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The molecular structures of two carbaboranes, closo-2,3-C,BgHy; and nido-2,9-C,BgHy3, were determined
experimentally for the first time using gas-phase electron diffraction (GED). For closo-2,3-C,BgH1;, @ model with
C,, symmetry was refined to give C—B bond distances ranging 158.3—167.0 pm and B—B distances ranging 177.4—
200.0 pm. The structure of nido-2,9-C,BgH;3 was refined using a model with Cs symmetry to give C—B bond
lengths ranging 160.3-171.9 pm and B-B lengths ranging 173.0-196.1 pm. Ab initio computations (up to MP2/
6-311+G*) were also carried out on these and the related nido-7,8-C,BgH;3, which was not sufficiently stable to
allow determination of its molecular structure by GED.

Introduction Scheme 1

H
Since the pioneering work of Hawthorne and co-workers A A x
in the 19603;%the 11-vertex dicarbaboranes and derivatives S; — S
have been widely used as precursors to a vast number of

metallacarbaboran€s® These carbaboranes are also common

precursors to a large number of heteroboranes, an ared8-C-BsHi I 7,8-CoBgHip 1T 7,9-CoBgHy; I 2,9-CoBgHyp™ IV
exploited mainly by the Czech groups of Réksand $ibr.®
However, the structures of the neutral 11-vertex dicarbabor- H* ‘ H*
anes GBgH;; and GBoH13 and their anions BoH1,~ have
only recently been investigated. . 0H 1
In 1992, the first structural report on a parent 11-vertex " o A :C cCs
dicarbaborane concerned an X-ray study by Welch et al. on —_—
anion 7,8-GBsHy;~ as the (MeSORH" salt’ This study SANVAL swg
revealed a symmetrical endo-hydrogen on the open face ' 0
7,8-C,BgH13 V 2,3-C,BgH VI 2,9-C,BgH,3 VII
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and 2,9-GBgH;,~ have also been structurally characterized
at Durham with geometrieldl andIV (Scheme 1), respec-
tively.1® There have been many other crystallographic studies
of 7,8-GBgH1,~, and a few of 7,9-eBgH1,~, but in none of

these has the position of the endo-hydrogen been located

accurately. All of the three neutral carbaboranes, %Bqd;3

(2), 2,3-GBgH1; (2), and 2,9-GBgH;3 (3), were synthesized
by acidification with concentrated sulfuric acid of the three
monoanions, 7,8-, 7,9-, and 2,983H, ", respectively (see
Scheme 1}%'! Molecular geometries of sublimable solids
1—-3 were proposed on the basis of NMR data to be of forms
V, VI, andVIl (Scheme 1), respectively.1* The existence

of these geometries in solution was supported in solution
by ab initio/NMR computation&?1!

Of the three neutral dicarbaborands-3, only two
derivatives were structurally characterized. Both were deriva-
tives of2, the dimethyl derivative, 2,3-Me2,3-GBgHg (4),
and the pentasubstituted derivative, 10-Br-4,7-(9&3-
Me»-2,3-GBgHg (5).1%1¢ Structural data for dimethyl deriva-
tive 4 determined by X-ray crystallography back in 1966,
however, contain only bond distanc@slhe X-ray data on
bromo compounds revealed a nido-like cage geometry
(similar tolll , Scheme 1) rather than the expected closed-
cage geometryl .6 Compound is the only one of the well-
known closo-dicarbaboranes of formulaBaHn.» to contain
an unfavorable 7-coordinate boron.

Because we have not been successful in Durham in
obtaining suitable crystals df-3 for X-ray crystallography,

we report here the results of the gas-phase electron diffraction

(GED) studies carried out on all of the three neutral
carbaboranes at Edinburgh.

Results and Discussion

Gas-Phase Electron Diffraction.Of the three neutral 11-
vertex dicarbaborands-3, we succeeded in determining the
molecular structures by GED for closo-carbabor2nend
carbons-apart nido-carbaborar®e Compoundl proved
unsuitable for GED, because not enough vapor pressure coul

be generated to allow acceptable data to be collected. At

higher temperatures, which would generate the required
vapor pressure for GED, it decomposed to 2,841, (2).2

The model used for the GED refinementdfvas based
upon the optimized geometry obtained by ab initio calcula-
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Table 1. Geometrical Parameters,{ Structure) for2a?

