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This paper discusses the geometry of the fluorides of the nonmetals of periods 3, 4, and 5 in terms of the ligand
close packing (LCP) model according to which molecular geometry is determined primarily by ligand—ligand repulsions
(Pauli closed shell repulsions) rather than by the bonding and lone pair Pauli repulsions of the VSEPR model. The
LCP model becomes the dominant factor in determing geometry when the ligands are sufficiently crowded that
they may be regarded as essentially incompressible. Ligand close packing is a modification of the VSEPR model
in which ligand—ligand repulsion (Pauli closed shell repulsion) is given more emphasis than bonding and nonbonding
electron pair Pauli repulsion. The nonmetals of period 3 are large enough to form octahedral six coordinated
molecules in which the ligands are close packed. The larger nonmetals of period 4 also have a maximum coordination
number of six and an octahedral geometry although the ligands are not close packed. Ligand radii derived from the
interligand distances in the molecules of period 3 depend only on the charge of the fluorine ligands and are
consistent with the previously derived radii obtained from the fluorides of the close packed tetrahedral molecules
of the period 2 elements. Although the ligands in the molecules of the period 4 nonmetals are not close packed,
these elements are not large enough to form molecules with a higher coordination number. However, the larger
period 5 nonmetals may have coordination numbers of seven and eight. The seven coordinated molecules have
a pentagonal bipyramidal geometry in which the equatorial ligands are close packed. The eight coordinated molecules
have a square antiprism geometry, which is not a close packed geometry although the fluorine interligand distances
are only a little larger than expected for close packing. The difference between the axial and equatorial bond
lengths in the trigonal bipyramidal pentafluorides and the pentagonal bipyramidal pentafluorides can be understood
on the basis of ligand close packing. Ligand packing prevents the lone pair in AFE molecules from fully entering
the valence shell and thereby exerting its full stereochemical effect so that these molecules have a Cs, distorted
octahedral geometry rather than a geometry based on pentagonal bipyramidal seven coordination.

Introduction distance for two given ligands X< F, Cl, O) bonded to a

The purpose of this paper is to provide a rationale for the given central atom A% B, C, N, and O). This constant

geometry of the fluorides of the nonmetals of periods 3 and interligand distance is independent. of the cqordination
beyond which have coordination numbers up to six for number and of the number of lone pairs E showing that the

periods 3 and 4 and up to eight for period 5. It is an extension ligands may be regarded as close packed around the central

of previously reported studies on molecules of the nonmetals2°M as waﬁs first s_uggested by Bart_ell for some car_bon
of period 2 in which we showed that some quantitative COMPOUNdS:® Each ligand can be assigned an essentially

aspects of the trigonal and tetrahedral molecules of theseconstant ligand radius equal to one-half the interligand
elements could be accounted for by means of the ligand close

(1) Gillespie, R. J.; Bytheway, |,: Robinson, E. korg. Chem 1998

packing (LCP) model* This model is based on the 37,2811
observation that the AXAX4, AX3E, and AXE; molecules (? g!“espie, S. JJ Eobigs%n,LE_. FgAc:)z{. Mol. gtlxc,t/.l Fleeétlgg?lzggl_
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X-++X distance that depends only on the nature of the central Table 1. Bond Lengths, Bond Angles, and-FF Interligand Distances
atom A. The sum of their ligand radii can be used to predict ™ Some Period 3 Six Coordinate Fluorides

the interligand distance for two different ligands X and Y ecul A(_F'j\x A(_Fiq Dl(zéxAl;eq D'(:acfA';eq fﬁ p
. P molecule m m e e m re
with good accuracy. In the LCP model, emphasis is placed P P = 9 g P
on ligand-ligand repulsions (Pauli closed shell repulsions) g2 168.4 e %0 238 238 1
rather than on the Pauli repulsions between bonding and gi&%w)NH ) %gg-g ig;-é gg-i 33-411 23;;35(;23?72 5
nonbonding electron pairs as in the VSEPR model. Ligand S:E(N,j3)2 N T 1671 ' 90.0 T
ligand repulsions dominate when the ligands are packed so (trans)
. . ! av=238r(F)= 119
closely that they become essentially incompressible. Lone
. . . Phosphorus
pairs play the same role in the LCP model as in the VSEPR pg- 158.0 90 90 224,224 4
model, although they cannot be assigned a constant radiusPFpy 158.2 1589 91.8 88.4 228,222 5
: . PRHNMest 159.4  159.5 88.8 90.0 223,226 6
because they spread out to t_he maximum possible extehtp,:,s,,\]H3 1582 1595 915 896 228,225 7
around the central core pushing the ligands together until ave 2241(F) = 112
their mutual repulsion prevents them coming closer together, Sulfur
which for incompressible ligands is when the interligand gf, 1562  156.2(4) 90 90 221221 8
distance equals the sum of the respective ligand radii. It is SRCI 158.8(9) 156.3(3) 89.3 90.0 222,221 9
) 2 r 159.7(3) 159.7(3)  88.8 90.0 223,226 10
convenient therefore to use the term coordination number sgoci 156.0(2) 156.02) 89.6 90.0 221 221 11
to include both ligands and lone pairs so thatefaXd AXE SKOCN 155.4(2) 155.4(2) 904 90.0 221,221 12
. . NCO 156.7 (2) 156.7(2) 89.0 90.0 220,222 13
molecules are, for example, both referred to as six coordinate. sp.cr, 157.0(2) 156.0(7) 89.5 90.0 220,221 14

The advantage of the LCP model, in those cases where it is SRC=CH 157.0(2) 156.0(7)  88.9 90.0 221,221 15

. . L L =221r(F) =111
applicable, is that it is more quantitative than the VSEPR Chiorine a "®)
model, in that interligand distances can be predicted from ¢ig, 1571  166.9 86.0 89.7 221, (235)16

the ligand radii, and hence bond angles can be predicted CIFe" 1556 155.0 90aV722§r(2F)7110219,219 17
when bond lengths are known.

