Cs 0.0
—1732.4757  376.0 C, 2.7

structural variations detected reflect real differences in the
electronic structures, rather than being a result of intermol-
ecular interactions in the crystal.

The results of NBO population analyses (cf. Figure 2b)
reveal that the total m-electron population in the atoms of
the annulated rings (9.75—9.86 electrons) is close to the
theoretical value of 10 in all compounds. The small electron
loss is attributed to weak hyperconjugation with antibond-
ing P—H orbitals in the peripheral substituents (see below),
and is almost independent of the substituent pattern. In-
spection of individual atomic w-orbital population indicates
a shift of m-electron density from the P2 phosphorus atoms
and the remote C5/C6 carbon atoms in the six-membered
ring, towards the C1/C3 carbon atoms. This shift increases
with the total positive charge and, for 2-H, 3-H, 5-H, and
6-H, with the electron-withdrawing capability of the sub-
stituent on C3. In the neutral compounds, the m-electron
density accumulates predominantly at the C1 atom adjacent
to the strongly electron-withdrawing PH;* moiety, thus in-
troducing further pronounced “asymmetry” in the m-elec-
tron distribution. This effect is weakened in the series 2-H
> 3-H > 5-H = 6-H, by the growing electron-withdrawing
effect of the C-9 substituents.

Inspection of the Wiberg bond indices reveals that the
bond orders in the six-membered ring are essentially inde-
pendent of the substituents in the 1- and 3-positions (Fig-
ure 2¢). Beginning with the symmetrically substituted ions,
both the C1—-P2/P2—C3 and the C1-C7a/C3—C3a bond
orders in the five-membered ring of the anion 4-H are
higher than those in the cation 1-H, whereas the opposite
trend is found for the C3a—C3a bonds. Interestingly, these
variations result in appropriate changes in bond lengths
only in the case of the C—C bonds; presumably, lower co-
valent P—C bond orders in 1-H are counterbalanced by a
larger electrostatic polarisation. For the betaines 2-H, 3-
H, 6-H, and 7-H, the uneven distribution of m-electrons
between C1 and C3 coincides with a concomitant polaris-
ation of the P—C bond orders. The P2—C3 bonds display
WBIs between 1.37 and 1.49, which are in the range be-
tween those of phosphinine (1.38) and methylenephos-
phane (1.94), and indicate pronounced double-bond char-
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(@) Bond lengths (b) =-Orbital populations (c) Wiberg bond indices

2-H

3-H

6-H

1,01 1,02 1,35

® 0,96 ® ®

1-H

4-H

Figure 2. (a) Computed bond lengths, (b) m-orbital populations, and (¢) Wiberg bond indices for the model compounds 1-H—4-H, 5-H,
6-H; distances were obtained from energy-optimised molecular structures computed at the B3LYP/6-31+g* level, and orbital populations
and bond indices from NBO population analyses®’! at the B3LYP/6-31 g*//B3LYP/6-31+g* level of theory
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acter. The adjacent C1—P2 bonds display lower bond or-
ders (WBI = 1.05—1.09), whose values nonetheless still
exceed those of pure single bonds (cf. 0.98—1.01 for the
exocyclic C3—P3 bonds in 2-H and 4-H). A less pro-
nounced weakening of the bond (see Figure 2¢) is also
noted for the Cl—C7a bond as compared with the
C3—C3a bonds. The differences in the bond indices within
each pair of P—C and C—C bonds in a single compound
decreases slightly with increasing electron-withdrawing
character of the substituent at C3. The higher WBIs for
the exocyclic C1 —P1(phosphonio) bonds in betaines (1.14)
relative to the symmetrical ions 1-H (1.07) and 4-H (1.01),
suggest a more pronounced ylide character of this bond.
The exocyclic C3—P3 bonds (WBI = 0.89-0.98) are
single bonds.

