
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 29 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Phosphorus, Sulfur, and Silicon and the Related Elements
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713618290

SPECTROSCOPY AND STRUCTURE OF PENTACOORDINATED
MOLECULES
Robert R. Holmesa

a Department of Chemistry, University of Massachusetts, Amherst, Massachusetts

To cite this Article Holmes, Robert R.(1995) 'SPECTROSCOPY AND STRUCTURE OF PENTACOORDINATED
MOLECULES', Phosphorus, Sulfur, and Silicon and the Related Elements, 98: 1, 59 — 73
To link to this Article: DOI: 10.1080/10426509508036942
URL: http://dx.doi.org/10.1080/10426509508036942

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713618290
http://dx.doi.org/10.1080/10426509508036942
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Phosphorus, Sulfur, and Silicon, 1995, Vol. 98, pp. 59-73 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1995 OPA (Overseas Publishers Association) 
Amsterdam B.V. Published under license by 

Gordon and Breach Science Publishers SA 
Printed in Malaysia 

SPECTROSCOPY AND STRUCTURE OF 
PENTACOORDINATED MOLECULES 

ROBERT R. HOLMES 
Department of Chemistry, University of Massachusetts, 

Amherst, Massachusetts 01002 

(Received November 29, 1971) 

Many proposed reaction mechanisms involve a transitory pentacoordinate inter- 
mediate. For example, the change in optical activity accompanying bimolecular 
displacement at tetrahedral carbon has reasonably been explained as resulting from 
the formation of a trigonal-bipyramidal transient with the entering and leaving 
groups occupying apical positions. Also reasonable are mechanisms advanced to 
account for relative rates and products formed in the hydrolysis of phosphate esters2 
or displacements in phosphonium3 systems. Certain hypotheses4 governing the 
stability of the transitory trigonal-bipyramidal species are applied, and a specific 
intramolecular exchange process is stipulated to occur in order to account for some 
of the experimental information.2 Mechanisms proposed to proceed via penta- 
coordinate species involving transition metal corn pound^^*^ are more speculative, 
whether they be dissociative (involving octahedral structures) or bimolecular (in- 
volving four-coordinate geometries). 

In view of the prominence of pentacoordination in mechanistic studies, it seems 
appropriate to focus attention on pentacoordinate species themselves. In this Ac- 
count, evidence, largely obtained from spectroscopic techniques, will be discussed 
which provides information relating to structural stability and ease of isomeric 
conversion in these species. 

UNIQUE FEATURES OF PENTACOORDINATION 

The two common pentacoordinate structures, namely the trigonal bipyramid and 
the square pyramid, are unique among structures associated with simple coordi- 
nation numbers in that an inequivalence of positions exists, giving rise to two sets 
of bonds with considerably different properties. 

The differences between the two positions of a trigonal bipyramid show up in a 
variety of ways. For example, in nmr measurements of PC12F, conducted at low 
 temperature^^^.^ different 19F resonances are observed, consistent with the presence 
of fluorine atoms in axial and equatorial positions of a trigonal bipyramid. Nuclear 
quadrupole resonance (nqr) measurements’ on PC14F show different 35C1 reso- 
nances assignable to the presence of chlorine atoms in equatorial and axial positions 
of a trigonal bipyramid. Vibrational stretching frequencies have been observed to 

Reprinted with permission from Acc. Chem. Res., 5,296 (1972). Copyright 1972 American Chemical 
Society. 
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60 R .  R. HOLMES 

be greater for equatorial compared to axial positions ranging from 100 to 200 cm-’ 
higher for many of the molecules of nontransition elements that we have studied.8 
Correspondingly, stretching force constants9-” are lower for axial compared to 
equatorial bonds. Consistent with the latter, diffraction studies show that, in mol- 
ecules like PF512 and SbC15,13 equatorial bonds are shorter than axial bonds, while 
the reverse is found in the trigonal-bipyramidal CuC1,3- and CuBr,3- anions.I4 
Less is known about the square-pyramidal structure containing simple ligands, 
although X-ray studies on both InC1,2- lS and Nb(NMe&16 have shown the presence 
of shorter axial bonds for this conformation. 