For the molecules of the period 2 elements, decreasing a All structures included in this table have tgond lengths accurate to 1
h dinati ber f 410 3 hile k . th pm or better and angles accurate foat better.P Reference numbers in
the coordination number from 0 5, while Keeping € s taple refer to the following references: (1) Average value of 10

ligands close packed, necessarily decreases the length of andistorted or only very slightly distorteck(°) structures with equal bond

iven nd. Eor exampl he lenath of the BE nd in BE lengths accurate to 0.1 pm (International Crystal Structure Database numbers
give bond . or example, the e. gth o € bo d. & 23908, 41095, 41538, 59237, 60882, 65778, 72136, 72686, 73722, 75127).
(130.7 pm) is shorter than that in BF(138.2 pm) by just (2) Adley, A. D.; Bird, P. H.; Fraser, A. R.; Onyszchuk, Mhorg. Chem.

the amount needed to keep the ligands close packed. No1972 11, 1402. (3) Plitzko, C.; Meyer, GZ. Anorg. Chem1996 622,

electronic explanation of this decrease in bond length, such 1646. (4) Average value of six undistorted or only very slightly distorted
(<1°) structures with equal bond lengths accurate to 0.1 pm (International

as back-donation from fluorine leading to double bond cyystal Structure Database numbers 74830, 90615, 90616, 90617, 90618,
character in the BF bond in BFis needed. 203170). (5) Sheldrick, WJ. Chem. Soc., Dalton. Tran$974 1402. (6)
We have restricted this studyv to fluorides because they Minkwitz, R.; Schneider, S.; Kornath, Anorg. Chem199§ 37, 4662. (7)
h f th hy h di . b y Storzer, W.; Schomburg, D.; Roschenthaler, G.-V.; SchmutzleGHem.
are the commonest of the higher coordination NUMDEr ger 1983 116 367. (8) Kelly, H. M.; Fink, M. J.J. Chem. Phys1982
molecules of the nonmetals so that many fewer data are77, 1813. (9) Marsden, C. J.; Bartell, L. $iorg. Chem.1976 15, 3004.
vailable for mol | with her lioands. Moreover. (10) Neuvar, E. W.; Jache, A. WI. Chem. Phys1963 39, 596. (11)
ava .ab(? 0 olecules th othe g"?‘ ds oreover, Kornath, A.; Hartfield, N.; Oberhammer, thorg. Chem1997, 36, 5156.
fluorine is expected to be less compressible Fhan the o'th.er(lz) Zylka, P.; Mack, H.-G.; Schmuck, A.: Seppelt, K.; Oberhammer, H.
halogens, and very probably than any other ligand, so it is Inorg. Chem.1991, 30, 59. (13) Oberhammer, H.; Seppelt, K.; Mews, R.

most likelv that th metrv of fluori will rimaril J. Mol. Struct. 1983 101, 325. (14) Marsden, C. J.; Christen, D.;
0s .ey at Ine geometry ot iuo des be primartly Oberhammer, HJ. Mol. Struct.1984 131, 299. (15) Césza, A. G;
determined by the LCP model. _ _ Hedberg, K.; Terjeson, R. J.; Gard, G.Ihorg. Chem1987, 26, 955. (16)
In this paper, we show that the octahedral six coordinate Altman, A. B.; Miakshin, I. N.; Sukhoverlov, V. F.; Romanov, G. V.;
fluorides of period 3 have close packed ligands and that the Spiridonov, V. PDokl. Akad. Nauk SSSR978 241, 360. (17) Christe, K.

L . . O.; Lehmann, J. F.; Schrobilgen, G.Idorg. Chem.jn press.c The NSiN
equatorial ligands of the seven coordinate pentagonal bipyr- g J P

angle is only 80.0 so the two fluorine atoms in this plane are not close
amidal fluorides of the period 5 elements are also close packed and the-F distance is accordingly larger than 238 pgliThe lone
packed. We also show that the LCP model provides a pair increases the length of the adjacent bonds in the base of the square
. . S pyramid so these ligands are not close packed with each other but only
rationale for why the maximum coordination number for the

/ ' arett ) with the axial ligand.
elements of period 2 is four, whereas it is six for periods 4

and 5 and eight for period 5. given central atom as expected for close packing. The ligand
radii of F, r(F) = /,(F---F), bonded to Si, P, S, and ClI,
respectively, are given in the table. These ligand radii
Whereas the maximum coordination number (including decrease across period 3 from 119 pm for fluorine bonded
lone pairs) of the period 2 elements is four, the larger period to Si to 110 pm for fluorine bonded to Cl as expected from
3 elements may have coordination numbers up to six. Closethe increasing electronegativity of A and the consequent
packing of six ligands around a central atom gives the decrease in the negative charge on the ligand. These radii
observed octahedral geometry. The interligand distances inagree well with radii deduced for the period 2 fluorides taking
AFg, AFsY, and ARE molecules of Si, P, S, and Cl are given into account the differences in the fluorine atomic charge as
in Table 1. The F-F distances are almost constant, for a shown in Figure 1 which shows a plot of the ligand radius

Six Coordinate Fluorides of Period 3
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Geometry of Nonmetal Fluorides

150 to be attracted closer to the core decreasing the length of
the three equatorial bonds while only slightly increasing the
o length of the two axial bonds until equilibrium is reached,
eriod 2 P . . .
© Period3 thereby further stabilizing the trigonal bipyramidal geometry.
In this geometry, the &:--Xax distance is expected to be
O a4t twice the ligand radius of X,12X), and the X *+Xeqdistance
130\ Berse) @ siF) is expected to be larger tham(X). Thus, the LCP model
b ‘ provides a rationale for the trigonal bipyramidal geometry
oF4(2) of five coordinated molecules of the nonmetals in which the
axial bonds are longer than the equatorial bonds. The
alternative square pyramidal geometry has only been found
for a very few main group molecules, in the solid state (none
of which are fluorides), and for some transition metal
molecules. Intermolecular interactions in the solid state are
very probably responsible for the few exceptions among
T moIecuI.e.s of the main group_elements while th(_a geqmetry
100 5 080 0.60 0.40 .20 0.00 of transition metal molecules is affected by the distortion of
Ligand Charge [q(F)] the core from a spherical shaffé!
Figure 1. Plot of ligand charge against ligand radius for fluorides of the Although the bonding in most trigonal bipyramidal
elements of groups 2 and 3. molecules, and in particular the fluorides of the main group

o _ elements, is very polar and therefore primarily electrostatic
of F against its charge. We see that the points for both thep, origin, it is frequently discussed in terms of covalent bonds

