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The molecular structure of trifluorophosphine tetraborane(8HsBF;, has been studied in the gas phase by

electron diffraction. The experimental data can be fitted using a model which represents the gas as consisting

solely of theendoconformer withCs symmetry, the PEgroup staggered with respect to the B{H(1) bond.
Important experimental structural parametearg’)( are r[B(1)—B(2)] (hinge-wing) = 184.7(9) pm,r[B(1)—
B(3)] (hinge—hinge) = 172.2(12) pm[[B(2)—B(3)] = 179.9(10) pm[[B(1)—P] = 179.8(9) pm, and(P—F)
(mean)= 152.8(1) pm; B(3)B(1)P= 131.6(11}, and the dihedral (“butterfly”) angle between the planes B(1)B-
(2)B(3) and B(1)B(4)B(3) is 133.9(23) These values agree well with tab initio (MP2/TZP level) optimized
molecular geometry for thendo conformer; at the MP2/TZP//MP2/TZR ZPE(HF/6-31G*) level, theexo
conformer is predicted to represer& 2% of the compound vapor, consistent with the experimédBaNMR

solution spectrum. The experimental and theoretical geometries are supported by comparison of the calculated

(IGLO) 1B NMR chemical shifts with the experimental NMR data.

Introduction

Lewis-base adducts of tetraborane(8)HB., exhibit interest-

ing isomeric behavior, the nature of which has been investigated
in some detail by NMR spectroscopic and X-ray crystallographic

methods. For example, the adductsHBPFEX (X = F, Cl,
NMe,;, OMe, SMe, 'Bu) exist in solution as temperature-
dependent mixtures of geometrical isomeendo or exo
placement of the ligand with respect to the folded B
framework—see below):* rotamers are observed at low
temperatures for thendoisomers. By contrast, BisPRH
exists solely as thendoform,* as does gHsPRNMe; in the
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The factors that account for the stabilization of one isomer
relative to another in compounds of this type are not fully
understood, and it is by no means clear whetherett@endo

crystalline staté. The only gas-phase structure has been ratios are determined mainly by electronic considerations or by

determined for the adduct;BgCO, in which rotational isomer-

steric requirements of the ligands. To provide further insights,

ism is not possible; the sample was found by electron diffraction we have investigated the structure ofBPF; in the gas phase

to consist of a mixture of thendoandexoisomers in a ratio
of 62:385 Subsequently thab initio optimized geometries of

by electron diffraction (GED) and bgb initio computations,
making use of the combineab initio/IGLO/NMR method—12

the two isomers were found to be in very good agreement with to augment the structural determination. This approach has

the experimentally determined valuesA theoretical study of
the adducts BHgL (L = CO, NHs, PR, PHs) has also been
reported by Mebeét al8

proved to be highly successful in studies of borane structdres,
including those of the three,Bl1o derivatives 2,4-(Ch).BsHg,13¢
2,4-(MeCHCH)B4Hg!¥d and 2,4-fransMeCHCHMe)BHg.13d
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Table 1. Nozzle-to-Plate Distances, Weighting Functions, Correlation Parameters, Scale Factors, and Electron Wavelengths

nozzle-to-plate electron
dist/mm Asnm™t sp/nmt swi/nmt sw/nmt sp/nmt correln param scale factd®  wavelengti/pm
285.8 2 20 40 122 144 0.438 0.595(9) 5.667
128.2 4 120 140 292 344 0.456 0.609(21) 5.667

aFigures in parentheses are the estimated standard devidtidatermined by reference to the scattering pattern of benzene vapor.

B4H10 and 2,4-(CH).BsHs, were optmized at the MP2/TZP levék.
employing the following polarized triplé-basis set: B,FDunning’s
Synthesis. Trifluorophosphine tetraborane(8)s#PF;, was pre- [6s3p] basig€® H—Dunning's [3s] basig? P—McLean and Chandler's
pared as suggested previodélpy repeated reaction of,BsCO and [6s5p] basi&* augmented with one set of d-polarization functions on
PFR; (Aldrich) in a 75 cni Hoke single-ended stainless-steel pressure B, F, and P (exponents 0.386, 1.0, and 0.465, respectively) and with
tube. In each reaction, the tube was charged wiiHsBO (6 mmol) one set of p-polarization functions on hydrogen (exponent 0.75).
and Pk (12 bar) and held at 38C for 2 h. The volatile products were Higher-level optimizations were performed for PMP2/TZ2Pf,
separated by low-temperature fractional distillatiorvacug and the i.e. with the same triple: basis set described above, augmented with
purity of the adduct was assessed by reference tHitd'B, and*°F two sets of d- and one set of f-polarization functions on each atom:
NMR spectra#1%16a small amount of residualBsCO was shown to d-exponents of 0.652 and 0.216 on P and 3.107 and 0.855 on F;
be present. f-exponents of 0.452 and 1.917 for P and F, respectively), as well as