parameter GED MP2/6-3#1G*

p1 rBm® 182.8(3) 180.1
P2 die —5.9(5) -6.2
Ps d —-0.4(1) -0.4
Pa OB(8) 16.9(4) 14.7
Ps roB(1yf 271.2(5) 270.9
Ps roC(2y 259.6(11) 254.1
pr 0c(2) 35.3(3) 39.3
Ps UBBB 103.1(2) 103.9
Po BBBB -32.7(2) -32.8
P10 rHmS 117.2(3) 115.4
P11 d3e 11.4(4) 10.6
P12 d4e 0.3(1) 0.3
P13 OHBB1 161.2(1) 161.2
P14 $HBBB1 180.0(2) 180.0
p1s 0OHCB 128.2(2) 128.2
P16 $HCBB 180.0(2) 180.0
P17 OHBB2 114.6(2) 114.6
P18 $HBBB2 165.6(2) 165.7
P19 OHBC 120.4(2) 120.4
P20 $HBCB 180.0(2) 180.0
P21 OHBB3 127.6(2) 127.6
P22 ¢HBBB3 180.0(2) 180.0

aDistances in pm; angles in degParameters are defined fully in the
Experimental Sectiorf. m = mean;d = difference; o represents the origin.

Table 2. Selected Bond Distanceg,{/pm) and Amplitudes of
Vibration (u/pm) Obtained in the GED Refinement of the Structure? of

u atom pair h1 amplitude MP2/6-311G*
U B(1)-C(2 162.2(11) 6.8 (tied tas) 163.1
us  B(1)—-H(22) 121.0(3) 8.1 (fixed) 119.0
us C(2)-B(5) 157.9(5) 7.2(1) 157.9
us C(2)-B(8) 167.0(11) 6.8 (tied tos) 166.8
Uy C(2-H(17) 109.6(4) 7.3 (fixed) 108.4
uz  B(4)-B(7) 188.6(11) 13.5(5) 187.0
ua  B(4)-B(10)  180.7(3) 7.0 (tied tops) 177.9
uis  B(4)—H(16)  120.7(3) 8.1 (fixed) 118.7
uxs  B(7)-B(9) 177.4(6) 6.7(2) 180.1
u B(8)—B(10)  180.8(3) 7.9 (tied tops) 178.3
U B(8)—H(13)  120.7(3) 8.1 (fixed) 118.7
uzz B(10-B(11) 186.6(5) 7.4 (tied tayy) 184.1
uzs  B(10)-H(12) 121.0(3) 8.1 (fixed) 119.0
us  B(1)-B(4) 200.0(7)  24.6(9) 206.7

ion Table S1. Of the 22 geometrical parameters, 8 refined
ithout the application of restraints; the restraints, applied
using the SARACEN methotl, are given in Supporting
Information Table S2. A summary of final bond distances
and amplitudes of vibration is given in Table 2, and the full
list is in Supporting Information Table S3. The least-squares
correlation matrix for the structural refinement is given in

tions. The least-squares refinement of the structure reSUItedSupporting Information Table S4. The molecular scattering

in anRg factor of 0.041, with the resultant parameter values
listed in Table 1, where they are compared with the results
of the highest level ab initio calculations. Parameters obtained
at all levels of calculations are listed in Supporting Informa-
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curves (Supporting Information Figure S1) and the radial
distribution curve (Figure 1) show the quality of the fit of
the experimental data. Figure 2 shows the molecular structure
of 2 determined by GED with the numbering scheme used
for the cage atoms.

The geometry obtained in the ab initio optimizations
(Supporting Information Table S5) was used as the basis of
the model for GED refinement d, which resulted in an