Theoretical calculations on trigonal bipyramids are in agreement with the ex- 
perimental evidence for nonequivalence of axial and equatorial positions. In gen- 
eral, MO  calculation^^^ have shown that little d orbital bonding is present in trigonal 
bipyramids involving second-row elements and that the central atom s orbital con- 
centrates among the equatorial bonds. In this sense the axial bonding is related to 
an orbital-deficient model akin to Rundle’s interpretation.18 As a consequence 
weaker axial bonds compared to equatorial bonds are predicted and, in the case 
of PF,, higher negative charges are c a l ~ u l a t e d ~ ~ ~ ~ ~ ~ ~ ~  to reside on the axial fluorine 
atoms. 

While for nontransition elements the main conformation of pentacoordinated 
substances is a trigonal bipyramid, there is a preponderance of square pyramids 
for transition metal elements. Simple repulsion calculations’9~z0 show that the two 
structures are quite close in energy, in agreement with inferences from experimental 
data.4 The latter data are based largely on the ease with which some trigonal- 
bipyramidal molecules equilibrate equatorial and axial ligands intramolecularly on 
an nmr time scale. In these presumably nonrigid structures, the trigonal bipyramid 
is imagined to deform readily to a low-lying transition state represented by a square 
pyramid,2l allowing loss of ligand identity. Recently nonempirical MO calculationsz2” 
on the hypothetical PHS molecule have yielded a 3.9 kcal/mole energy difference 
between the ground-state trigonal bipyramid and the square-pyramidal transition 
state.22b Alternatively, a “turnstile” mechanism has been invoked to explain in- 
tramolecular exchange.23 

Pentacoordinate substances are, in general, remarkably free of isomeric confor- 
mations, although the crystalline structurez4 of [Cr(NH,CH2CH2NHZ),][Ni(CN),I 3 
1 .5H20 reveals both a distorted trigonal-bipyramidal and a regular square-pyram- 
idal environment for the [Ni(CN),I3- ion, each differently hydrogen bonded to the 
water molecules that are present. In the anhydrous substance, the [Ni(CN),I3- 
anion is present in the square-pyramidal form.2s 

STRUCTURAL CONSIDERATIONS 

Let us now direct our attention to some specific structural features and in a later 
section outline the relationship between structure and the process of intramolecular 
exchange in pentacoordinated species. Since observations of the phenomenon of 
intramolecular exchange have been most numerous with five-coordinate structures 
of group V elements, the discussion will center primarily on these substances, with 
particular application to mixed phosphorus fluorides. 
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PENTACOORDINATED MOLECULES 61 

TABLE I 
Bond Parameters for Some Pentacoordinate Molecules 

Uond ao&u.* dcg 
req. A r.I, A e r a  el-r hlctliocl. Itel 

T r i p i d  Bipyruiiiid 
PF' 1 . A34 1,577 E 12 
CH3PF4 1.5431'-F 1.012 115.6 91.8 E 20 

1.780 P-C 

1.798 1'-c 

1.30 1'-11 

(CHa)J'Fa 1 .a553 1'-F 1.043 124.0 88.9 E 20 

H I'F4 1.!X 1'-F 1.594 112 -90 M 27 

(ILSSU lned ) 
SIICII-* 2.36 av 2.38 av x 2% 

Square Pyramid 
1nCls'- 2.450 2.415 86.7 103.9 x 15 
Sb(CrHs),d 2.14 BY 2.14 uv 88 QV 102 sv X 29 

4 Wlicro it ninlters, the riubscripts 2 and 3 uii the eqrrutorinl 
atoms refer to tire pnir of identical atoms while the subscript 1 re- 
fers l o  tbe unique ntoin. b The anioii is :l-chloro-l,2,3,Ptetrn- 
plieriylcyclobutenium. c Tlic cation i s  tetraethyltrminoniuni. 
d There is no evidence that the nxinl and equatorial bond lengths 
tiiITeer. Considerable dktortions are present. The cis equalorial 
airgle?, range from 84 to 91' and the asial-eqaatorial angles froin 
95 to 109'. 'E, electron diflractioti; M, microwave spec- 
troscopy; X, X-my diflmction. 