Electron-Diffraction Measurements. Electron-scattering intensities ~ 0F 2,4-(CH)2BaHg and BiHio (MP3/TZP, i.e. including electron

were recorded on Kodak Electron Image plates using the Edinburgh cOrrelation up to third-order MellerPlesset perturbation theory). In
gas-diffraction apparatus operatingcat 44.5 kV (electron wavelength addition, BHyowas optimized at the CCSD(T)/TZP level including

ca 5.7 pm)’ Nozzle-to-plate distances weca. 128 and 286 mm electron correlation to the coupled-cluster I&¥alith single, double,
yieldi.ng daté in thes range 26-344 nn1: three usable plates wer,e and perturbatively-included connected triple excitatin&nergies are

obtained at each distance. The sample and nozzle were hehll at dem;(;d rl\eve.I O]; c;l;ulatlon//level (tnfdgeom ettrg/ (;Enr?clng(t)loh d idual
296 K during the exposure periods. chemical shifts were computed using the the (individual

. gauge for localized orbitals) methbih its so-called “direct” imple-
Thg sca_tterlng patterns of benzene_ were also recorded for the PUrPOSEhentatiori? employing basis lli.e. the following contracted Huzinaga
of calibration; these were analyzed in exactly the same way as thosepagis set: B,F [5s4p] augmented with one set of d-polarization functions
of the tetraborane(8) derivative so as to minimize systematic errors in (exponents 0.7 and 1.0 for B and F, respectively); P [7s6p] augmented
the wavelengths and camera distances. Nozzle-to-plate distancesyith two sets of d-polarization functions (exponents 0.35 and 1.40); H
weighting functions used to set up the off-diagonal weight matrix, [3s] augmented with one set of p-polarization functions (exponent
correlation parameters, final scale factors, and electron wavelengthsg 65)% Theoretical'B chemical shifts were referenced teHg and
for the measurements are collected in Table 1. converted to the standard BBEb scale as described elsewhét@he
The electron-scattering patterns were converted into digital form MP2/6-31G* geometry and IGLG'B NMR shifts were reported
using a computer-controlled Joyce-Loebl MDM6 microdensitometer previously forendeBsHgPF;.2
with a scanning program described previouslyThe programs used
for data reductiotf and least-squares refinem#ttave been described ~ Model

elsewhere; the complex scattering factors employed were those listed . .
P g Ploy On the basis of the NMR evidenéé® the results of theb

by Rosset al.?®
. . . . i initio computations (see below), and a series of test refinements,
Theoretical Calculations. Using the Gaussian series of prograiis, the moIechJIar modél used to )generate the atomic coordinates

the two conformers of thendoand exoisomers of BHgPR; with Cg
symmetry were fully optimized at the HF/6-31G* levél.Analytical _for B4HsPF; assumed the presence of gredoconformer only
in the vapor. The structure was based upon thél:B

frequencies and zero-point energies (ZPE, scaled by 9.8%) the . ! ' :
stationary points on the potential-energy surface computed at the same Putterfly” motif (see Flgure 1) V_V!th the Pfgro.up.replacmg
level, followed by reoptimization of the geometries at the MP2/6-31G* the H(1}ndoatom at the hinge position and no bridging hydrogen
level (i.e., with inclusion of electron correlation according to second- atoms at B(1). Throughout the analysis, the structure was
order Mgller-Plesset perturbation theory and employing polarization
functions on all atoms except hydrogen). The geometies of the lowest- (21) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

energy conformers of BigPF;, as well as those of the related species Johnson, B. G.; Wong, M. W.; Foresman, J. B.; Robb, M. A.; Head-
Gordon, M.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghava-
chari, K.; Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J,;

Experimental Section

(13) For example, see: (a) Brain, P. T.; Hnyk, D.; Rankin, D. W. HhIBu
M.; Schleyer, P. v. RPolyhedron1994 13, 1453. (b) Brain, P. T.;
Rankin, D. W. H.; Robertson, H. E.; Alberts, I. L.; Schleyer, P. v. R.;
Hofmann, M.Inorg. Chem 1994 33, 2565. (c) Hnyk, D.; Brain, P.

T.; Rankin, D. W. H.; Robertson, H. E.; Greatrex, R.; Greenwood, N.

N.; Kirk, M.; Buhl, M.; Schleyer, P. v. RInorg. Chem 1994 33,
2572. (d) Brain, P. T.; Boi, M.; Fox, M. A.; Greatrex, R.; Leuschner,
E.; Picton, M. J.; Rankin, D. W. H.; Robertson, H. [Borg. Chem

Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Pople, dussian 92/
DFT, Revision F.4; Gaussian, Inc.: Pittsburgh, PA, 1993. (b) Frisch,
M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B. G.;
Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;

1995 34, 2841.