In the frame of a VB picture, a consistent interpretation
of the changes in the bonding situation in the studied
benzophospholide systems can be given in terms of a super-
position of the canonical structures shown in Scheme 2.
The results of the NBO analyses suggest that the dominat-
ing resonance structures in the cation 1-H are A, A’, whose
weightings are equal due to symmetry reasons.”’! For the
betaines 2-H, 3-H, 6-H, and 7-H, the dominant canonical
structure is A, even though the results of the perturbational
analysis of the Fock matrix and the residual delocalisation
of NLMOs suggest that the contribution of A’ increases
slightly with the growing electron-withdrawing capability of
the substituent Y. The contribution of the canonical struc-
ture B is greater in these compounds than in the cation
I-H. For the anion 4-H, the NBO analysis suggests that
the contribution of resonance structures A, A’ (with H,P
instead of H;P*) decreases relative to that of the remaining
alternatives B—D. This effect reflects a more efficient n-de-
localisation along the ring perimeter and a shift of the ex-
cess charge in the m-system towards the P2 and C5, C6
atoms. The dominance of the 1,2-dipolar canonical struc-
tures A (and A’) in the phosphonio-substituted species can
be understood since the charge separation is smallest. It
also emphasises the fact that the shift in n-electron distribu-
tions between species with different overall charge can be
understood mainly by electrostatics as the charges are in
close proximity to each other.*”

In light of the discussed results it can be concluded that
all studied benzophospholides may be described as de-
localised 10m-electron systems, which formally involve the
interaction of a benzene (6m) and a phosphaallylic (4w) frag-
ment.[”) The conjugation between both units (as expressed
by increasing contributions of the canonical structures
B—C’ in Scheme 2) increases when the sum of the positive
charges on the substituents decreases, and is thus most pro-
nounced in the genuine anion 4-H. Furthermore, substitu-
tion by a single positively charged substituent at the C2
atom in 2-H, 3-H, 6-H, 7-H lifts the degeneracy between
canonical structures A and A’. The resulting essentially
single resonance structure (A) brings a “phos-
phaalkene—benzylidene ylide” structure to the fore, and
is equivalent to a partial n-electron localisation.
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With regard to the recent interest in the use of benzopho-
spholide systems as ligands,>®!!l a short account of the
nature and energies of frontier orbitals is of interest; this
should allow some predictions on the coordination behavi-
our of these compounds to be made. The energies of se-
lected molecular orbitals are listed in Table 5. As in the cat-
ion 1-H, both HOMOs and LUMOs in the betaines 2-H,
3-H, 6-H, and 7-H have a’’ symmetry, and can be described
as the 5t and 6r* orbitals of a heteronaphthalenic 107m-
electron system.[?! The highest a’-type orbital in 2-H and 6-
H lies approx. 2 eV below the HOMO and is assigned to a
non-bonding pair of electrons centred at the endocyclic P1
phosphorus atom. In 3-H and 7-H, this orbital is best de-
scribed as a “lone-pair” centred at the exocyclic P3 phos-
phorus or sulfur atoms, respectively. The energies of the
phosphorus “lone-pair” orbitals in 2-H and 6-H (—7.3 to
—7.5eV) are similar to those calculated for phosphinine
(=7.3eV) or PH; (—7.5eV) at the same level of theory.
As expected, the energies of both occupied and unoccupied
orbitals are stabilised with increasing overall positive charge
of the system, but the HOMO—LUMO gap in all com-
pounds remains essentially unchanged. Even if this finding
allows a qualitative rationalisation of the observed similar-
ity of the lowest m—m*-transition energies, a more detailed
interpretation of the electronic spectra is not feasible in the
frame of this simple one-electron model. Based on the com-
puted orbital energies it can be predicted that the donor
capability of benzo[c]phospholide ligands will decrease and
their m-acceptor capability will increase with the number
of positively charged phosphonio groups, whereas further
modifications within the substituents will play a minor role.
Furthermore, coordination of a transition metal via a phos-
phorus lone-pair in 3-H and 4-H should take place at the
exocyclic three-coordinate rather than the endocyclic two-
coordinate phosphorus atom, which is in agreement with
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Table 5. Computed energies [eV] and symmetry descriptors (in parentheses) for selected orbitals (at B3LYP/6-31+g* level, see ref.>4) and