period 2 AR molecules and the period 3 AFolecules lie  formed by spd,z hybrid orbitals or in terms of an axial three-
on the same smooth curve confirming that the fluorine center four-electron “semi-ionic” bond, and three covalent
ligands in the period 3 AXmolecules are indeed close tigonal sg bonds. The bonding has also been described in
packed as they are in the period 2 AXiolecules. The points  terms of molecular orbitals based only on the s and p orbitals
for the period 3 A molecules, however, lie above this curve  of the central atom and the ligand orbitals. These orbital
showing that in these molecules the fluorine ligands are not gescriptions of the bonding are sometimes said to explain
close packed as we discuss in a foIIowm_g section. Figure 1ihe trigonal bipyramidal geometry. However, they are all
glso _shows that as the charge of the fluorlr!e ligand decrease$)zsed on the known geometry so that they are not explana-
its size decreases and becomes essentially constant for §gns of the geometr{In contrast, the LCP model gives a
charge of—0.6 or less. simple rationalization for the trigonal bipyramidal geometry
Five Coordinate Fluorides of Period 3 including the difference in the equatorial and axial bond
The geometry of five coordinated molecules cannot be lengths, which otherwise can only be determined by experi-
fully predicted by the VSEPR theory. The repelling points- ment or by ab initio calculations.
on-a-sphere model (POS) predicts either the trigonal bipyr- Geometrical parameters for AFAF,Y, AF3Y;, and ARE
amidal or the square pyramidal geometry for five points molecules of silicon, phosphorus, and sulfur are given in
depending on the value of the exponerih the expression  Table 2. We see that the-Aq bond lengths are uniformly
for the potential energy which is the sum of the teiijs= shorter than the AF, bond lengths while the latter are
K/ri" whereK is a constant andj is the distance between usually similar to the AF bond lengths in the corresponding
the points andj. For large values af, that is, for the nearly ~ six coordinated molecules. The ligand radii for fluorine
incompressible ligands of the LCP model, the trigonal bonded to silicon, phosphorus, and sulfur of 116, 111, and
bipyramid is predicted.® But the bond lengths are not all 108 pm obtained from the averagesFFax distances are
the same as is assumed in the points-on-a-sphere modeg¢lose to, but slightly shorter than, the radii obtained from
because the axial bonds are invariably found to be longer the six coordinate molecules consistent with the close packing
than the equatorial bonds. However, if a trigonal bipyramidal of the axial ligands with the equatorial ligands. That the
molecule is considered in terms of the packing of the ligands ligand radii are slightly smaller than in the six coordinate
when these ligands are all at the same distance from the coremolecules suggests that because the equatorial bonds are
the axial ligands are in contact with the equatorial ligands shorter and therefore stronger than in the six coordinate
with a ligand-ligand distance of 22a = 1.41a wherea is molecules the ligands are slightly more strongly compressed
the bond length but the equatorial ligands are not in contactand are not strictly incompressible as appears to be the case
with each other with a liganeligand distance of 2 sin 60  for the four coordinate molecules of period 2 which have
= 1.73. Thus, because of the smaller repulsion exerted by still shorter and stronger bonds. In other words, the conclu-
their equatorial neighbors the equatorial ligands are expectedsion that ligands have a fixed ligand radius, that is the basis

140 b= © AIF3

PF4(+)

120 |-

Ligand Radius (pm)

110 |-

B NF3 NF4(+)

(7) Bartell, L. S.; Plato, VJ. Am. Chem. S0d.972 95, 3097. (10) Gillespie, R. J.; Bytheway, |.; Tang, T.-H.; Bader, R. F. Morg.
(8) Gillespie, R. IMolecular GeometryVan Nostrand Reinhold: London, Chem 1996 35, 3954.

1972. (11) Gillespie, R. J.; Robinson, E. Angew. Chem., Int. Ed. Engl996
(9) Kepert, D. L.Prog. Inorg. Chem1978 25, 41. 33, 495.
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Table 2. Bond Lengths, Bond Angles and-H- Interligand Distances
in Some Five Coordinate Fluorides of Period 3

Robinson and Gillespie

Table 3. Bond Lengths and Interligand Distances in AXnd AX4
Molecules

A—Fa A—Foq  OFaAFeq Fax*Feq A—X Xe+eX
molecule (pm)  (pm) (deg) (pm) ref (pm) (pm) —q(X) refd
Silicon SiFs> 168 238 0.91 b
SiFs BzINMes* 166 162.2 90.2 232 1 SiFs 156 254 0.81 1
SiFPh NP 169.1 1626 87.3 229 2 PRy~ 158 224 0.85 b
SiFMes Kb 1717 156.2 89.3 233 3 PR 146 238 0.78 2
SiF4CeHBUs K P 167.7 162.1 89.5 233 3 o _
SiFzXyl, K*b 171.4 165.2 87.9 234 4 a Reference numbers in this table refer to the following references: (1)
SiF(PhyBu-K*° 170 163.9 86.1 228 4 Beagley, B.; Brown, D. P.; Freeman. J. M. Mol. Struct.1973 18, 337.
S!Fa(F’h)'VkE'N(+”BU)4+ 169.5 162.1 87.9 230 5 (2) Casteel, W. J.; Kolb, P.; LeBlond, N.; Mercier, H. P. A.; Dorman, H.
SiFsPh,NMe, 170.5 166.2 86.2 230 1 B.; Dixon, D. A.; Schrobilgen, G. dJnorg. Chem200Q 39, 1813.° From
SiFs(0-Tol), K +b 170.1 164 87.2 230 4 Table 1
SiF(phenanthroline) 162.1 159 93.7 234 6 ’
SiFNH, NH,* 167.8 167.8 90 237 7 ) _
av= 231 pmr(F) = 116 pm In terms of the LCP model, fluorine adopts this preferred
Phosphorus position because it is smaller than other ligands. In terms of
Pr(9) o134 %0 20 8 the VSEPR model, fluorine ligands al dopt the axial
PR(s) 1585 1522 90 920 9 eV model, fluorine ligands always adopt the axia
Sag: iggé iggg 38.3 ggi %8 positions because bonding pair domains decrease in size with
PFgcé 1503 1546 89.3 291 11 increasing electror_lega_ltivity of the ligand and fluori.ne is the
E'lzmge e 11661(.)21 11554?.’39 Si?éll 222118 1123 most electronegative ligand. In short, the smaller ligands or
pé‘fwe;ne yipyrrole) 164.3 1553 89.9 226 ) the smaller bonding pair domains preferentially occupy the
PR(NH2)2 1619 156 89.5 224 14 less crowded axial sites.
av= 221 pmr(F) =111 pm
Sulfur Four Coordinate Fluorides of Period 3
SF, 164.6 1545 87.9 222 15
FSCH 168.1 1575 87.6 226 16 Bond lengths, bond angles, and interligand distances for
FsSCR; 167.9 159.6 84.1 219 16 . s . )
F.SCN 165.7 155.2 86.9 221 17 SiF,, and PE", are compared with those of the corresponding
F,S=0 158.4 152.8 85.8 213 18 i i i
't ED 12oe 1o7e oo e o 1 six coordinated mole_cules in Table 3. _In each case, the bond
XR 159.3 156.1 86.8 217 20 lengths are shorter in the four coordinated molecules than
FsS=C(CRy)Me 159.0 157.0 86.8 217 21 - i i
F e lore 1o 801 1o 5 in the six coordlnateq mqlecule;, but they are not short
1535 156.4 87.2 214 enough to reduce the interligand distance to the close packed
FaS=NH® igé'é iggg gg-g gig 22 value obtained from the six coordinate molecules. We con-
F.S—NMe 1643 1567 85.9 219 23 clude that in the AF molecules the ligands are not close
154.6 156.7 85.9 212