(14) Spielman, J. R.; Burg, A. Bnorg. Chem 1963 2, 1139.

(15) Norman, A. D.; Schaeffer, R. Am. Chem. Sod966 88, 1143.

(16) Greatrex, R.; Fox, M. A. Unpublished results of a low-temperature
1H and B NMR study.

(17) Huntley, C. M.; Laurenson, G. S.; Rankin, D. W. H.Chem. Soc.,
Dalton Trans 198Q 954. Molecular Orbital Theory Wiley: New York, 1986.

(18) Cradock, S.; Koprowski, J.; Rankin, D. W. Bl. Mol. Struct 1981, (23) Dunning, T. HJ. Chem. Physl97Q 53, 2823.
77, 113. (24) MacLean, A. D.; Chandler, G. S. Chem. Phys198Q 76, 163.

(19) Boyd, A. S. F.; Laurenson, G. S.; Rankin, D. W.H.Mol. Struct (25) (a) Purvis, G. D.; Bartlett, R. J. Chem. Phys1982 76, 1910. (b)
1981 71, 217. Scuseria, G. E.; Janssen, C. L.; Schaefer, H. F.JIIChem. Phys

(20) Ross, A. W.; Fink, M.; Hilderbrandt, R. Iimternational Tables for 1988 89, 7382. (c) Scuseria, G. E.; Schaefer, H. F., 3l.Chem.
Crystallography Wilson, A. J. C., Ed.; Kluwer Academic Publish- Phys 1989 90, 3700.
ers: Dordrecht, The Netherlands, Boston, MA, and London, 1992; (26) Huzinaga, SApproximate Atomic Wa Functions University of
Vol. C, p 245. Alberta: Edmonton, Canada, 1971.

Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Gaussian
94, Revision B.3; Gaussian, Inc.: Pittsburgh, PA, 1995. (c) The
coupled-cluster optimization was performed employing the program
ACES II: Stanton, J. F.; Gauss, J.; Watts, J. D.; Lauderdale, W. J,;
Bartlett, R. J.Int. J. Quantum Chem. Symp992 26, 879.

(22) Hehre, W.; Radom, L.; Schleyer, P. v. R.; Pople, J.Ah. initio
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Figure 1. Views of endeB4HsPF; in the optimum refinement of the
electron-diffraction data: (a) perspective view; (b) view perpendicular

to the moleculaCs plane.

Table 2. Structural Parameters,() for endeB4HsPF; (Distances/
pm; Angles/degd)®

param

p1 Y{r[B(1)—B(3)] + 2r[B(2)—B(3)] + 180.3(8)
2[B(1)-B(2)It

P2 YA1[B(1)-B(2)] + r[B(2)-BE)]} — 10.1(8)
rB(1)—B(3)]

Ps r[B(1)—B(2)] - r[B(2)—B(3)] 4.8(9)

Pa r[B(1)—P] 179.8(9)

Ps Y{r[P—F(1)] + 2r[P—F(2)]} 152.8(1)

Pe r[P—F(2)] — r[P—F(1)] 0.8(f)

p7 r[B—H](mean) 125.5(9)

Ps r[B—Hi](mean)— r[B—Hp](mean) —13.6(9)

Po r[B(3)—H(2,3)] — r[B(2)—H(2,3)] 5.8(25)

pio “butterfly angle” B(1)B(2)B(3)/B(1)B(4)B(3) 133.9(23)

P11 B(3)B(1)P 131.6(11)

P12 “Czaxis"—P—F 117.6(1)

pi3 PR tilt —3.5(11)

P14 PB(1)H(1) 108.5(18)

P15 B(1)B(3)H(3) 115.0(f)

P16 origin—B(2)—H(2)endorexbyz 121.3(f)

P17 B(1)B(2)B(3)/B(2)H(2,3)B(3) 19.7(f)

pis PF; twist 0.0(f)

P19 % B4HsCO 3.5(f)

aFor definitions of parameters, see the téigures in parentheses

are the estimated standard deviations= fixed.

assumed to hav€s symmetry, although this assumption was
tested in the final refinements. With the origin of the coordinate
system chosen to lie on B(&B(3) such that they axis passed
through B(2)--B(4), the model for BHgPF; was described by

Brain et al.

Pn/r

Lu I“l th.(, hIH‘ 1l A‘M.

l =]
100 200 300 400 500 600
r/pm

Figure 2. Observed and final weighted difference radial-distribution
curves forendeBsHsPF;. Before Fourier inversion the data were
multiplied by s-exp[(—0.00002?)/(Zr — fr)(Zs — fa)].

distancesy), the difference between the two hirgeing B—B
distancesygs), and the “butterfly” anglefo) defining the angle
between the planes B(1)B(2)B(3) and B(1)B(4)B(3).