their differences in the “symmetric” conformers of 1-H—7-H

1-H (&) 2-H (Cy) 3-H (&) 4-H (Cy) 6-H (C,) 7-H (Cy)
£(LUMO) —5.34 (b)) ~1.15@") —1.40 (a") 2.45 (b)) ~1.76 (a") ~1.76 @)
£(HOMO) —9.37 (ay) ~5.26(a") —-547 ") —1.47 (ay) ~-587(a") ~-5.74 (a")
£(HOMO — 1) ~9.51 (b)) ~-5.63(a") ~5.80 (a") ~1.92 (b)) —6.15(a") ~595(a")
e(lp.)el ~11.54 (a)) ~-7.31 (a") —6.66 (a’)b! —3.27 (a,)d ~7.50 (a"") —5.88 (a')ld!
£(LUMO) — £(HOMO) 4.03 4.12 4.07 3.92 4.11 3.98

[al Highest orbital of «; (a’) symmetry. — I Assignment to non-bonding orbital centred at P-3. — [ Symmetric linear combination of
non-bonding orbitals centred at all three phosphorus atoms. — [l Assignment to non-bonding orbital centred at S.

the observed formation of the nickel complex 5 starting
from 4.8

Conclusion

Our experimental and computational investigations have
shown that the m-electron structures of neutral monophos-
phoniobenzo[c]phospholides are closely related to those of
both bis(phosphonio)-substituted cations and genuine
benzo[c]phospholide anions. However, on the other hand
they have also highlighted characteristic deviations, which
can be associated with the effects of m-electron polarisation
by the charged phosphonio groups. Two major trends
emerge from the results: (a) an increasing number of phos-
phonio substituents in the five-membered ring reduces 7-
conjugation between the fused rings; (b) a single phos-
phonio substituent in the 1-position of the fused ring sys-
tem acts as a m-electron “trap” and induces a strong con-
centration of m-electron density on the adjacent ring carbon
atom, and a concomitant m-bond localisation. Differential
tuning of this effect is achieved by varying the inductive
electron-withdrawing power of a substituent in the 3-posi-
tion. With regard to the concomitant increase in ylidic char-
acter of the P(phosphonio)—C bond, the m-bond localis-
ation brings a phosphaalkene ylide type of structure to the
fore, which is most pronounced in 2. Interestingly, a careful
comparison of the computational results revealed that the
observed variations in the bonding situation were only in
part reflected in appropriate structural changes, thus em-
phasising that great care has to be taken during attempts to
interpret the bonding situation exclusively on the basis of
structural parameters.

The computational results further allow a number of pre-
dictions on the chemical properties of phosphoniobenzo-
phospholides to be made. A comparison of frontier orbital
energies suggests that the neutral species should behave as
better o/n-donors and weaker m-acceptors than cation 1,
which is in agreement with the conclusions drawn from a
recent preliminary study of the complex chemistry of 2.[1]
In contrast to 2, which binds a Cr(CO)s fragment via the
endocyclic  two-coordinate phosphorus atom,[''! com-
plexation of 3 to a 16e-metal complex fragment is expected
to occur at the exocyclic phosphane moiety, as in the anion
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4.181 More importantly, the m-bond localisation in neutral
phosphoniobenzophospholides towards a phosphaalkene—
benzylidene ylide electronic structure, suggests that
these compounds should also display an increased suscept-
ibility towards addition [such as addition of reactive E—H
bonds which have been found to occur for less reactive
bis(phosphonio)-substituted cations!™], or even cycloaddi-
tion reactions at the P—C double bond, or Wittig reactions
at the ylide moiety. Investigations aiming at the verification
of these reaction schemes for 2, where the largest degree of
n-bond localisation is observed, are currently in progress.

Experimental Section

General Remarks: NMR spectra were recorded at 30 °C with a
Bruker AMX 300 spectrometer (300.13, 121.50, 96.3 and
75.46 MHz for 'H, 3'P, "B and '3C). Chemical shifts are referred
to external TMS ('H, '3C), Et,O-BF; or 85% H3PO,. The atoms
of the benzophospholide moiety are denoted C-1 to C-7a, 4-H to
7-H, and P-1 to P-3, using the numbering scheme given in Figure 1;
carbon atoms of the phenyl groups by C,, Crere €tc. — UV/Vis
spectra: Kontron Uvikon 860. — FAB-MS: Kratos Concept 1 H,
Xe-FAB. — Elemental analysis: Heracus CHNO-Rapid.