av= 216 pmr(F) =108 pm

a Reference numbers in this table refer to the following references: (1)
Schomburg, D.; Krebs, Rnorg. Chem.1984 23, 1378. (2) Schomburg,
D. J. Organomet. Chen1981, 221, 137. (3) Johnson, S. E.; Day, R. O
Holmes, R. Rlnorg. Chem.1989 28, 3182. (4) Johnson, S. E.; Payne, J.
S.; Day, R. O.; Holmes, J. M.; Holmes, R. Rorg. Chem1989 28, 3190.

(5) Harland, J. J.; Payne, J. S.; Day, R. O.; Holmes, RinBrg. Chem.
1987, 26, 760. (6) Krebs, G.; Hensen, K.; Fuess,Ghem. Ber1983 116,
3125. (7) Plitzko, C.; Meyer, CZ. Anorg. Chem1996 622 1946. (8)
Hansen, K. W.; Bartell, L. Slnorg. Chem.1965 4, 1777. (9) Mootz, D.;
Wiebecke, M.Z. Anorg Chem1987, 548 39. (10) Macho, C.; Minkwitz,
R.; Rohmann, J.; Steger, B.; Wel, V.; Oberhammer, Hinorg. Chem.
1986 25, 2828. (11) French, R. J.; Hedberg, K.; Shreeve, J. M.; Gupta, K.
D. Inorg. Chem1985 24, 2774. (12) Oberhammer, H.; Grobe, J.; Le Van,
D. Inorg. Chem.1982 21, 275. (13) Hewson, M. J.; Schmutzler, R.;
Sheldrick, W. SJ. Chem. Soc., Chem. Comm@873 190. (14) Marsden,
C. J.; Hedberg, K.; Shreeve, J. M.; Gupta, K.IBorg. Chem.1984 23,
3659. (15) Tolles, M. W.; Gwinn, W. DJ. Chem. Phys1962 36, 1119.
(16) Downs, A. J.; McGrady, G. S.; Bamfield, E. A.; Rankin, D. W. H.;
Robertson, H. G.; Boggs, J. E.; Dobbs, K.IBorg. Chem1989 28, 3286.
(17) Mack, H.-G.; Oberhammer, H.; Jacobs, J.; Kronberg, M.; Willner, H.
Inorg. Chem1996 35, 806. (18) Hedberg, L.; Hedberg, K. Phys. Chem.
1982 86, 598. (19) Bock, H.; Boggs, J. E.; Kleeman, G.; Lentz, D.;
Oberhammer, H.; Peters, E. M.; Seppelt, K.; Simon, A.; SolonkAriyew.
Chem., Int. Ed. Engll979 18, 944. (20) Buschmann, J.; Koritsanszky, T.;
Kuschel, R.; Luger, P.; Seppelt, B&. Am. Chem. S0d991, 113 233. (21)
Gunther, H,; Oberhammer, H.; Mews, R.; Stahlinorg. Chem1982 21,
1872. (22) DesMarteau, D. D.; Eysel, H. H.; Oberhammer, Hnt@er, H.
Inorg. Chem.1982 21, 1607.° [K-18 crown-6]". ¢ Calculated structure.

of the LCP mode, is not quite so valid for period 3 molecules.
Nevertheless, the model, if only semiquantitative, is still very
useful for understanding molecular geometry.

In AF,Y, AF3Y,, AF4E, and ARE; molecules, the fluorine
ligands are always found in the more crowded axial positions.

3868 Inorganic Chemistry, Vol. 42, No. 12, 2003

packed as we have already seen in Figure 1, although the
tetrahedral geometry is nevertheless determined by ligand
ligand and bonébond repulsions. Because the A atom in a
period 3 molecule is larger and the bonds therefore longer
than those in the corresponding period 2 molecule, they are
weaker, and the attractive forces between A and X are not
strong enough to bring the four X ligands in a period 3,AX
molecule into “contact”. The reduction in bond length from
the AR molecules to the AFmolecules is, however, ana-
logous to that for the period 2 Apand AX; molecules. The
reduction in the bond length from S#F to SiF, has some-
times been “explained” by invoking double bond resonance
structures for Sift? much as they have also been invoked
to explain the decrease in bond length from,Bfo BF:.
However, there is no other evidence for this supposed double
bond character which is more reasonably explained on the
basis that four ligands can pack more closely than six.
Because the central atom A does not have its maximum
coordination number in AXand AXs molecules and the
ligands are not all close packed, there is space for another
ligand so that these molecules are good Lewis acids. Thus,
they readily form AXY molecules such as S§F and
PhSiR~ and AX;Y, and AXsY molecules such as Si§py)s,
PR~, and PEpy in the same way that period 2 AX
molecules such as BFand BC} readily form AXgY
molecules such as Bf\H; and BR™.