For the PR group, the two very similar PF distances were
defined by a weighted meapsj and a differencep). The F
atoms were located assuming all FPF angles to be equal. Thus,
a pseudadz; axis, P-O, was defined for the RFgroup such
that P-O lay in the B(3)B(1)P plane, yielding all B(1)PF angles
identical when P-O was coaxial with P-B(1). The PE tilt
(p13) described the angle B(1)P(e. the angle between B(1)P
and the pseud@s; axis, such that an increasing tilt resulted in
a decreasing B(1)PF(1) angle. Rotation of thg ®up about
P—0O from a starting position () with F(1)PB(1)H(1)= 180C°
was allowed bypss.

The positions of the hydrogen atoms were defined by seven
refinable parameters. TheBH distance parameters consisted
of the mean of the terminal (Hand bridging (H) distances
(p7), a difference between the average terminal and the average
bridging distancespg), and the difference between the two
different B—Hy, distances ). For the four slightly different
B—H; distances, the differences from the weighted mean value
were fixed at the theoretical (MP2/6-31G* level) values. H(1)
and H(3) were located in the B(3)B(1)P plana the angles
PB(1)H(1) (14 and B(1)B(3)H(3) f1s5), respectively. The
H(2)exoand H(2)ndgoatoms were located initially in thgz plane
[containing B(2) and B(4); see Figure 1] by the angle H(2)
B(2)—origin (p1g), and the BH unit was positioned by three
nonrefinable parameters: in the plane by a small wag angle
and out of the plane by small rock and twist angles. These
angles were fixed at the theoretical values. Finally, the bridging
atoms H(2,3) and H(3,4) were allowed to move out of the
B(1)B(3)B(2) and B(1)B(3)B(4) planes, respectively, becoming
more endowith increasingp;7.

Refinement

The radial-distribution curve for BigPF; (Figure 2) shows
three features in the bonding region, two peaksaatl53 and
177 pm and a shoulder ab. 120 pm. These are assigned to

the parameters listed in Table 2, with the atom-numbering the P-F distances, the BP and B-B distances, and the-BH
scheme as shown in Figure 1.

The B, cage was defined by four geometrical parameters: a intense peak lies aa. 235 pm and is associated with theF

weighted mean of all bonded- distancesy;), the difference

between the average hingwing and the hingehinge B-B

(H: and H,) distances, respectively. Above 200 pm, the most

nonbonded pairs. The peakaat 270 pm arises from scattering
from the B(2)--P, B(1}--F, and B(2)--B(4) nonbonded pairs
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while the broad shoulder centeredca 312 pm corresponds
to the B(2)--F and B(3)--P nonbonded pairs. The peakcat
415 pm originates mainly from scattering by the B{Z}(3)

Inorganic Chemistry, Vol. 36, No. 6, 19971051

Using flexible restraints, it was possible to refine the four
bond-distance differences listed above. These were restrained
directly with the valuegp, = 11.3+ 1.0 pm,ps = 5.1+ 1.0

and B(2):-F(2) nonbonded pairs, and the weak broad feature pm, ps = —13.1+ 1 pm, andpy = 5.8 + 2.5 pm. The angle

atca. 500 pm consists principally of four-bond-FH contribu-
tions.

The ry° structure of BHg-PF; was refined. A harmonic
vibrational force field was computed at the HF/6-31G* level,

PB(1)H(1) p14) was also refined subject to a flexible restraint
of 109 + 2°.

In addition, nine amplitudes of vibration were included in
the final refinements, with just one restraintwe{B—H;) to 8.5

and the Cartesian force constants were transformed into thoset 1.0 pm.
described by a set of symmetry coordinates using the program Lowering the molecular symmetry tG; by refinement of

ASYM4027 Because a full analysis of experimental vibrational

p21, with the BHgP skeleton being assumed to retail

frequencies is not available for the compound, it was not possible symmetry, led to a slight reduction Rs (0.003) and a refined
to scale the theoretical force constants on this basis. Instead PF; twist angle of 2.0(20) Changes in other refining param-
as the best alternative, empirical scale factors of 0.9 for bond eters were all within 1 esd of their values fon = 0°. Since

stretches, 0.85 for bends, and 0.8 for torsions were empHkyed.

Values for the root-mean-square amplitudes of vibratigragd
perpendicular amplitude correctiori€)(were then derived from
the scaled force constants using ASYM40.

Using starting values taken from the structure optimiabd
initio at the MP2/6-31G* level, it was possible to refine six of

the refined value is not significantly different front,dt was
subsequently fixed at°Gn the final refinements.