(17) (a) Blake, A. J.; Brain, P. T.; McNab, H.; Miller, J.; Morrison, C. A.;
Parsons, S.; Rankin, D. W. H.; Robertson, H. E.; Smart, B.. £hem.
Phys.1996 100, 12280. (b) Brain, P. T.; Morrison, C. A.; Parsons,
S.; Rankin, D. W. HJ. Chem. Soc., Dalton Tran&996 4589. (c)
Mitzel, N. W.; Rankin, D. W. H.J. Chem. Soc., Dalton Tran2003
3650.
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T Table 3. Geometrical Parameters,{ Structure) for3>
P() Ir ] parameter GED MP2/6-311G*
- p1 I'm 181.2(2) 178.2
; P2 die 17.5(1) 17.5
. Ps d2e 15.9(1) 16.0
T Ps d3e 20.7(1) 20.8
Ps dde 8.5(1) 8.7
] Pe dse 27.9(1) 28.0
P d6e 16.9(1) 17.0
4 Ps dre 13.6(1) 13.7
Po Rbh 120.3(3) 118.7
. P1o rCH 111.6(5) 108.7
‘ | I v - rBH(br) 134.2(6) 1272
P12 0BBB1 108.9(2) 109.3
Ps 0CBB1 29.9(3) 31.9
. , : . ) _ . Pia 0BBB2 100.2(3) 102.7
0 100 200 300 400 500 600 700 Pis ocBB2 32.9(4) 33.8
P16 OBBH(br) 50.7(5) 48.2
ripm P17 OBBH 127.4(12) 127.4
Figure 1. Experimental and difference (experimentatheoretical) radial Pis Dy 83.9(4) 817
distribution curvesP(r)/r, for 2. Before Fourier inversion, the data were P19 Dz 142.6(5) 149.3
multiplied by s-exp(—0.000 02%)/(Zs — fa)/(Zc — fo). P20 $CBBB1 4.1(1) 41
P21 $#CBBB2 11.7(1) 11.8
P22 ring tilt —-3.8(2) -4.0
P23 H(15) tilt —47.8(11) —48.0
P2a H(14) tilt —60.7(12) —-60.5
P2s #BBBH 64.0(12) 63.9

aDistances in pm; angles in degParameters are defined fully in the
Experimental Sectiorf.Differences as described in text.

Table 4. Bond Distancesrgi/pm) and Amplitudes of Vibrationu{pm)
Obtained in the GED Refinement 8f

u atom pair Ihi amplitude MP2/6-311G*
u  B(1)-C(2) 169.7(5) 3.7(5) 169.5
u;  B(1)-B@3) 182.8(3) 3.9 (tied toi) 179.7
us  B(1)-B(4) 179.6(3) 3.7 (tied toi) 176.4
Us B(1)-H(12) 120.2(3) 7.5 (tied togs) 118.6
uz  C(2B(@3) 171.9(8) 4.0 (tied toi) 172.6
u  C(2)B(7) 168.2(4) 3.7 (tied toi) 167.5
up  C(2-H(13)  111.5(5) 6.8 (tied togs) 108.8
u  B(3)—B(4) 180.6(2) 3.8 (tied ton) 177.4
uiz  B(3)-B(7) 173.0(4) 3.8 (tied toi) 177.3
us  B(3)—B(8) 185.2(5) 3.9 (tied toi) 179.1
uis  B(3)—H(14)  120.2(3) 7.5 (tied togs) 118.6
us  B(4)—B(5) 179.0(3) 3.6 (tied toi) 175.9
uz  B(4)-B(8) 175.4(6) 4.0 (tied toi) 181.7
uis  B(4)—C(9) 169.5(4) 3.7 (tied tay) 168.5
Uz B(7)-B(8) 187.8(3) 4.1 (tied toy) 184.7
Figure 2. Molecular framework for2. s B(7)-B(11)  196.1(2) 8.4(10) 1934
uo B(7)-H(23)  134.2(6) 9.0(10) 127.2
R factor of 0.035. The geometrical parameter values are 32; EE?Z,)E§3)24) igg:gg)s) 13273((32)d e 16153?.8

listed in Table 3, and the most significant bond distances
and amplitudes of vibration are recorded in Table 4, with
the full list in Supporting Information Table S6. Of the 25
parameters, 5 refined freely, and restraints were applied to
the remainder, as detailed in Supporting Information Table
S7. The least-squares correlation matrix for the structural

refinement is presented in Supporting Information Table S8. from.6-31G* to 6-311G* to 6-313G* at the MP2 level) .
The radial distribution curve (Figure 3) and the molecular has little effect on the structural parameters. Indeed, there is

scattering curves (Supporting Information Figure S2) show negligible difference between the parameters calculated using
how well the experimental data fit the refined model the B3LYP functional method and the more computationally

structure, which is shown in Figure 4. demanding MP2 methodology. The largest difference be-