(12) Pauling, L.The Nature of the Chemical Bon@rd. ed.; Cornell
University Press: Ithaca, NY, 1960.
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Table 4. Bond Lengths for A Molecules of Periods 4 and 5 Table 5. Seven Coordinate Fluorides of Periotl 5
A—X FeF bond length (pm) OFAF.. OF.AF

molecule (pm) (pm) ref molecule axial equatorial (ng)eq (afeg)e R *Feq ref

GeR™™ 179.4 254 1 TeF~ Me,N* 179 186 72 90(3) 219 1

Asks™ 171.3 242 2 TeROMe™ Me,Nt  182.2 1915 72 90 225 1

Seks 168.4 238 3 TeR(OMe),"MesN* 1

BrFs" 155 219 4 trans MeO isomer 192.2 72.0 226

Snk2~ 195.9 277 5 cis MeO isomer 194(2) 72.0 228

Shks~ 191.7 271 6 IF7 neutron diff 178.6 185.8 72.0 90.0 218 2,3

Teks 182.4 258 7 electron diff 178.1 185.7 72.0 90.0 218

181.5 257 8 I0Fs"NMey*+ 182.3 188 72 90 221 4,5
+
IFs 178 252 4 2|n each case, the quoted bond lengths are averages. For the purposes
aReference numbers in this table refer to the following references: (1) of calculating the interligand distances, the molecules were assumed to have

Averduk, F.; Hoppe, RJ. Fluorine Chem199Q 47, 481. (2) Loss, S.; a regular pentagonal bipyramidal geometry. In the case of the neutron
Roehr, C.Z. Naturforsch1998 B53 75. (3) Bartell, L. S.; Jin, AJ. Mol. diffraction structure for IF, the deviations from a regular pentagonal
Spectrosc1984 118 47. (4) Lehmann, J. F.; Schrobilgen, G.ldorg. bipyramid are very smalP Reference numbers in this table refer to the
Chem, in press. (5) Benne, G.; Hoppe, R. Fluorine Chem199Q 48, following references: (1) Mahjoub, A. R.; Drews, T.; Seppelt,Afigew.
219. (6) Preus, H.; Lenhoff, D.; Minkwitz, Ricta Crystallogr.1992 C48 Chem., Int. Ed. Engll992 31, 1036. (2) Adams, W. J.; Bradford-Thompson,
1648. (7) Seip, H. M.; Stglevik, Rcta Chem. Scand.966 20, 1535. (8) H.; Bartell, L. S.J. Chem. Physl97Q 53, 440. (3) Marx, R.; Mahjoub, A.
Gundersen, G.; Hedberg, K.; Strand, T.J3Chem. Phys1978 68, 3548. R.; Seppelt, K.; Iberson, R. M.. Chem. Phys1994 101, 585. (4) Christe,

K. O.; Curtis, E. C.; Dixon, D. A.; Mercier, H. P. A.; Sanders, J. C. P;

. . . . Schrobilgen, G. J.; Wilson, W. W. ACS Symposium Series 555; Thrasher,
Although the AX, fluorides have interligand distances that ;s syrauss, H., Eds.: American Chemical Society: Washington, DC, 1994.

exceed the sum of the interligand radii and they cannot (5) Christe, K. O.; Curtis, E. C.; Dixon, D. A.; Mercier, H. P.; Sanders, J.
therefore be regarded as truly close packed, it has been note&- P-: Schrobilgen, G. J. Am. Chem. Sod.991, 113 3351.

previously by Hargittd?f that some four coordinate mol-
ecules, in particular S&X; molecules, have a very constant
O---O distance of 248 pm suggesting that the oxygen ligands
are close packed. However, the ¥ distance in SgF, (228
pm), for example, is appreciably longer than ing§E21

pm) which is not consistent with the close packing of the
fluorine ligands in S@,. Because the SO bonds are quite
short and the ©-0O distance is almost constant, it is quite
possible that the ©-O distance represents twice the inter-
ligand radius of oxygen even though all four ligands are not
close packed. However, the constant-O distance could
simply be a consequence of the almost constant OSO bon(ﬁ
angle of close to 122and an almost constant SO bond length
of close to 142 pm.

in which there is some displacement, or puckering, of the
equatorial ligands out of the pentagonal plane. Although the
structures of three, four, five, and six coordinated molecules
may be predicted by the VSEPR model or by ligatigand
repulsion, a similar prediction cannot be made for seven
coordinate molecules. The simple repelling points-on-a-
sphere model predicts three structures depending on the
repulsion force law considered, a monocapped octahedron,
a monocapped trigonal prism, and a pentagonal bipyréaid.
Moreover, as the vertices of a seven vertex polyhedron
annot all be equivalent, there is no requirement that all the
onds be of the same length as in three, four, and six
coordinated molecules which means that the points-on-a-
sphere model is not necessarily an appropriate model.
Fluorides of the Elements of Period 4 and Beyond Nevertheless, all AXmolecules of the nonmetals have an

approximately pentagonal bipyramidal geometry with shorter
AFs and AFs Molecules.Bond lengths for the octahedral oo than equatorial bonds so this is clearly the favored

AFs halides of periods 4 and 5 are given in Table 4. These gy\,ctre for these molecules. Transition metal fluorides in

bond lengths increase from period 3 to 5 with increasing onrast have been found to have all three of the mentioned
size of the central atom, and the interligand distances increaseir ctures. This is presumably a consequence of their

correspondingly. Given that the ligands in period 3 molecules nonspherical core®:!
are close packed, those in period 4 and 5 molecules cannot The known nonmetal pentagonal bipyramid molecules

be close packed. Ligandigand and/or bonetbond repul- — (1ape 5) are in most cases distorted by small displacements

sions, nevertheless, play an important r.ole in qletermining of the equatorial ligands out of the pentagonal plane so that
the octahedral geometry. Although the ligands in period 4 4 <o ponds have slightly different lengths and the FAF

molecules are not cl_ose packed because of the larger size Ofingles differ slightly from the ideal angle of 7aF; is the
the atoms of the period 4 elements, these atoms are not large, ot \el| studied of these molecules. In the solid state, the
enough to allow more than six Ilgqnds to be packed around low temperature ordered phase(IF) 5 has an almost perfect
them. However, the atoms of period 5 elements are large yoniagonal bipyramidal structure with an axial bond length
enough to have as many as seven and even eight smalyt 179 5 hm, an average equatorial bond length of 184.9 pm
ligands such as F and O. o with two of the equatorial bonds being distorted by*Zrdm