The B NMR spectrum of the sample of4HsPF; showed
the presence of a small amount ofHBCO, estimated a+5%.
Therefore, further refinements were undertaken allowing for the
presence of this impurity in the diffracted vapor. The structure

the parameters defining the heavy atom and also the averageor B4HgCO was taken from the GED analy$ighich assumed
B—H; distance. Introducing parameters defining differences two conformersyiz. 62% endoand 38%exa A plot of the

between bond lengths,g pz, ps, ps, andpe, either caused the
refinement to become unstable (large oscillations ifRkéactor

variation ofRg with pyg, the fraction of BHsCO present, showed
a minimum atca. 3.5% (curve-fitted using a fourth-order

between cycles) or led such parameters to adopt unrealisticpolynomial); at the 95% confidence levi&lthe error was 1.5%,
values. Attempts were made subsequently to refine theseindicating an esd ofa. 0.8%. Thus, in the final refinements,

parameters using flexible restraigs0

p1o was fixed at 0.035. However, even withy = 0.1, there

Flexible restraints may allow the refinement of parameters were no significant changes in the refining geometrical param-
that would otherwise have to be fixed. Estimates of the values eters compared to those obtained witb= 0.0, the change in
of these restrained quantities and their uncertainties are used a8 being associated with small changes in some of the refining
additional observations in a combined analysis similar to those amplitudes of vibration. This further vindicates our use of a

routinely carried out for electron-diffraction data combined with
rotation constants and/or dipolar coupling constdhtsThe

model defining only one conformer for,BgPF;; the inclusion
of small amounts of “impurities” such as4sBsCO has no

values and uncertainties for the extra observations are derivedsignificant effect on the values of the final refined geometrical
from another method such as X-ray diffraction or theoretical parameters in the GED analysis.

computation. All geometrical parameters are then included in

Values of the principal interatomic distances for the final

the refinements. In cases where a restraint corresponds exactlyefinement Rs = 0.065,Rp = 0.043) are listed in Table 3, and

to a refined parameter, if the intensity pattern contains useful the most significant values of the least-squares correlation matrix

information concerning the parameter, it will refine with an esd are given in Table 4. The experimental and difference radial-

less than the uncertainty in the corresponding additional distribution curves are shown in Figure 2, and the molecular-

observation. However, if there is essentially no relevant scattering intensities, in Figure 3. Cartesian coordinates are

information, the parameter will refine with an esd equal to the included as part of the Supporting Information.

uncertainty of the extra observation and its refined value will

equal that of the restraint. In this case, the parameter can simplyResults and Discussion

be fixed, in the knowledge that doing this does not influence

either the magnitudes or the esd’s of other parameters. In some A? assessegl tWF aP?MB.NMR spedctros(;:opﬁ’,leTEF:HgPdE

cases, because increasing the number of refining parameterr%ex'ss as adm|x_ ure o wlo |_somer?jn olan ex”o een Of h

allows all effects of correlation to be considered, some esd’s orm Is predominant in solution, and only small amounts of the

may increase. Overall, this approach utilizes all available data exoisomer are present. In order to see .'f a significant proportion
. o \ .. " of the exo form might be expected in the gas phase, we

as fully as possible and returns more realistic esd’s for refining

. . . .~ performed ab initio computations for the geometries and
ﬁiézrg?gr? ettr;? SUQ:( en ?X/‘;aegzcsngfiggnggon with otherwise energies of both isomers. At the MP2/TZP//MP2/TZRZPE-

(HF/6-31G*) level, theexoform is computed to lie 9.3 kJ mol
higher in energy than thendoisomer, corresponding to @amdo
exoratio of ca. 98:2 at room temperature.

Ab initio (r) and experimentalr(®) geometrical parameters
for B4HgPF; are compared in Table 5. The MP2/6-31G* level
and GED data for thendoconformer are in only moderately
good agreement. In particular, the computed averagé& P
distances are significantly overestimated [MP2/6-31G*, 156.9
vs GED, 152.8(1) pm], and the BB distances of the borane
framework are somewhat underestimated-fgmean): MP2/
6-31G*, 178.50s GED, 180.3(8) pm]. A similar disparity for
certain B-B separations has been noted for other tetraborane-

(27) ASYMA4O0 is an updated version of ASYM20: Hedberg, L.; Mills, I.
M. J. Mol. Spectrosc1993 160 117.

(28) For example, see: (a) Pulay, P.; Fogarasi, G.; Pongor, G.; Boggs, J.
E.; Vargha, A.J. Am. Chem. Sod 983 105 7037. (b) Rauhut, G.;
Pulay, P.J. Phys. Chem1995 99, 3093 and references therein.

(29) Blake, A. J.; Brain, P. T.; McNab, H.; Miller, J.; Morrison, C. A,;
Parsons, S.; Rankin, D. W. H.; Robertson, H. E.; Smart, Bl.&hys.
Chem 1996 100, 12280.