Ab Initio Calculations. From examination of the opti-  tween these methods for compouddrises for the B(Ly
mized geometries ¢f and3 at Hartree-Fock (HF), B3LYP,  B(4) bond, which is 1.9 pm longer at the B3LYP/6-311G*
and Moeller-Plesset second-order (MP2) levels of theory, level as compared to the MP2/6-311G* value. For compound
the cage distances show some signs of sensitivity to increased, the bond distance B(#B(11) varies most between the
levels of theory. In particular, HF methods generally methodologies employed. Without the inclusion of electron
overestimate the BB and C-B bond distances and under- correlation, this bond is at its longest. For example, its value

estimate the B-H and C-H bond distances as compared to
the B3LYP and MP2 methods. Increasing the size of the
basis set (from 6-31G* to 6-311G* at the B3LYP level and

Inorganic Chemistry, Vol. 43, No. 17, 2004 5389
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Figure 3. Experimental and difference (experimentatheoretical) radial

distribution curvesP(r)/r for 3. Before Fourier inversion, the data were
multiplied by s-exp(—0.000 02?)/(Zg — fg)/(Zc — fc).

T T T
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H(19)

Figure 4. Molecular framework for3.

Table 5. Misfit (rms Deviation) Values (in A) between GED and
Optimized Geometries fa2 and 3

method/basis set 2 3

HF/6-31G* 0.0307 0.0527
B3LYP/6-311G* 0.0305 0.0451
MP2/6-31HG* 0.0276 0.0469

at the HF/6-31G* level is 5.2 and 10.0 pm longer than at
the B3LYP and MP2 levels, respectively, using equivalent
basis sets.

A simple way of demonstrating how well the experimental

Mackie et al.

Table 6. Observed (in CDG) and Calculated (GIAO-B3LYP/
6-311G*) 1'B NMR Data for2 and3

boron atom GED observed

2,3-GBgHi1 (2)

4-7 —4.5 —4.2

8,9 -9.6 —-8.5

10, 11 —-7.4 -10.2

1 -16.8 —-15.8
2,9-GBgH13(3)

1 —27.2 —-26.0

3,6 —-36.5 -35.3

4,5 —-7.4 -10.7

7,11 —-27.3 —-25.5

8,10 -11.3 -8.0

To assess whether the GED geometriesZ@nd 3 are
likely to occur also in solution, boron-11 NMR shifts were
computed from these experimental structures at the GIAO-
B3LYP/6-311G* level of theory. These values correspond
very well to observed boron shifts f@rand3 in chloroform
(Table 6)1%11The largest difference, only 3.3 ppm, is found
for B4,5in 3.

Comparison of the experimental geometriesZdGED)
and4 (X-ray)'® shows that the presence of methyl substit-
uents on the carbon atoms results in lengthening of the-B(1)
C(2) bond. The experimentally determined value for this
bond length in2 is 5.8 pm less than id. The refined GED
structure also has a B(#B(8) bond that is 3.6 pm shorter
than those found id. The opposite trend is found for the
B(4)—B(10) bond: In the GED structure & this bond is
2.6 pm longer than id. Comparison of the MP2/6-31G*-
optimized geometriésfor 2 and4 reflects these trends, but
the differences are much smaller, with a difference of 1.3
pm for the B(1)-C(2) bond. There are substantial differences
in bond lengths between the experimental and optimized
MP2/6-31G* geometries fo#, with the largest difference
of 4.2 pm, for the B(1)-C(2) bond. This discrepancy may
be due to crystal packing forces in the experimentally
determined geometry af.

As there have been no derivatives ®feported so far,
the GED geometry o may only be compared with the
X-ray geometry? of a derivative of 2,7-gBgH3 where the
cage carbon on the open face is next to C2, rather than
opposite C2 as observed & Both show similar structural
features on the open face, with each of the two endo
hydrogens bridging a pair of boron atoms. The Bbonds
involved with the bridging hydrogens are, as expected, long,
with 187.7 pm for B#~B8/B10—B11 in 3 and 185.1/185.7
pm for B8-B9/B10—-B11 in the 2,7-isomer. However, even

geometries fit the optimized geometries is by a method that |onger B-B distances are found on the open face where

command of the prograP,'8 which gave an rms deviation

B11in3and 192.0 pm for BB10 in the 2,7-isomer. Long

between non-hydrogen atom positions. The values are showng_g ponds on this type of open face (i.e. CBith two
in Table 5. The differences among the results obtained with bridging hydrogens) are found in the related monocarbabo-

the three methodologies are small, with the highest misfit
values coming from the HF method, as would be expect-

ed.

(18) SHELXTL-NT version 5.1; Bruker Analytical X-ray Instruments
Inc.: Madison, WI, 1998.
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rane anion 7-CBH13~ and its derivatives?