AX7 Molecules.Complete structure determinations have the equatorial plane, andd=Feq distances of 216 and 218
been made for the following seven coordinated molecules: pm25 The molecule is distorted in the vapor phase having a

TeR™, TekOMe™, TeRs(OMe),", IF;, and 10k~ (Table 5). 1, ckered pentagonal ring of equatorial fluorine ligands with
They all have a distorted pentagonal bipyramidal structure

(14) Thompson, H. B.; Bartell, L. Snorg. Chem.1968 7, 488.
(13) Hargittai, 1.The Structure of Volatile Sulphur CompounBs Reidel (15) Marx, R.; Mahjoub, A. R.; Seppelt, K.; Ibberson, R. MChem. Phys.
Publishing Co.: Dordrecht, The Netherlands, 1985. 1994 101, 585.
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an average equatorial bond length of 186 pm and an axial F - —Iz_ -
bond length of 179 pm giving an averaggsFFeq distance Fo, /| ;—I FF\ F FF\ F-’
of 218 pm!® The ab initio calculated structure of Afas ‘“°°”F>(‘I3r\F /se., 720 /\';z?\,w
Dsn symmetry}®17The reason for the distortion found in the £ F e A

experimental vapor phase structure is still somewhat con-rigyre 2. Structures of B, Sek?-, and IF~.
troversiall® but the puckering is consistent with the close
packing of the equatorial ligands which implies strong Inthese pentagonal bipyramidal molecules, the equatorial
ligand—ligand repulsions as has been previously pointed out ligands are closely packed while the axial ligands are not,
by Christe et al’ It should be noted that the undistorted so the equatorial bonds are longer than the axial bonds. In
Ds, structure determined by crystallography cannot be contrast, in trigonal bipyramidal molecules, the axial bonds
regarded as definitive because any dynamic puckering, whichare longer than the equatorial bonds, because the equatorial
perhaps is unlikely at the low temperature used for the study, ligands are not close packed. If the axial ligands were at the
would not be observed and because crystal forces could wellsame distance from the central core as the equatorial ligands
freeze out any dynamic distortions. in IF7, the Ry +-Feqdistance would be 277 pm which is much
The TeR ™ ion has a pentagonal bipyramidal structure with larger than the distance between the closely packed equatorial
a similarly puckered pentagonal equatorial ring of five ligands. The repulsive forces between the axial and the
fluorine atoms. From the average bond lengths and assumingequatorial ligands are therefore weaker than between the
an undistorted pentagonal bipyramidal structureegr fFeq equatorial ligands so that the axial ligands are attracted closer
distance of 220 pm was calculated. Thus, the ligand radii of to the core and when equilibrium is reached the axial bonds
fluorine bonded to iodine and to tellurium are 109 and 110 are shorter than the equatorial bonds.
pm, respectively. These values are in the range of those found The slightly larger and less electronegative O and OMe
for fluorine bonded to the period 2 and 3 nonmetals although ligands occupy the less crowded axial positions in the
they are somewhat larger than expected from the calculatedpentagonal bipyramidal molecules. It has been pointed out
fluorine charges of 0.59 for Fand 0.70 for TelF, as can by Christe et af® that the rapid exchange of axial and
be seen by comparing the values for the radii and ligand equatorial ligands that is found in 1k the gas phase and
charges with those for the period 2 and 3 molecules plotted for TeF~ in solution is inhibited by the preference of these
in Figure 1. Because the bonds in the period 5 moleculesless electronegative ligands to remain in the axial positions
are considerably longer than in the corresponding period 2 so that these molecules are rigid rather than fluxional.
and 3 molecules, the bonding forces are correspondingly AXgE and AXsE; Molecules.Because AX molecules of
weaker, and it seems reasonable to assume that they are ndhe nonmetals have a pentagonal bipyramidal geometry we
strong enough to compress the ligands to their essentiallymight expect that AXE molecules would have five ligands
incompressible limit as they attract the ligands toward the in a pentagonal plane and a lone pair in an axial position
central core. Thus, the assumption of a constant ligand radiusopposite a single axial ligand X. This structure has, however,
which works well for period 2 and 3 molecules is only an never been observed. Among the four known fluorides of
approximation for the fluorides of period 5 elements. It this type, Brk~ has a regular octahedral geometry while
appears that seven coordination just becomes possible foiSeR?", IFs ~, and Xek have a flattened octahedral shape
Te and | and for the small ligands F, O, and OMe, giving with C3, symmetry (Figure 2). This distortion is consistent
pentagonal bipyramidal molecules in which the ligands are with a lone pair occupying a position in the largest face of
tightly packed in the equatorial plane. It is not clear why this distorted octahedron but not exhibiting the full stereo-
the pentagonal bipyramid with five tightly packed ligands chemical effect expected for a lone pair. In each case, the
is the favored structure for the seven coordinated period 5bonds surrounding the supposed position of the lone pair
molecules. Christe et &l.have proposed a bonding scheme are longer than the opposing bonds (Table 6) which is also
for IF; based on that first proposed for X in which consistent with the presence of a lone pair in this position.
they describe the axial bonds as being formed from sp The degree of distortion from octahedral geometry, as shown
hybrids and the equatorial bonds as resulting from five six- by the angle between opposing bonds, is?liQundistorted
center delocalized orbitals. Although this bonding scheme BrFs~, 174 in SeR?", and 164 in IFs ~ (Figure 2). It is
is consistent with the known geometry, it cannot be regarded sometimes said that the lone pair is inactive in 8rand
as anexplanationof the geometry. The ab initio calculated only weakly active in the other three fluorides. Although
electron density shows the presence of two axial bond pathssix ligands are not close packed in the six coordinated
and five equatorial bond paths, in other words, five localized fluorides of selenium and bromine in period 4, they do not

equatorial bond¥’ form any AX; molecules, so it is not surprising that they
(16) Christe, K. O.: Curtis, E. C.: Dixon, D. AL Am. Chem. 504993 cannﬁot. accommodate a lone pair in they valence shell. In
115, 1520. BrFs, it appears that the lone pair is not in the valence shell