(30) (a) Mitzel, N. W.; Smart, B. A.; Parsons, S.; Robertson, H. E.; Rankin,
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Table 3. GED Interatomic Distances{pm) and Amplitudes of
Vibration /pm) for endeB,HgPR2°

dist amplitude
r1 B(1)-B@®) 173.4(12) 6.
r2 B(1)-B(2) 185.8(9) 7.5
rs  B(2-B@) 181.2(10) 6.
rs  B(1)-P 180.1(9) 5.
rs  P—F(1) 152.7(1) 4.3 (tied tog)
re  P—F(2) 153.8(1) 4.3(2)
7 B2)—H@exo 122.2(9) 8.7(9)
rs B(2)~H(2)endo 122.7(9) 8.
ro B(3)—H(3) 121.3(9) 8.3 (tied tou,)
ro  B(1)—H(1) 121.6(9) 8.
ri B(3)-H(3,4) 132.4(16) 9.
r2  B(4)—H(3,4) 138.9(18) 117}d
rs  F(L)F(@2) 235.1(2) 7.1(2)
ra  FQy—F@3) 235.8(2) 6.9 (tied teys)
rs  B,P-H (two bond) 246.5276.2  10.8-13.3
rs  B(2)-+P 267.3(6) 8.7(8)
r7 B()F(2) 282.9(8) 8.4(11)
rs  B(1)F(1) 289.6(21) 7.9 (tied tayy)
re  B(2)-B(4) 296.8(22) 9.1 ()
o B(3)+P 321.2(10) 8.2(5)
ra B,P---H (three bond) 261:9420.0 12.6-22.8
r B(2)---F(1 310.2(32 158B.
e Bgzg---ngg 318.3%9) ) 19.5“ed touy
s B(3)+F(1) 372.7(19) 14.9(26)
s B(2)F(3) 413.5(5) 11.1(9)
s B(3)F(2) 429.2(12) 12.0 (tied tos)

a For atom-numbering scheme, see Figure 1. Figures in parentheses

are the estimated standard deviations: fixed. ? F-*H and H--H
nonbonded distances were also included in the refinements but are not

Brain et al.
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Figure 3. Observed and final weighted difference molecular-scattering
intensity curves foendeB4HsPF;. Nozzle-to-plate distances: (a) 286
mm; (b) 128 mm.

listed here.

Table 4. Least-Squares Correlation Matrix £00) for the GED

Rpfflni:rgeniﬂ P12 P13 u1e 17 upo ups ki ko Table 5. Comparison of Theoreticatd) and Experimentalr(°®)
Geometrical Parameters fopfBsPFs?
-79 55
o Z; | MP2/6-31G*®  MP2TZP Gy
s 5 61 61 o distance/angle  endo exo endo exo endo
” ps B(1)-B(3) 169.5 1706 1704 1715 172.2(12)
B(1)—-B(2) 183.3 181.1 184.8 182.2 184.7(9)
-64 p7 B(2)—B(3) 178.2 178.2 179.7 179.7 179.9(10)
-78 57 67 63 57 P10 B(1)—P 180.2 183.2 181.0 183.7 179.8(9)
68 68 55 51 o P—F(1) 156.4 156.5 156.1 156.3 152.X1)
P—F(2) 157.2 1569 157.1 156.8 153.01)
64 68 P13 B(3)—H(3,4) 129.6 129.1 130.0 129.6 130.7(16)
89 ug B(4)—H(3,4) 1354 1365 136.0 137.0 136.5(18)
52 v B—H; (mean) 119.4 1193 119.2 119.2 120.0(9)
69 51 7 “butterfly” angle!  136.6  143.4 136.1 142.8 133.9(23)
B(3)B(1)P 131.6  249.9 131.3 249.7 131.6(11)

aOnly elements with absolute value$0 are shownk; andk, are

a i . , . .
scale factors. For atom-numbering scheme, see Figure 1. Distances are given

in picometers and angles in degrees. Figures in parentheses are the
estimated standard deviations of the last diditslentical within 0.1

pm to the data reported in ref 8Forr, distances, see Table 8Angle
between planes B(1)B(2)B(3) and B(1)B(2)B(4)Xhe difference
between P-F distances was fixed.

(8) derivatives and has been ascribed tentatively to a slight
shortfall in the particular levels employed in ttab initio
computationg3d

In order to identify possible shortcomings of the MP2/6-31G* . )
geometries, we performed higher-level geometry optimizations the GED values.. Levels of electron correlation higher than MP2
for the title compound, as well as for tetraborane(1QH #3033 affect the B-B distances less, up ta. 1.6 pm (_con"!pare MP2/
and 2,4-dimethylenetetraborane(8), 2,4-¢BBsHs13 The TZP and MP3/TZP or CCSD(T)/TZP entries in Table 6).
cage B-B-bonded distances are summarized in Table 6. On Reémaining deficiencies in the theoretical geometries are prob-
going from MP2/6-31G* to MP2/TZP, all BB distances  ably due to basis set effects and should be small. Note that
increase bya 1—3 pm, resulting in improved agreement with experimental distances are for a vibrationally-averaged rather
than a theoretical equilibrium structure and that some experi-
mental values are associated with large uncertainties, particularly
B(1)—B(3) distances.