Many of these members are highly volatile, reactive substances. Hence it is 
doubtful that diffraction techniques will be used at an accelerated rate to charac- 
terize their structures. However, sufficient structural determinations have been 
carried out to gain an appreciation for the main features encountered and for the 
deviations from idealized symmetries to be expected in going to more highly sub- 

While unable to give bond distance information, vibrational spectroscopy has 
proven invaluable in ascertaining the molecular symmetries of a variety of pen- 
tacoordinated s p e ~ i e s ~ ~ - ~ ~  (Table 11). Definite information about the ground-state 
geometry is so obtained, uncomplicated by intramolecular exchange phenomena. 
Exchange, if it occurs for a particular member, invariably takes place at a rate 
coincident with the nmr time scale. With reference to faster techniques most pen- 
tacoordinated species may be regarded as rigid in the usual sense.30 In this regard 
we have fully characterized the structures of the members of the phosphorus chlo- 
rofluoride series PCl,F, - n  by means of vibrational s p e c t r o ~ c o p y ~ , ~ ~  supplemented 
by studies involving nmr,7,32,33 nqr,7,31a and vapor phase dipole m ~ m e n t ~ ~ ~ , ~ ~ , ~ ~  
measurements. Recently, we have extended such studies to include derivatives 
containing highly electronegative as well as bulky sub~tituents.",~~ 

Much of the vibrational work has been conducted in the vapor state. The latter 
has proven important not only for the study of the structures free of environmental 
influences but also to understand more completely structural changes encountered 
on going to other states. For example, PCl,, as is well known, is a trigonal 
bipyramid40,41.51 in the vapor but exists as an ionic solid.s2 Several other compounds 

stituted members (Table 112,'5,26-29 ). 
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62 R. R. HOLMES 

TABLE I1 
Point Group Symmetries from Vibrational Spectroscopy 

- Triaanol bipyramid' - -Square pyramid- 
D11 Ref R " Re1 CI. Ref CI. R.1 

PF; 8, 31b, 3R, 39 PCIF, 31a I'ClrFa 8 SbFa' 49 

PCliFt 8 PHFI 45 PIIdEa 45 [(carr)IN], 50 

PCIs(CFah 42 CFJ'F, 46 (CII,)SFs 43 1 (C:Hr),Nl r 50n 

(CHa)aPF: 43 CCI:PF, 36 
.4sFs 3s CH,PF, 47 Q. 
SbCIs 40 I-(CHI)~CPFI 37 PCI,F 8 
Sb(CH2)i 44 CF'PCI, 48 
.I11 vapor state studies. b Matrix iioluted at low ternperutures with argon and neon host lattices. 

PClj 40,41 

IInClsl 

[TIClrl 

are associated in the solid. NbCl, is a dimerSza containing chlorine atom bridges, 
NbF, is a tetramer,53b while SbF, may be more highly associateds3c in the solid 
state. Using matrix isolation techniques, infrared spectra of both SbFs49 and NbC1,53d 
in monomeric form have been obtained. 

The geometrical shape of pentacoordinate molecules in a trigonal-bipyramidal 
framework (Tables I and 11) generally agrees with expectations from the simple 
electron pair repulsion scheme extensively discussed by Gille~pie.,~ Progressive 
methyl substitution in PF, from CH3PF, to (CH,),PF, leads to increased P-F bond 
distances, particularly in the axial positions.26 Further, the axial bonds containing 
the fluorine atom ligands are bent away from the equatorially positioned methyl 
groups. In terms of electron pair repulsion,s4 the less electronegative methyl group 
allows the P-C bonding electron pair to come closer to the phosphorus atom 
compared to the situation in the P-F bond it replaced. Enhanced repulsion results, 
particularly with the electron pairs in the P-F axial bonds located near 90" relative 
to the P-C bond. 