(17) Christe, K. O.; Curtis, E. C.; Dixon, D. A.; Mercier, H. P. A;; Sanders, put remains surrounding the core which is therefore 4 Br

éhgmf;'{rfcﬁfxggg%f'zfgt Vggﬁ?&;yﬂégxé:”‘J’fg%r."%tf;‘:g;”eH_ core with a spherical 4s pair of electrons in its outer shell

Eds.; ACS Symposium Series 555; American Chemical Society:

Washington, DC, 1994; p 66. (19) Lin, Z.; Bytheway, l.Inorg. Chem.1996 35, 594.
(18) Christe, K. O.; Curtis, E. C.; Dixon, D. A.; Mercier, H. P.; Saunders, (20) Christe, K. O.; Dixon, D. A.; Sanders, J. C. P.; Schrobilgen, G. J.
J. C. P.; Schrobilgen, G. J. Am. Chem. Sod 991, 113, 3351. Scott, S. T.; Wilson, W. Winorg. Chem.1995 34, 1868.
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Table 6. Structural Data for AXE Molecules and the Corresponding Fa
AXsE and AXE, Molecules F Fa 210pm
bond length in F\‘,Xe'ﬁﬁ':b Fo 197 pm
AXsE, AX4E, F\\\\‘/ \
long bond short bond opposed bond  and AXE Fe Fe 193 pm
molecule  (pm) (pm) angle (deg) molecules (pm)  réf F
BrFs- 185 185 180  BrE169.41768 1 Figure 3. Structure of Xef".
SeR?™ 202 184 172 SeFl168.2 177.1 2
IFe 201 186 164 15181.4187.3 3 This core shape would be expected to best accommodate
XeFs 191 186 Xek+181.7186.3 4

five ligands if they were to lie in a pentagonal plane around

@ Average values. In each case, there is some distortion from the ideal jtg major axis giving the observed planar pentagonal geom-
On or C3, symmetry.? Reference numbers in this table refer to the following

references: (1) Christe, K. O.; Wilson, W. \org. Chem1972 28, 3275. etry. Th'_s is the same QeC?metW as predicted bY the V§EPR
(2) Mahjoub, A. R.; Zhang, X.; Seppelt, IChem. Eur. J1995 1, 261. (3) model with two lone pairs in the less crowded axial positions
Mahjoub, A. R.; Seppelt, Kingew. Chem., Int. Ed. Englo91, 30, 321. of a pentagonal bipyramid. The molecule is best described

4) Gavin, R. M.; Bartell, L. SJ. Chem. Phys1968§ 48, 2460, 2466. : . : .
@ ys1968 as having two lone pairs both partially occupying the valence

shell. The length of the bonds is increased by the presence
of these partial lone pairs so that they are longer than all
other known Xe-F bonds except those in XgF.

AXg and AX7E Molecules.IFg~ and Teklg?" are the only
known examples of AX molecules of the nonmetald?®
Both have the square antiprism structure predicted by the
points-on-a-sphere model. dFhas very nearly equaHF
bond lengths of 188190 pm, FIF angles of 73>&and 78.2,
and F--F distances in the range 22238 pm. The smallest
of these distances is slightly larger than the close packed
distance of 218 pm in FAwhich is consistent with the square
antiprism not being a truly close packed arrangement.

The single known example of an AK molecule is XeF
which has a monocapped octahedral structure rather like
AX¢E molecules (Figure 2) with the seventh ligand forming
a long bond (210 pm) opposite the presumed position of the
gone pair of an AXE molecule (Figure 3% In this molecule,
he lone pair must again be very largely in the core but

rather than a B core. This supposition is consistent with
the observation that the BrF bonds which have a length of
185.4 pm are much longer than the bonds inBeguatorial
176.8 pm, axial 169.7 pm) where the lone pair occupies the
valence shell (Table 6). The Se atom is larger than the Br
atom, and it appears that in S&Fthe lone pair is not entirely

in the core but protrudes very slightly into the valence shell
causing the observed small distortion from octahedral
geometry. The larger period 5 atoms | and Xe form seven
coordinated atoms so that inglFand Xek so it might seem
that their valence shells could accommodate a lone pair.
However, in general, a lone pair takes up more space in a
valence shell than a bonding pair, particularly a pair bonding
a very electronegative fluorine ligand, so it is perhaps not
surprising that even in these molecules there is not sufficient
space for a full lone pair. Only some of the density of the
lone pair protrudes into the valence shell, and the rest remain
as an outer layer of the core. Thus, these molecules have a o . ) .

octahedral geometry somewhat distorted by this partial lone tsﬁeff's:ﬁgﬂg sé)tgrz((ajochemlcally active to increase the length of
pair. The data in Table 6 show that in each of these molecules An AX E Molecule. XeR2- is the only known example

the AF bonds, particularly the bonds adjacent to the lone L
b y ) f an AXgE molecule?* It has a square antiprism structure

pair, are longer than those in the corresponding less crowded! &N . . .
AXE and AXE molecules. despite the presence of a lone pair. It is not surprising that

. . - this is therefore another example of a molecule with a
All AX ¢E chlorides, bromides, and iodides of the elements . - - . . .
' ' sterically inactive “lone pair” because the eight approximatel
of groups 14, 15, and 16, such as S€Clhave octahedral caly | W pa . gt approxi y

. . . closely packed ligands leave no space for the lone pair in
structures with unusuall_y long bondsGiven the 'arg?r SI2€ " the valence shell which therefore remains in the core. As in
of the CI, Br, and | ligands compared to fluorine, the

. ~ , the AXsE molecules where th n re longer than in
octahedral structures of these molecules with the “lone palr”t e AXs olecules where the bonds are longer tha a

. . : related AX molecule, in Xel?", the bonds, which have an
forming the outer layer of a spherical core is not unexpected. average length of 202 pm. are longer than the bonds ir XeF
All these molecules may be considered to be highly ionic g 9 pm, g

. .~ which have an average length of 189 pm.
with a close packed octahedral arrangement of very ionic . .
: . - ) . Some Chemical Consequences of Close Packirige-
ligands surrounding a spherical*Acore with a pair of

: : : cause the OH ligand is very similar in size to a fluorine lig-
electrons in an s type orbital forming the outer layer, rather : .