(33) Dain, C. J.; Downs, A. J.; Laurenson, G. S.; Rankin, D. W.JH.
Chem. Soc., Dalton Tran§981, 472.
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Table 6. Cage B-B Distances (pm) for Tetraborane(10) Derivatifes

Inorganic Chemistry, Vol. 36, No. 6, 19971053

B4H10 2,4-(C|‘bCHg)B4H3 endGB4HgPF3 endoB4HgCO
method  B(1)-B(2) B(1)-B(3) B(1)-B(2) B(1)-B(3) B(1-B(2) B(2)-B(3) B(1)-B(3) B(1)-B(2) B(2-B(3) B(1)-B(3)
MP2/6-31G 183.5 171.4 185.9 171.3 183.3 178.2 169.5 185.1 178.0 169.9
MP2/TZP 185.6 173.1 188.2 173.3 184.8 179.7 170.4 187.0 179.7 171.4
MP3/TZP 186.9 173.8 189.8 173.6
CCSD(T)/TZP  186.5 173.4
GED 186.5(2) 173.6(5) 189.5(3) 172.9(17) 185.8(9) 181.2(10) 173.4(12) 184.9(4) 178.0(6) 172.7(10)

aValues in parentheses are the estimated standard devidtieosreferences, see the texTheoretical distances amg; GED parameters

arera.

Table 7. Computed Chemical Shifts (IGLO, Basis Il) and Relative
Energies of Theoretical and Experimental Structures for
endeBsHsPR2

rel energy/
o(B)° kJ mol?
geometry B(1) B(2,4) B(3) MP2/TZP
MP2/6-31G*d —58.9(-55.0) —3.7(-3.5) 2.1(1.1) 0.8(12.5)
MP2/TZP —58.2(-54.5) —3.3(-3.1) 2.5(1.6)  0.0(11.8)
GED (ra) —58.8 -1.6 35 12.9
GED (r.°) —59.4 -23 3.0 12.6
experiment&dl —58.6(-55.5) —4.1(n.0.) 1.5¢1.5)

aValues in parentheses are for tle@o conformer.b Relative to
BF;-OEt. ¢ Energy of the structure relative to the MP2/TZP fully
optimized geometryd The IGLO values for thendoconformer differ
slightly (up toca 1 ppm) from those reported in ref 8, since we
employed a slightly larger basis set (polarized triplguality for the
hydrogen atoms¥ In CDCls. This work; n.o.= not observed due to
overlapping peaks.The energy differenceefdo-exo, corrected for
zero-point energy (HF/6-31G* scaled by 0:99.3 kJ mof?, equivalent
to a ratio of conformers of 98:Z2ndaoexq at 296 K.

Unlike the B-B separations, the P~ distances (Table 5)
change very little on going from the MP2/6-31G* to the MP2/
TZP optimized theoretical geometry. Surprisingly for such a
small molecule, the PF bond length in free Pfis also
considerably overestimated at these levefs159.5 (MP2/6-
31G*) and 160.0 (MP2/TZP)s 156.3(1) pm (MW/).3435The
error in theab initio bond length is somewhat reduced when a
larger basis set is employetf; the MP2/TZ2P(f) value of 157.9
pm. While higher levels of electron correlation such as CCSD-
(T) have only negligible effects on the PEeometry2® even

The relative energy of an experimental geometry is always
greater than that of its structure optimizexb initio.'122
However, large “excess” energies (50 kJ miolor more,
depending on the size of the system) can help to identify
experimental “problem case&®!%2 The “excess” energies of
the experimental structures ofzIBsPF; are relatively small,
ca. 13 kJ mof?! (Table 7). In each case studied so fathe
largest part of such “excess” energy has been attributed to the
different positions of the hydrogen atoms in the theoretical (
and experimentalr§, etc) structures. This can be assessed by
calculating relative energies of so-called “H-relaxed” GED
geometries, where the heavy-atom skeleton is fixed at the
experimental geometry and the positions of the hydrogens are
optimized. During such an MP2/6-31G* level optimization for
thery® structure of BHg-PF;, the energy dropped bga. 1 kJ
mol~1. The major part of the “excess” energy of this molecule,
however, is due to the overestimation of thefPPbond lengths
in the ab initio structure; an “H,F-relaxed®,° GED structure,

i.e. with both H and F positions optimized at the MP2/6-31G*
level, lies only 1.3 kJ mof' above the fully optimized minimum.
Thus, judging from the experimental and theoretical criteRia (
values, computed chemical shifts, and relative energies), the
joint ab initiod/ GED geometry offers an accurate and reliable
description of the molecular structure efideBsHgPFs.