3-(Diphenylphosphanyl)-1-(triphenylphosphonio)benzo|c]phospholide
(3):  1,3-Bis(triphenylphosphonio)benzo[c]phospholide  chloride
(1[C1) (8.6 g, 12.5mmol) and magnesium/anthracene-3THF
(10.0 g, 24 mmol) were suspended in 50 mL of THF. The mixture
was stirred for 8 h, filtered, and water-saturated Et,O was added
to the dark red solution until it turned yellow-orange. The mixture
was filtered once more, the filtrate concentrated to dryness, and the
orange residue suspended in a mixture of 20 mL of dry Et,O and
50 mL of DME. Addition of 50 mL of MeOH gave the crude prod-
uct as a yellow solid. Residual anthracene was removed by extrac-
tion with boiling hexane, and recrystallisation from DME/MeOH
finally afforded 1.5 g (47%) of 2, m.p. 179 °C. — Analytical and
spectroscopic data are identical to those published in ref.[®]

1-(Triphenylphosphonio)benzo|c|phospholide (2): Solid NaBH,4
(2.5 g, 66 mmol) was added to a stirred suspension of 1[CI] (13.75 g,
19.9 mmol) in 150 mL of 2-propanol. It was stirred for 12 h until
no starting material (*'P NMR control) was left. The mixture was
then filtered, the precipitate washed three times with 2-propanol,
and the filtrate concentrated to dryness. The yellow solid residue
was extracted with 100 mL of THF and insoluble NaBH, was fil-
tered off. After concentration of the filtrate in vacuum to a total

Eur. J. Inorg. Chem. 2001, 2763—2772



Structural and Electronic Properties of Neutral Phosphoniobenzo[c]phospholides

FULL PAPER

volume of 30—40 mL, 2-propanol was added until the precipitation
of solid material started (approx. 20—30 mL). Cooling of the solu-
tion to 4 °C gave bright yellow crystals of 3; yield 4.94 g (63%). —
'"H NMR (CDCl5): § = 6.71—7.63 (m, 4 H, 4-H to 7-H), 7.42—7.84
(m, 15 H, C¢Hs), 8.20 (dd, 2Jyp, = 42.3 Hz, *Jyyp., = 6.6 Hz, 1
H, 3-H). — BC{!H} NMR (CDCl): & = 86.4 (dd, Jp,c =
54.8 Hz, Jp; c = 102.8 Hz, C-1), 118.1 (d, Jpc = 0.9 Hz, C-6/5),
119.1 (d, Jpc = 3.9 Hz, C-5/6), 119.6 (d, Jpc = 4.1 Hz, C-7/4),
121.3 (dd, Jpc = 9.0, 1.1 Hz, C-4/7), 125.6 (dd, 'Jp.;.c = 89.5 Hz,
3pac = 2.2Hz, Cipso), 129.5 (d, 3Jp 1 c = 12.3 Hz, Cppera), 133.9
(dd, 2Jp.1.c = 10.2 Hz, *Jp.rc = 1.4 Hz, Cyrino), 134.6 (d, 4Jp.c =
2.9 Hz, Cpara), 138.3 (dd, psc = 36.8 Hz, 3Jp, ¢ = 13.5Hz, C-
3), 142.4 (dd, Jpc = 9.5, 2.0 Hz, C-3/3a, 145.2 (dd, Jpc = 17.6,
9.5Hz, C-3/3a). — FAB-MS: m/z (%) = 394 (100) [M]* —
Cy6H5P; (394.39): caled. C 79.18, H 5.11; found C 78.17, H 5.88.