BONDING IN PHOSPHORUS CHLOROFLUORIDES, PCl,F5 -,, 

As with the methyl derivatives, substitution of chlorine atoms for fluorine atoms 
in PF, is expected, because of enhanced repulsions, to lead to a general increase 
of bond lengths, more so in the axial than in the equatorial positions. The remaining 
axial P-F bond in the least fluorinated member, PCl,F, should be the longest in 
the phosphorus chlorofluoride series. The implication is that it should be the weak- 
est as well. Data from both nmr' and vapor phase dipole moment3, measurements 
may be interpreted in support of this view. In agreement, Huckel-type molecular 
orbital cal~ulations'~" show a decrease in orbital overlap population in axial bonds 
with increased chlorine atom substitution. The decrease is attributable to increasing 
mismatch in orbital energies along the series as the phosphorus atom becomes more 
electropositive. 

Both PCIF431* and PC12F334 have similar dipole moments, about that expected, 
while PC1,F3, has a very low value (Table 111). Assuming 90 and 120" for the two 
sets of ligand angles, all structures may be reduced vectorially to a P-F opposing 
a P-CI bond dipole. The small angular distortions from idealized symmetries 
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PENTACOORDINATED MOLECULES 63 
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TABLE I11 
Gas-Phase Dipole Moments for the PY,F,-, Series 

p,  D Ref #, D Rer 

PCIFa 0.78 318 PHFI 1.32 27 
PCWI 0.68 34 CHsPF, 2.55 37 
PClsFl 0.0 34 CJISPFI 2.77 37 
P C I 8  0.21 35 (CHI)ICPFI 2.82 37 

(CHs)tPFa 2.22 37 

0--7 
r** I 
I 1 

I 1 1  \ I 1  \ I-- 

A 
0 

0 

I 
5 

b; 
I 
1 

NUMBER OF FLUORINE ATOMS 

I9F chemical shifts relative to CF,CO,H. FIGURE 1 

expected have been shown to be inadequate in explaining the low moment value 
for PC1,F even if the distortions were in favorable  direction^.^, The low value for 
PCI,F then indicates a low charge separation in the axial P-F linkage since a very 
narrow range of pure 35Cl nqr frequencies is in the PCl,F,-, series, 
while 19F nmr data’ show a very large deshielding occurring as fluorine atoms are 
replaced by chlorine atoms and a substantial deshielding of the fluorine nucleus 
for axial compared to equatorial fluorine atoms (Figure 1). If we associate this 
deshielding trend observed for the axial positions with a reduced charge distribution 
about the fluorine atom, the observation of the low dipole moment for PC1,F is 
understandable. 
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64 R. R. HOLMES 

The mechanism by which a reduction in charge should occur, however, is not 
so readily understood. The trend in 19F resonance values for the series PCl,F,-, 
is in a direction opposite from that expected based on electronegativity consider- 
ations. Enhancement of d-p T bonding in axial P-F bonds proceeding toward 
the least fluorinated member had been s ~ g g e s t e d ~ , ~ ~  to account for the relative 
deshielding of axial fluorine atoms with the understanding that the total axial bond 
energy was less than that for the equatorial bonds. However the latter suggestion 
left unexplained the general downfield shift observed in the series, particularly 
with regard to the large difference between equatorial and axial positions. Fur- 
thermore, recent molecular orbital calculations on PF, and related ~ t r u c t u r e ~ ~ ~ ~ ~ z ~  
are in accord in discounting any significant importance of phosphorus d orbital 
participation in bonding in PF,. In addition, the weaker axial bonds in PF, result, 
having a slightly more negative fluorine atom compared to their equatorial coun- 
terpart in terms of charge density calculations. 

Based on the above, it seems more likely that the pronounced deshielding ob- 
served in the series PCl,F,-, is associated with the lack of transmission of electron 
density to axial fluorine atoms as chlorine substitution increases. As a consequence, 
a reduction in the positive charge at phosphorus occurs. The accompanying pro- 
gressive bond weakening effects, more so in axial than in equatorial positions 
(inferred from force constants,"-" bond distances (Table I), and overlap 
pop~lationsl~"), take precedence as the dominant factor in leading to a small charge 
difference in the P-F bond in PC1,F. 