The computed association energy oHg with PF; to form
endeB4HgPFR; is —97.1 kJ mot! at the MP2/6-31G*//MP2/
6-31G* + ZPE(HF/6-31G*) level,i.e. somewhat larger than
that of the BH + PR — BH3'PF; reaction,—92.0 kJ mot?

(the experimentahH® is —96 kJ moi1).38 Comparable Lewis
acid behaviors of BHg and BH; toward CO have been notéd.

larger basis sets are probably required for a quantitative owever, there is experimental evidence from competition

description. It is not clear why the-FF bond length in P§

experiments that the Blg group behaves as a stronger Lewis

appears to be so demanding with respect to the theoretical levelcid toward halodifluorophosphines, includingsPF

employed.
experimental results agree that the-FPP bond length in P§
decreases bga. 3 pm upon formation of the Bls adduct.

In other joint experimental andb initio studies of borane
and heteroborane derivativEsye have assessed the accuracy
of the experimental geometries by meansbfinitio computa-
tions of their 1B chemical shifts and of their relative (or
“excess”) energies with respect to the optimized structtires.
The corresponding results foryBgPF; are shown in Table 7.

Nevertheless, all theoretical methods and the

In addition to geometrical isomersr{doandexo, rotational
isomers about the BP bond have been detected in the low-
temperature NMR spectra of someHg adducts with halodi-
fluorophosphines; rotamers are found éordq but not forexq
isomers! To estimate the corresponding potential-energy
barriers, we located the transition-state structures (MP2/6-31G*
level) for rotation of the Pfgroups. For botlende andexo
B4HgPF;, the transition-state geometries possessymmetry,
with a H(1)B(1)PF(1) dihedral angle of°Qi.e. with PF; in

Despite the geometrical variations discussed above, all theoreti-Figure 1 rotated by 60 At the MP2/6-31G*//MP2/6-31G*+

cal and experimental geometries ofHBPF; perform about
equally well in the chemical-shift computations; th¢'B)

ZPE(HF/6-31G*) level, a barrier of 27.3 kJ mélis computed
for the endoconformer, but only 1.0 kJ mot is computed for

values computed for the various structures agree very well with the exo conformer, consistent with the experimental observa-

the experimental data, withica. 2 ppm3’

(34) Kawashima Y.; Cox, A. PJ. Mol. Spectroscl977, 65, 319.

(35) The SCF/6-31G* geometry is (apparently fortuitously) in good accord
with experiment. For example, see: Breidung, J.; Thiel, WPhys.
Chem 1988 92, 5597.

(36) Breidung, J. Unpublished results.

(37) This agreement is excellent if it is borne in mind that theoretical values
for rigid, isolated molecules are being compared with experimental
data for vibrating species in solution.

tions?

Of the tetraborane(8) derivatives carrying substituents at the
hinge borong; 68 two others have been structurally character-
ized, viz. B4HgCO, in the gas phase by electron diffractfon,
and BHgPFNMe;,, by X-ray diffraction®> The carbonyl exists
as a 62:3&ndoexomixture in the gas phase, and the phosphine

(38) Fehlner, T. P. IBoron Hydride ChemistryMuetterties, E. L., Ed.;
Academic Press: New York, 1975; Chapter 4, p 175.
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adopts theendoconformation in the solid phase. Including the Table 8. Structural Parameters/pm, </deg) for Borane-PF;
structure of BHgPR;, it is found that (i) the BHg cages are ~ Adducts$

distorted consistently t€;, or nearCs, symmetry relative to compd methodl r(P—B) r(P—F) OFPF
3.4H10,30~33 with r[B(1)—B(2)] longer thanr[B(2)—B(3)], and F.P-BH; MW3° 183.6(12)  153.8(8) 99.8(10)
(ii) for the endoconformer, the “butterfly” angle is close to F,PH-BHs MW40 183.2(9) 155.2(6)  100.0(5)
135, as compared to the much narrower angleafl17 in (FsP)B2H,4 GED* 185.0(28) 154.0(3) 101(2)
B4H10. For the gas-phase structures, when RReplaced by BsHsPF GED* 180.3(9) 152.8(1)  100.2(1)
CO, the experimental (and theoretical) Bage geometrical u 153.9(1)
parameters for thendo conformers change very little (see PR MW 156.3(1) 97.7(1)
Tables 3 and 6). 2Values in parentheses are the estimated standard devidtigivg.
In the gas phase at room temperaturgH#F; consists = microwave spectroscopyry or rs), GED = gas-phase electron

almost entirely of theendo conformer @b initio, endo mole diffraction (g). © This work.
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