" ) . ; and, it would be expected that there should be a similar large
than an &' core. It is only in some of the fluorides that

. e : ; number of high coordination number hydroxides of the ele-
there is sufficient space in the valence shell for the “lone ments of period 3 and beyond. However, there are only a
pair” to at least partlally occupy the valence shell few such molecules. The theoretically possible hydroxides
The XeR~ molecule is the only known example of an  t 5 5 and ¢l and of As. Se. and Br. such as Pt
AXsE; molecule-? It has a pentagonal planar structure with - g o). are known only as their four coordinated oxo acids

a bond length of 201 pm. If two lone pairs were to remain such as PO(OH)and SQ(OH), derived by the elimination
in the core giving an X& core, it would be expected to

have a prolate ellipsoidal shape with the two lone pairs (22) Mahjoub, A. R.; Seppelt, KAngew. Chem., Int. Ed. Engl991, 30,

occupying what might be described as two 5s5p hybrids. 876.

pying 9 Py (23) Mahjoub, A. R.; Ellern, A.; Seppelt, ®kngew. Chem., Int. Ed. Engl.
1994 35, 1125.

(21) For references to individual molecules see ref 11. (24) Adam, S.; Ellern, A.; SeppelK. Chem. Eur. J1996 2, 398.
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of water from the theoretical hydroxides. Thus, it would the fluorine ligands are essentially close packed around the
appear that the hexahydroxides of the period 3 and 4 elementsentral atom as has been found previously for the three and
are unstable because the close packing of the OH ligandsfour coordinated molecules of the period 2 nonmetals. A
facilitates the elimination of water to give the much less characteristic ligand radius for fluorine bonded to each of
crowded and more stable four coordinated molecules. In con-these elements can be obtained from the interligand distance.
trast, the period 5 six coordinated Te(Qidhd IO(OH} are These radii depend only on the charge of the fluorine atom,
stable molecules because the hydroxide groups in these moland they are consistent with the radii deduced from the close
ecules are not close packed. We would not, however, expectpacked fluorides of period 2.
the seven coordinated pentagonal bipyramidal Te¢OEijd Whereas all the period 2 nonmetal molecules appear to
I(OH)- to be stable molecules because, if they were to have have close packed ligands, this is not the case for the mole-
the pentagonal bipyramidal 4Fstructure, five of the OH  cules of the nonmetals of the subsequent periods where only
groups would be close packed and therefore expected tothe six coordinate molecules of the period 3 nonmetals and
eliminate water to give the six coordinate TeO(@H)on. the equatorial ligands of the pentagonal bipyramidal mol-
It is interesting to note also that, although SEgand ecules of period 5 may be regarded as close packed. More-
Se(CH)e are not known, Te(ChJs is a stable molecule and  over, beyond period 3, it seems that because of the relative
that, although P(ChJs is not known, the four coordinated weakness of the bonds, the ligands are not attracted so strong-
H,C=P(CH)s is a stable molecule that can be imagined as |y by the central atom and therefore not compressed to the
being formed by the elimination of GHrom P(CH)s. same extent as for period 2 and 3 molecules so that the
As(CHs)s is, however, a stable molecule. Presumably, the apparent ligand radius increases slightly as irdlitd TeF .
crowding of the ligands is not so severe in a trigonal Consequently, the concepts of ligand close packing and
bipyramidal molecule because only the axial ligands are truly characteristic ligand radii are not as useful for the molecules
close packed. of period 3 and beyond as they are for the molecules of
Computations period 2. Nevertheless, ligandigand and liganetlone pair

Wave functions were calculated using the Gaussian 94 patkage repulsion, O,r liganetlone pair packing, provides a b_aSIS for
at the B3LYP /6-31++G(2d,2p) leve®. The analysis of the understanding (1) the overall geometry of the fluorides (and
electron density distributioRsto obtain the atomic charges was ~Probably most molecules) of periods-8, (2) the different
carried out using the AIMPAC suite of prograd$sFor IF, and bond lengths in trigonal bipyramidal and pentagonal bipyr-
TeF, larger basis sets were used. For iodine, the Huzinaga MIDI amidal molecules, (3) the puckering of the nominally planar
basis séf was decontracted and supplemented with a d-type pentagonal ring of the pentagonal bipyramidal molecules,
polarization set. For tellurium, Huzinaga’s (43333/4333/43) was (4) the octahedral an@s, distorted octahedral geometry of
decontracted and supplemented with w d-type polarizatiof? set AX (E molecules in which the lone pair E is stereochemically
equivalent to give a (43333/4333/43D) basis set. inactive or only partially active, (5) the limitation of the
Summary and Conclusions period 2 nonmetals to a coordination number of four and of

The packing of the ligands (and lone pairs) around a period 3 and 4 nonmetals to a coordination number of six,
central atom is the most important factor in determining and (6) why molecules such as S(QH)nd Se(OH,) are
coordination numbers and an important factor in determining unknown whereas Te(Obl)s a stable species.
geometry. Thus, the limitation of the period 2 nonmetals to  That the nonmetal elements of period 2 are limited to a
a coordination number of four is due to their small size while coordination number of four in their molecules has led in
the larger nonmetals of periods 3 and 4 may have coordina-the past to an overemphasis on the octet rule and the
tion numbers up to six and the still larger elements of period unjustified opinion that the bonding in molecules with high
5 may have coordination numbers of 7 and 8. We have coordination numbers that do not obey the octet rule is in
shown that interligand distances in the six coordinated some way exceptional. The bonding in molecules with
fluorides of the period 3 nonmetals are very nearly constant coordination numbers of five and higher is polar and is
for a given central atom (Si, P, S, and Cl) indicating that essentially no different from that in related molecules with
a coordination number of four or less. Consequently, as we
(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B, Gill, P. M. W.; Johnson, have discussed e|sewhé|1é,2the term hyperva'ent that has

B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A.; . . .
Montgomery, J. A.: Raghavachari, K. Al-Laham, M. A.; Zakrzewski, P€en invented to describe these molecules is unnecessary,

V.G, Okrlt(iz, J.V, Fr?rﬁsmant,)l B.; Cioslowski, J.; Sltefanov, B.hB.; as it means little more than a molecule with a coordination
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,

W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; number of greater than four.
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
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