As one extreme, the orbital deficient model simply gives the resultant charges 
as 

.F-l/2 
F \;-- F (Rundle's model) 

'F/ 
,F-1/2 

As the covalent contribution to the total bonding energy decreases with substitution 
along the series, the other extreme representation becomes 

F0 

\; -Y 
Y'. 

Y 

Using groups of greater electron-releasing ability such as methyl and tert-butyl, 
successive replacement of fluorine atoms may be anticipated to result in reduced 
covalent bonding for similar reasons given for the PCl,F,-, series. However, trans- 
mission of the greater electron density supplied to the phosphorus atom should be 
facilitated, yielding more ionic fluorine atoms and, consequently, an enhanced 
importance to ionic contributions to the total bonding energy. In accord, the trend 
in 19F shifts in Figure 1 in the series (C-BU),PF,-,~~ is more in line with electro- 
negativity considerations and the equatorial and axial 19F shifts for (~-Bu)~PF, tend 
to converge relative to that for Cl,PF,. 
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PENTACOORDINATED MOLECULES 65 

MODEL FOR EXCHANGE IN PF, AND PYF, 

Vibrational spectroscopy indicates3I" that PCIF, exists as a trigonal-bipyramidal 
molecule with two types of fluorine atom environments, an axial pair and an 
equatorial pair. In contrast, 19F nmr m e a s ~ r e r n e n t s ~ ~  show only one fluorine atom 
environment spin coupled to the phosphorus atom similar to that for 
PF, and many other members of the PYF4 class. The apparent discrepancy is 
resolved by considering PClF, to be undergoing rapid intramolecular exchange on 
an nmr time scale but slow relative to vibrational motions. 

The pathway for exchange for PClF,, as first suggested by Berryz1 for PF,, may 
be imagined to result from a vibrational bending motion, involving both axial and 
equatorial fluorine ligands, leading to a square-pyramidal transitory conformation. 
The ligand labeled 1 in the model executes little movement in the exchange process 

and does not interfere in allowing equivalence of fluorine atom positions to take 
place. Consequently, this model for exchange for trigonal bipyramids of the class 
MF, is the same as that for the class MYF, for all practical purposes. 

In view of the above concerning the ease of intramolecular exchange of some 
trigonal bipyramids on the one hand and the lack of formation of isomers on the 
other, one might infer as a guiding principle in constructing exchange mechanisms 
that energy differences between isomeric trigonal bipyramids for a particular mo- 
lecular formulation are appreciable while energy differences between a nonrigid 
trigonal bipyramid and its associated square-pyramidal conformation are relatively 
small assuming, of course, that the square pyramid is an adequate representation 
of the transitory exchange state. 

VIBRATIONAL POTENTIAL FIELDS AND 
INTRAMOLECULAR EXCHANGE 

Considerable insight may be gained into mechanisms of intramolecular exchange 
by carrying out normal coordinate calculations based on assignments of funda- 
mental frequencies for various  member^."^^^ The calculations lead to a definition 
of a vibrational force field which associates an internal vibrational motion of a 
specified amplitude with each fundamental frequency. Examination of the bending 
motions and their respective amplitudes may suggest a suitable low-energy pathway 
for exchange, especially in cases where the exchange process does not appear 
obvious. 

The lowest frequency fundamental will contribute importantly to the exchange 
coordinate. In PF,, for example, the bending frequency thought to be largely 
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66 R.  R.  HOLMES 

r e s~ons ib l e~~  for intramolecular exchange has been assigned to a Raman vibrational 
band appearing in the gas phase58 at 174 cm-'. The magnitude of the exchange 
energy ~ a l c u l a t e d ~ ' , ~ ~  in this process using at first a harmonic approximation is 
related to the amount of angular change in reaching the square-pyramidal structure. 
In this respect the process is analogous to the treatment used by Costain and 
Southerlandm to estimate the barrier to inversion for the NH3 molecule. 

