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Abstract: Ab initio molecular orbital calculations at the G-2 and CBS-4 compound levels of theory were used to
determine the sequential homolytic bond dissociation energies (BDE's) for a seriedhfl8-C, and B-F bonds

in a variety of cyclic and acyclic boranes. The calculateérage BDE's agreed very well with the limited
experimental data available. However, the first sequential BDE'’s, which are the most relevant for understanding
borane reactivity, were substantially higher than the average BDE’s. In general, first BDE’s were found to be larger
for B—C and B-H bonds in organoboranes than for-C and C-H bonds in hydrocarbons, even thougerage

B—H and B-C BDE's are lower than average-& and C-C BDE’s. In all the boron substitution patterns examined,
B—H and B-C bonds were found to be of almost identical strength, whiteFBbonds were found to be much
stronger. Moreover, the strengths of-Bl and B—C bonds were found to be essentially independent of the
electronegativity;r-donating ability, and conjugative ability of the other substituents on boron. Thus, for instance,
a phenyl group was found not to stabilize the odd electron of borane radicals and hence not to lead to retticed B
or B—C bond strengths. However,B1 bonds of four-coordinate boron were slightly weaker than those of three-
coordinate boron.

Introduction derived from the heats of hydroboration reactions must correct

B . tant svnthetic int diat q for products with differing regiochemistf?:26 The values that
oranes are important synthetic intermediates and SEVe as, e jost relevant to reaction chemistry are individual, sequential
Lewis acids in many useful synthetic applicatidns. Further,

the chemistry of metal-substituted th dinate b J)ond energies. These values correspond to the average bond
€ chemistry of metal-substituted three-coordinate boranes an energies derived from heats of formation only if each, sequential

transition metat-boryl complexes has recently been the subject b
of intensive study:1” In many cases a knowledge of borane
bond energies would be helpiul in gaining an _underst_anding of justification for making such an assumption in the case of
metalloborane, organoborane, and purely inorganic boraneboranes.

qhgmistry. However, the available experimental Fjata ar€ " Theoretical methods have been developed that provide
limited, and are ugually average bond energies o_Ienved from molecular energies, and from them sequential bond dissociation
heats of format'Oﬁ' Eve_n here, bomb24calor|metry IS pla_lgued energies, with exceptional accura@y.Pople has recently

by the formation of multiple product$,* and determinations reported the G-2 method that reproduces atomization energies
to an accuracy of within 1 kcal/mol for small molecuf8ss-2

is a compound ab initio molecular orbital procedure consisting
of seven individual calculations using varying basis sets and
techniques for treating electron correlation. Reliable sequential
BDE’s, more important for thermodynamic analysis of reaction
chemistry than average BDE's, can be determined in this
manner. MP2 and MP4 calculations have been used previously
to determineAH; and average bond energies for a series of small
electrophilic molecules including small borarf&g° In contrast