(19) Struchkov, Yu. T.; Antipin, M. Yu.; Stanko, V. |.; Brattsev, V. A.;
Kirillova, N. I.; Knyazev, S. PJ. Organomet. Cheni977 141, 133.

(20) Batsanov, A. S.; Fox, M. A,; Goeta, A. E.; Howard, J. A. K.; Hughes,
A. K.; Malget, J. M.J. Chem. Soc., Dalton Tran2002 2624.
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Table 7. GED Data Analysis Parameters farand 3

2 3
camera distance/mm 257.75 93.92 257.73 93.71
TsampldK 440 400 465 455
Trozzid K 453 423 473 473
As/nmt 2 4 2 4
Smin/Nnm~1 20 80 20 80
swi/nm-1 40 100 40 100
swy/nm-1 112 276 112 276
Smax/nmM™1 130 320 130 320
correlation param 0.4497 0.4223 0.4408 0.3817
scale factork? 0.722(6) 0.612(13) 0.678(4) 0.603(10)
electron wavelength/pm  6.02 6.02 6.02 6.02

As positions of hydrogen atoms in molecular geometries
determined by X-ray crystallography are not as precise as

those found by GED, and they also do not represent nuclear

positions, it is worth noting here that the hydrogen bridges
are asymmetrical ir8. The B—H lengths in these bridges
are 134.2(6) pm for B(AH(23) and 139.5(12) pm for B(8)
H(23). These agree well with the values of 127.2 and 137.8
pm, respectively, calculated at the MP2/6-313* level of
theory.

Ab initio computations were also carried out on 7,8-
C,BgH33 (1); geometric data at various levels of theory are
listed in Supporting Information Table S9.

Experimental Section

Carbaborane$—3 were synthesized in Durham using reported
procedured®!1The samples for this ED study were sublimed twice
and checked for purity by NMR spectroscopy.

GED data for2 and 3 were collected at two different camera
distances using the Edinburgh appar&fushe data were recorded
photographically on Kodak Electron Image films, which were
converted into digital format using a PDS densitometer at the
Institute of Astronomy in Cambridge with a scanning program
described elsewhef@.The weighting points for the off-diagonal
weight matrices, correlation parameters, and scale factors for the
two camera distances are given in Table 7, along with the electron
wavelengths, which were determined from the scattering patterns
of benzene vapor. The data reduction and analysis were performe
using standard progrardemploying the scattering factors of Ross
et al?* On the basis of ab initio calculations, electron diffraction
refinements were carried out f@and 3.

Vibrational corrections were calculated using the method of
Sipachev and the progra®HRINK?® giving refined parameters
of structure typen:.

The structure oR was refined using 22 geometric parameters
with a model ofC,, symmetry (Figure 2). Parameterdefines the
average of the bond distances B{B(11), B(10)-B(11), and
B(8)—B(10). The differences associated with them are defined by
parameterg, andp; such thap; is the difference between B(5)
B(11) and B(10y-B(11) andps is the difference between B(5)
B(11) and B(8)-B(10). With the origin placed at the midpoint of

(21) Huntley, C. M.; Laurenson, G. S.; Rankin, D. W. H.Chem. Soc.,
Dalton Trans.198Q 954.

(22) Lewis, J. R.; Brain, P. T.; Rankin, D. W. t$&pectruml997, 15, 7.

(23) Hinchley, S. L.; Robertson, H. E.; Borisenko, K. B.; Turner, A. R.;
Johnston, B. F.; Rankin, D. W. H.; Ahmadian, M.; Jones, J. N,
Cowley, A. H. Manuscript in preparation.

(24) Ross, A. W.; Fink, M.; Hilderbrandt, Rnternational Tables for
Crystallography Wilson, A. J. C., Ed.; Kluwer Academic Publish-
ers: Dordrecht, The Netherlands, 1992; Vol. C, p 245.