The Berry mechanism21 referral to earlier had its initial basis in its intuitive 
appeal. However, by the latter type of calculation we were able to c ~ n f i r m " , ~ ' ~ ~ ~  
that the bending motion depicted above traverses a pathway of low energy. Con- 
sequently, the Berry motion defines an acceptable exchange coordinate based on 
vibrational analysis. Whether the detailed mechanism involves activation over or 
tunneling through the barrier from excited vibrational states is a question unan- 
swered as yet.38,57 

Actually, two acceptable fields result ,11 differing in the assignment of equatorial 
and axial bending modes. Fortunately, a decision as to the appropriate function 
to use was aided by vibrational amplitude data from electron diffraction work,51,61 
at least for some of the most symmetrical trigonal-pyramidal,molecules, PF,, VF,, 
AsF,, and PCl,. This field is one which associates the lowest vibrational frequency 
with a greater degree of in-plane equatorial bending motion in the lower vibrational 
states compared to an axial bend59 and results in larger vibrational amplitudes for 
equatorit1 liquid atoms compared to amplitudes for the same kind of ligand in the 
axial positions. 

While the preferred force f i e l d ' l ~ ~ ~ , ~ ~  for symmetrical trigonal bipyramids shows 
a greater amplitude in the ground and lower excited states for in-plane equatorial 
bond bending relative to axial atom bending, most likely the relative motion of 
the axial atoms increases due to decreased repulsion as the exchange coordinate 
is traversed. In this manner one may reach the square pyramid formulated by Berry 
yet be consistent with the use of the potential function suggested by v i b r a t i ~ n a l ~ l . ~ ~  
and electron diffractionh1 data. 

Barrier energies calculated1' in the manner described above and based on the 
preferred force fieldh2 are presented in column 2 of Table IV. These values include 
an empirical correction for anharm~nicity.~' Values listed in column 3 are consid- 

TABLE IV 
Calculated Energy Barriers for Intramolecular Exchange 

PFr 15.3 3.8 
ASFI 11.8 3.0 
VFs 7.2 1.8 
PClS 14.9 3.7 
SbCli 8.9 2.2 
Sb(CH,)s 12.7 3.2 
XbCh 14.9 3.7 
PHr 6.3 1.6 
InCl?- 36.7 9.26 

and InCV-. 
The value here for VF; is cnlculnted based on the recently ob- 
served" y frequency of 109 cm-1. 

AE.  kul/molsa AE, kcd/mole 

0 Valiies tnken from ref 11 (field B) except 

Reference 64. 
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PENTACOORDINATED MOLECULES 67 

ered more realistic. They are scaled relative to VF,. The value for the latter 
substance was calculated based on observed6, anharmonicity effects for its low- 
frequency band (109 cm-’) concluded to be largely responsible for the exchange 
motion. Unfortunately, at present, anharmonicity effects have not been revealed 
for the other molecules listed. Included in the table is a value calculated by the 
same method6, for positional exchange in square-pyramidal InC152 - proceeding 
through a trigonal-bipyramidal transition state. The normal coordinate appropriate 
to the latter calculation is of bl symmetry and has an associated frequency of 165 
cm-1.66 

The value of 1.6 kcal/mole in Table IV for the hypothetical PH5 molecule com- 
pares favorably with a value of 3.9 kcal/mole resulting from molecular orbital 
calculations.22a The results of the barrier calculations suggest the order of nonrig- 
idity VF, > AsF, > PF,. Experimental verification of this order, at least, regarding 
the extent of nonrigidity of VF, compared to the other two has been supplied by 
molecular beam studies.67 

EXCHANGE IN THE PYzF, SPECIES 

For the most part, pentacoordinated molecules of the type PY,F, s h o ~ ~ , ~ ~ ,  lYF nmr 
spectra consistent with a trigonal-bipyramidal structure containing two axial and 
one equatorial fluorine atoms. For many of these molecules intramolecular ex- 
change takes place at a sufficiently rapid rate that the latter nmr spectrum is 
observed only at low temperatures.68 Taken by itself, the nmr patterns correspond- 
ing to the nonexchanging systems are also consistent with square-pyramidal struc- 
tures. However, vibrational spectroscopy, on many of these systems (Table 11) and 
electron diffractionz6 on one, (CH&PF,, have established that the ground state is 
the trigonal-bipyramidal structure. 