3-|[(Diphenylphosphanyl)borane]-1-(triphenylphosphonio)benzo|c|-
phospholide (6): Compound 2 (0.4 g, 0.69 mmol) was dissolved in
10 mL of THF. After 0.7 mL of a 1 M solution of BH;*THF in
THF had been added, the mixture was stirred for 10 min and then
concentrated to dryness. The yellowish residue was recrystallised
from THF/hexane; yield 0.41 g (100%), m.p. 227 °C. — 'H NMR
(CDCly): & = 6.70—7.00 (m, 4 H, 4-H to 7-H), 7.20—8.50 (m, 25
H, C¢Hs). — ""B{'H} NMR (CDCl;): § = —28.5 (s, broad). —
BC{'H} NMR (CDCly): & = 98.3 (ddd, Jp,c = 58.1 Hz,
WUp.ic = 98.6 Hz, 3Jp3c = 11.6 Hz, C-1), 119.5 (s, C-6/5), 120.1
(s, C-5/6), 120.7 (d, Jpc = 3.8 Hz, C-7/4), 122.4 (d, Jpc = 3.9 Hz,
C-4/7), 124.8 [d, 'Jp.1 c = 89.8 Hz, Ci\so(PPh3)], 128.6 [d, *Jp5c =
9.9 Hz, Cpew(PPhy)], 129.7 [d, 3Jp.,c = 12.4Hz, Cew(PPhs)],
130.5 [d, *Jp3c = 1.9 Hz, Cpra(PPhy)], 132.7 [d, 'Jp3c = 4.4 Hz,
Cipso(PPhy)], 133.4 [d, psc = 9.5Hz, Couno(PPhy)], 133.7 [d,
Upic = 2.7Hz, Cpa(PPhy)], 1344 [d, *Jp,c = 10.3Hz,

Corno(PPh3)], 144.8 (dd, Jpsc = 9.4 Hz, Wps e = 11.7 Hz, C-3),
145.6 (m, C-3a/7a). — FAB-MS: m/z (%) = 592 (20) [M]*, 578
(100) [M — BH;]* — CigH3,BP; (592.40): caled. C 77.05, H 5.44;
found C 78.07, H 5.24.

3-(Diphenylthioxophosphoranyl)-1-(triphenylphosphonio)benzo|c|-
phospholide (7): Compound 2 (0.5g, 0.86 mmol) and sulphur
(30 mg, 0.94 mmol) were dissolved in 10 mL of THF, and the re-
sulting solution was stirred for 12 h. Subsequent addition of 20 mL
of hexane produced a precipitate which was collected by filtration,
washed with 5 mL of Et,O/hexane (1:1), and dried in vacuum to
give 0.46 g (87%) of a colourless solid, m.p. > 280 °C. — '"H NMR
(CDCl3): 6 = 6.70—6.93 (m, 4 H, 4-H to 7-H), 7.25—7.97 (m, 25
H, C¢Hs). — BC{'H} NMR (CDCl,): & = 98.4 (ddd, Jp,c =
58.8 Hz, 'Jp.;.c = 97.5Hz, 3Jp3c = 14.1 Hz, C-1), 119.8 (s, C-6/
5), 120.3 (d, Jpc = 1.7 Hz, C-5/6), 120.5 (d, Jpc = 3.6 Hz, C-7/
4), 122.8 (d, Jpc = 4.4 Hz, C-4/7), 124.7 [d, 'Jp.,c = 89.7 Hz,
Cipso(PPh3)], 128.3 [d, 3Jp3c = 124 Hz, Cpera(PPhy)], 129.6 [d,
3pac = 124Hz, Crew(PPhy)], 130.8 [d, *“Jpsc = 2.9 Hz,
Cpara(PPhy)], 132.8 [d, 2Jp3c = 10.1 Hz, Corno(PPhy)], 133.6 [d,
Upic = 29Hz, C,uu(PPhy)], 1357 (ddd, 'Jpoc = 59.1 Hz,
3Jpac = 13.2Hz, YUpsc = 88.1Hz, C-3), 1345 [d, 2Jp.ic =
10.3 Hz, Corno(PPh3)], 136.3 [d, Jp3c = 85.5Hz, Cipeo(PPhy)],
144.7 (m, C-3a/7a). — FAB-MS: m/z (%) = 611 (100) [M]* —
C33H59P3S (610.63): caled. C 74.75, H 4.79 S 5.25; found C 74.12,
H 5.00 S 5.16.