(25) Sipachev, V. ATHEOCHEM1985 121, 143.

the B(10)-B(11) bond, the angle between the plane B(10)B(8)B-

(11) and a plane perpendicular to the molec@aexis is defined

by ps. The distances between the origin and atoms B(1) and C(2)
are described by parametgrs and ps. Parametep; defines the
angle made between atom B(1), the origin, and atom C(2), while
the angle B(5)yB(11)-B(10) is defined byps. Parameterpg
describes the torsional angle B{3(11)—B(10)—B(1). The mean

of the bond distances B(H(22), C(2-H(17), and B(5)-H(18),

and the subsequent associated differences are defined by parameters

pio—pP12. Parametepy; is the difference between B(#H(22) and
C(2)—H(17), andp;. is the difference between B(ZH(22) and
B(5)—H(18). The angle that H(22) makes with B(1) and B(11) is
included a3, with the associated torsion with B(10) defined as
pw (In practice, the last two parameters are determined bZihe
symmetry of the molecule.) Angle H(1#(2)—B(8) and torsion
H(17)-C(2)—B(8)—B(9) are defined as parametgxs andpss. The
angle made by H(18)B(5)—B(6) and torsion H(18)B(5)—B(6)—
B(7) are described bpi7 and p;s. Angle H(13)-B(8)—C(2) and
the associated torsion with B(9) are defined py and po,
respectively. The final two parameteps; andp,,, define the angle
H(14)-B(11)—B(10) and torsion H(14}B(11)—B(10)—B(1), re-
spectively.

The structure of3 was refined with a model o€s symmetry
using 25 geometric parameters (Figure 4). Paramgtetefines
the average of the bond distances B{B)11), B(4)-B(5), B(5)—
B(6), C(2)-B(6), B(7)—B(8), B(8)-C(9), B(1)-B(5), and B(1)-
B(6). The differences between B(7B(11) and each of these bond
distances are defined by parameterspg, respectively. Parameter
po describes the terminal-BH bond distances, while the-¢H and
bridging B—H distances are defined hjyio and p1;. The angles
B(4)—B(5)—B(6), C(2)-B(3)—B(6), B(8)-B(7)—B(11), and C(9-
B(10)—B(8) are defined ap;>—p1s, respectively. Parametgre
defines the angle B(AH(23)—B(8). The angle B(5)B(1)—H(12)
is defined byp,7. Parameterp;s andp; ¢ describe the displacements
in the y (perpendicular to the plane of the paper in Figure 4)
direction andz (vertical) direction when moving the origin from
the midpoint of B(3}-B(6) to the midpoint of B(7)-B(11). The
torsional angles C(2)B(3)—B(6)—B(5) and C(9)-B(8)—B(10)—
B(11), which describe the movement of each carbon out of the
plane of its respective ring, are defined g andp,;. In addition

dIo the displacement between the rings, on the basis of ab initio

calculations, there is a significant tilt of the upper ring such that
atoms B(8), C(9), and B(10) move away from the lower ring. This
tilt is defined bypy,. If the origin is moved to the center of the
boron cage, the angles origiB(5)—H(16) and origin-B(4)—H(15)

are defined byp,s, while the angles originB(3)—H(14) and
origin—B(6)—H(17) are defined by, Parametep,s describes the
torsion B(4)-B(5)—B(1)—H(12).

Computational Section

NMR chemical shifts were calculated using tBaussian9®
package. The non-hydrogen atoms of experimental and calculated

(26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C;
Clifford, S.; Ochterski, J.; Petersson, G. A,; Ayala, P. Y.; Cui, Q,;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A.Gaussian 98 revision A.7; Gaussian, Inc.:
Pittsburgh, PA, 1998.
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geometries were compared using the ofit commandR)é which Theoretical (HF/6-31G*) Cartesian force fields were obtained and
produces an rms deviation or misfit value. converted into force fields described by sets of symmetry coordi-
Geometry optimizations for compounds 2, and 3 were nates using th8HRINKprogram?® All geometric parameters were

performed using HF (3-21G* and 6-31G* basis sets), density then refined.

functional theory (DFT) (6-31G* and 6-311G* basis sets using the . . .
B3LYP functional method), and MP2 (6-31G*, 6-311G*, and Acknowledgment. We thank the Engineering and Physi-

6-311+G* basis sets) methods. The resultant geometrical param- & Sciences Research Council for support (Grant GR/
eters are given in Supporting Information Tables S9, S1, and S5 R17768).
for compoundsl, 2, and3, respectively.

Frequency calculations allowed the nature of stationary points
to be investigated, confirming the structures as local minima,
transition states, or higher-order stationary points on the potential-
energy surfaces. The starting parameters forrtheefinements
were taken from the theoretical geometries at the HF/6-31G* level. 1C0494509

Supporting Information Available: Data tables (DFT calcula-
tions, bond lengths and calculations, correlation matrices), and
molecular scattering intensity graphs. This material is available free
of charge via the Internet at http://pubs.acs.org.
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