As with PF, and PYF, systems, low-frequency fundamental vibrations are as- 
signable to bending motions. However, unlike the latter systems, intramolecular 
exchange via a simple equatorial-axial angle bending process (single-stage Berry 
process) does not correspond to an exchange coordinate unless the bending motion 
is allowed to proceed further to yield the more symmetrical trigonal bipyramid 
containing all three fluorine atoms in equatorial positions or if the process is made 
more complex by allowing successive positional exchanges to occur. In both of 
these processes the presumed structure would be considered relatively unstable 
since it places less electronegative groups in axial positions. As mentioned, isomers 
like that represented have not been 

Less is known about the exchange process for PYzF, than for PYF, systems. For 
(CH,),NPF, Whitesides and MitcheW9 observed the temperature dependence of 
the 31P nmr spectrum and concluded that both sets of fluorine ligands exchange 
simultaneously. The latter information provides additional support for a Berry 
mechanism for nonrigid members of the MX5 and MYX, series. This type of 
experimental information is unavailable for any PYzF, system. 

By analogy with the exchange mechanism proposed for PF, and PYF, systems, 
it seems reasonable to expect exchange in PY,F, systems to proceed through a 
low-lying square-pyramidal conformation. The relative  rate^^,^^^,^^ of exchange in 
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68 R. R. HOLMES 

PY,F, compared to PYF, systems are considerably slower. Thus any transitory 
state would differ more in structural makeup relative to the ground-state config- 
uration than in the PYF, series. 

For the purpose of discussion, an idealized square-pyramidal geometry is used. 
It is taken to be that one which has an axial-equatorial angle of approximately 
104". This geometry is predi~ted '~ to be the most stable square pyramid on the 
basis of simple repulsion arguments and is the one observed for InC1,2- (Table I). 
It is also the geometry suggested by the Berry mechanism.21 It is noted that the 
square-pyramidal transitory state suggegted for exchanging PYF, compounds con- 
tains the least electronegative group in the lone axial position. Based on the assumed 
axial-basal angle of 104" in the square pyramid, minimization of electron-pair re- 
pulsions predicts a shorter axial bond relative to the bond lengths to the basal 
ligands oriented at 87" to one another. Proceeding with this approach, introduction 
of an additional ligand, forming the series PY,F,, leads to 

6 
A 

for the transitory structure. 
In order to test whether this hypothesis has any basis in fact, an analysis70 of 

internal vibrations and their relative amplitudes was carried out for a number of 
examples. It was found, as with PF,, that the preferred force field leads to the 
greatest ground-state amplitudes for equatorial ligands executing in-plane bending 
motions coupled with bending motions from axial atoms to a lesser but significant 
degree. Based on these amplitudes, a motion leading to exchange via the square- 
pyramid transitory state discussed above becomes reasonable. The mode postulated70b 
to largely govern the exchange combines an asymmetric in-plane bend simultaneous 
with an axial bend. As the angle Q! increases, space is provided for the axial atoms 
bending toward each other. During the course of this motion, a 90" rotation is 
assumed between atom sets 1, 3 and 4, 5 ,  providing for minimum repulsion of 
ligands leading to the desired isomer. In this way equivalence of fluorine atom 
positions exhibited by 19F nmr data for exchanging members4,7,56*71 is achieved. 

( 4 . 5  cis) 

The pathway suggested offers a better rationalization4" of intramolecular ex- 
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change observed in the cyclic structure (CHz),PF3 in that it avoids placing an alkyl 
group in an axial position of a trigonal-bipyramidal transitory state. 