Computational Studies: DFT calculations (B3LYPPY) were carried
out using the Gaussian 98 program packagel?!! with a 6-31 g* basis
set which was augmented by one diffuse function for all ring atoms
and the exocyclic halogen atoms [6-31(+)g* as implemented in the
Gaussian package]. Harmonic vibrational frequencies and zero-

Table 6. Crystallographic data, and details for the structure solution and refinement of 2, 3, 6, 7

2

3 6 7

Empirical formula C,6H5oP>

C38H29P3

C38H32BP3 C38H29P3S

M,

394.4

578.5

592.4

610.6

Crystal dimensions [mm] 0.50 X 0.30 X 0.25 0.30 X 0.25 X 0.20 0.35 X 0.30 X 0.25 0.25 X 0.10 X 0.05

Crystal system monoclinic triclinic monoclinic monoclinic

Space group P2,/n (No. 14) P1 (No. 2) P2,/n (No. 14) P2,/n (No. 14)

a [A] 10.6443(2) 9.2453(2) 10.6833(4) 10.4063(3)

b [A] 15.0593(3) 11.6227(3) 18.7364(7) 18.7623(6)

¢ [A] 12.8699(2) 14.7589(3) 16.2374(8) 16.1564(5)

a[’] 90 84.819(2) 90 90

B ] 91.498(1) 89.160(2) 102.224(2) 98.960(2)

v1[°] 90 69.255(2) 90 90

VA3 2062.28(6) 1476.79(6) 3176.5(2) 3115.98(17)

z 4 2 4 4

p [grem ™3] 1.27 1.30 1.24 1.30

p[mm™1] 0.22 0.23 0.21 0.29

F(000) 824 604 1240 1272

20max [°] 56.6 56.6 50.0 50.0
-13=h=13 -R2=h=12 -2=h=12 -2=h=12
—20=k=20 —15=k=15 - =k=17 R =k=22
-17=l=17 -19=/=19 -19=/=16 -19=/=19

No. of measured data 60523 30935 20057 46091

No. of unique data 5092 7088 5590 5482

Rin 0.030 0.032 0.037 0.059

Absorption correction none none none none

No. parameters/restraints 253/0 370/0 381/0 379/0

R [for I > 2 o(I)] 0.032 0.033 0.033 0.035

wR2 (all data) . 0.088 0.093 0.088 0.081

Max./min. diff. peak [e-A ™3] 0.31/-0.29 0.35—/0.42 0.29/-0.31 0.26/—0.32
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point vibrational energies (ZPE) were calculated at the same level.
All structures reported here are minima on the potential energy
surface (only positive eigenvalues of the Hessian matrix). Popula-
tion analyses were carried out with the NBO module!??! included
in the Gaussian 98 package. Due to problems with the handling of
diffuse basis functions which occurred for some molecules in the
NBO module, all population analyses were carried out using 6-
31 g* wave functions with the molecular structures obtained at the
6-31(+)g* level. Comparison of the results of NBO analyses using
both a 6-31 g* or a full 6-31(+)g* wave function was feasible for 2
and showed no significant differences between both approaches.

X-ray Crystallographic Study: Crystal structure determinations
were carried out for 2, 3, 6, 7. All data were collected with a Nonius
Kappa CCD diffractometer at —150 °C using Mo-K, radiation
A = 0.71073 A). The structures were solved by direct methods
(SHELXS-971%%)). The non-hydrogen atoms were refined aniso-
tropically, H atoms were refined using a riding model [full-matrix
least-squares refinement on /> (SHELXL-971?7))]. Details of data
collection and refinement are given in Table 6. A complete list of
bond lengths and angles, thermal parameters, and positions of hy-
drogen atoms is available as Supporting Information. Crystallo-
graphic data (excluding structure factors) for the structures re-
ported in this paper have been deposited with the Cambridge Crys-
tallographic Data Centre as supplementary publications no.
CCDC-161501 (2), -161502 (3), -161503 (6), -161504 (7). Copies of
the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.) + 44-
1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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