The recently discussedz3 “turnstile” mechanism may be applied to PYzF3 mol- 
ecules as an alternate possibility. The barrier height by this route corresponds to 
a structure having three ligands arranged at the corners of a triangle on one side 
of the central atom and the other two ligands residing on the opposite side of the 
central atom. Applied to PHzF3, atoms H, and F, rotate relative to the other three 
as the angle H,P6F3 approaches 90”. In the barrier structure on the right atoms 1, 
2,4 ,  and 6 are in one plane bisecting the F3-P-F, angle and show the equivalence 
of equatorial fluorine atom 3 and axial fluorine atom 5 .  Actually the mechanism 

is similar to the “twist” mechanism associated with rearrangements in octahedral 
compounds72 but with the necessity of accompanying bond bending motions to 
achieve the desired state. Using the CND0/2 approximation about 15 kcal/mole 
resultsz3 for the barrier for the above turnstile structure compared with 6 kcal/mole 
estimatedz3 via the mechanism proceeding through the “favored” square-pyramidal 
transition state. Although the turnstile process appears less feasible when consid- 
ering intramolecular exchange phenomena for the less substituted pentacoordinate 
systems containing simple ligands, it does appear that this process should become 
increasingly more important in certain chelated and more highly substituted mem- 
b e r ~ . ~ ~  In the less fluorinated molecules PY3F, and PY4F no e v i d e n ~ e ~ , ~ , ~ ~  for 
intramolecular exchange is available. 

isomer Stabilization 

The apparent lack of isolation of isomers for pentacoordinate substances is a con- 
sequence of the considerable difference in properties for the two sets of positions 
in each of the two basic conformations. However, if ligand properties are matched 
in an effort to reduce energy differences among isomeric structures, an enhanced 
rate of ligand exchange occurs. Representative data listed in Table V illustrating 
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TABLE V 
Exchange Rates for PY,F, Compounds 

Y I T  ninr exalounge rnta Ref 

CI"P Hapid at  - 120" 4 
CI "Stopped" below - - 120' 4, 7 

CHa No cxcliniige at 23' 4 
I-(CHa)aCh No oschnilge nt 25' 55 

H "Stoppecl" bclow -45' 71 

a Structure iiucert:iitr. See text. b Structure recently Jeter- 
niined HY C, by vihrutioiinl spectroscopy in oiir lnborntory (uu- 
pllblhlled \vork). 

this point show that, as the electronegativity difference of the ligands in the two 
positions decreases for PY,F, compounds, the rate of ligand exchange increases. 

The only indication that isomers may have been isolated for substances containing 
simple ligands is found with the use of the electronegative CF, group as a ligand 
in CF3PF,. Results of a microwave study', and a- vibrational inve~tigation~~ have 
led to different conclusions concerning its structure. An explanation of the pref- 
erence for a square-pyramidal form for InC1,2- is not known. In the isoelectronic 
sequence, InC1,2-, SnCl,-, and Sb(CH6H,),, X-ray studies (Table I) show Sb(C,H,), 
to possess a distorted square-pyramidal structure and SnC1,- to have a trigonal- 
bipyramidal structure. It may be that the reduced electronegativity found with 
these metal atoms provides for greater ionicity of attached ligands, possibly en- 
hanced in the solid state, leading to stabilization of the square-pyramidal form. By 
going to larger less electronegative atoms, electron-pair repulsion effects are less- 
ened. Alternatively, bond energy differences among the two sets of positions in 
the trigonal bipyramid and square pyramid may be minimized such that either 
structure is stabilized by smaller perturbing influences. As a consequence, packing 
factors or simple ion-ion interactions in the solid may provide the stabilization 
energy for either of the structures or some structure intermediate between them. 

Future work focused on the stereochemistry and bonding differences in square 
pyramids of nontransition elements should be rewarding, particularly so if intra- 
molecular exchange exists for some members of this class. Especially revealing 
would be the preparation of an exchanging member existing at the crossover "point" 
in stability between the square pyramid and trigonal bipyramid. Such a member 

FPR2 PFS VFS Hypothetical InC12' 

TR 
-$- 

I -- I 
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PENTACOORDINATED MOLECULES 71 

would be expected to have a most rapid exchange rate, perhaps high enough to 
allow quantum mechanical tunneling to become a significant process. Observance 
of the resultant spectroscopic splittings would then provide the necessary evidence 
to distinguish critically among exchange  pathway^.'^ 
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