ond energy is similar. It is well-known that sequential bond
energies can differ substantially, and so there isanpriori
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to simple MP2 and MP4 calculations, however, G-2 allows Differences in Sequential Bond Energies.The first B—H
direct determination of BDE’s by calculation of both closed BDE’s were found to range from 103.4 to 109.9 kcal/mol at
shell molecules and the open shell species formed by bondthe CBS-4 level of theory, while the-BC bonds ranged from
scission in a manner that allows accurate, direct comparison 0f103.1 to 111.8 kcal/mol. These values are similar to or stronger
the total energies. Consequently, reliabdguentiaBDE’s can than their G-H and C-C counterparts. Further, these first bond
be computed in a straightforward fashion using the G-2 method. energies are much stronger than the corresponding second and
However, G-2 is very demanding of computational resources, third B—H or B—C BDE's such as FBH (45.2 kcal/mol),
and an alternative approach is necessary to obtain similarly HB—H (78.9 kcal/mol), MeB-H (71.4 kcal/mol), HB-Me (79.3
accurate bond energies for larger molecules. The CBS-4 methodkcal/mol), and MeB-Me (72.1 kcal/mol) or those in BH (80.7
recently developed by Petersson and Ochterski is much lesskcal/mol) and B-Me (88.6 kcal/mol). These high first BDE’s
intensive computationally, but demonstrates an accuracy only contrast the average-BC and B-H bond energies that have
modestly diminished from G-2 theofy. A single-point been obtained experimentally from values far; and which
Hartree-Fock calculation with a very large basis set are lower than typical €H and C-C bond energies. This
(6-311+G(3d2f,2df,p)) at the HF/3-21G* optimized geometry difference results from a phenomenon similar to the divalent
followed by correction for electron correlation using MP2 and  state stabilization that occurs with silicon compouffdSpecif-
MP4(SDQ) calculations with much smaller basis sets and an ically, the second BX bond is dramatically weaker than the
extrapolation to the complete basis set limit serves as thefirst, since the singlet BX molecule is unusually stable. This
foundation of the CBS-4 calculatici:33 effect is shown in a graphical format in Figure 1, which depicts
We have used the CBS-4 method to compute a range of the sequential homolysis of monomeric Bahd BMe; versus
borane bond energies and where possible have compared therfhat of CH.
to BDE’s obtained at the more detailed G-2 level to demonstrate  The average of the three BDE's for BME7.7 kcal/mol)
the applicability of the former to electrophilic main group and BH; (88.0 kcal/mol) compare favorably with the average
molecules. While remarkably economical, the CBS-4 procedure BDE's determined from experimentalH; values, confirming
still reproduces the atomization energies of the 55 molecules the accuracy of the computed dissociation energies. Hids
in the G-2 test set with an average absolute error of only 1.9 a well-accepted experimentaH; that gives an average BDE
kcal/mol3! On this basis, one would expect reproduction of of 86.8 kcal/mol. TheAH of diborane and the dimerization
experimental BDE’s with similar accuracy. An examination energy of BH suffer from large errors and are subject to
of Table 2 shows that the G-2 and CBS-4 BDE'’s agree very debate?2435 However, our average BDE is similar to that
closely for the 36 cases where both methods were feasible,derived from the JANAF tables (89 kcal/méfland considering
yielding a root mean square (RMS) difference of 1.5 kcal/mol. experimental difficulties, the G-2 level of theory is likely to
The agreement lends credence to the CBS-4 derived BDE’s ofprovide a dimerization energy (36.4 kcal/mol) that is closest to
the larger species for which G-2 calculations were impossible. the actual value.
Both the G-2 and the CBS-4 BDE’s are given as enthalpies at  Effect of Coordination Number and Heteroatoms on B-H
0 K and also at 298 K. Selected examples from this list have and B—C BDE's. The B—H bond energies in diborane and in
been published in communication form and we have used onea Lewis base adduct of BHare more relevant to solution
of these values in combination with solution calorimetry to chemistry than are the values for monomeric, base-free. BH

provide the first transition metaboryl bond energy. We The first bond dissociation energy for diborane was found to
report here our full results for BDE calculations of a large series be 100.2 kcal/mol at the G-2 level of theory and 98.7 kcal/mol
of boranes. at the CBS-4 level, weaker than that in BHThe first bond
dissociation energy in B¥INH3 was also found to be weaker
Results and Discussion than that in BH (102.1 kcal/mol by G-2 and 101.1 kcal/mol

. . by CBS-4). This effect is similar to the weaker bond energy
Table 1 provides the total energies calculated for a number for sp-hybridized G-H bonds of alkanes relative to the2sp
of boranes and boron-containing fragments. Table 2 provides hybridized G-H bonds of alkenes.

sequential bond dissociation energies for a number -6XB
bonds for 1-, 2-, 3-, and 4-coordinate boron compounds,
including B—H, B—Me, B—F, and B-O bonds. The first BH

and B-C bond energies were found to be similar to or stronger
than their G-H and C-C counterparts and much greater than
the second or third BH or B—C BDE. The B-C dissociation
energies were similar to the correspondingtBbond energies,
generally differing by no more than 2 kcal/mol for any given
case. In addition, the BH bonds in sp-hybridized diborane
and in the boraneammonia complex were weaker than in the
sp*-hybridized base free Bf Concerning ancillary groups,

The group electronegativities of the boron-containing frag-
ments formed by bond scission of heteroatom-substituted
boranes are different from the group electronegativities of boron-
containing fragments formed by bond scission of pure organo-
boranes. Moreover, the electron pairs of heteroatoms bound
to boron overlap with the unoccupied p-orbital, while similar
m-interactions in purely organoboranes are much weaker.
Nevertheless, the presence of groups bound to boron through
electronegative heteroatoms perturbed accompanying Bond
energies only slightly relative to analogous-R bond energies

heteroatom substitution at 3-coordinate boron led to little change of boranes with ancnlary alkyl groups or hydrides. For example,
in the dissociation energies of the accompanying<@oonds the values obtained for BFH were 108.8 (G-2) or 107.1 kcal/
' mol (CBS-4), the values for BFHH were 104.8 (G-2) or 103.4

and no resonance stabilization was observed that would lead to,
weak B-H bonds in PhBH kcal/mol (CBS-4), the values for BHH were 105.2 (G-2) or

104.0 kcal/mol (CBS-4), and the values for B(QHH were

(29) Sana, M.; Leroy, G.; Wilante, ©rganometallics1991, 10, 264— 107.4 (G-2) or 105.7 kcal/mol (CBS-4).
170.
(30) Sana, M.; Leroy, G.; Wilante, @rganometallics1992 11, 781. (34) Walsh, RAcc. Chem. Red.98], 14, 246.
(31) (a) Ochterski, J. W.; Petersson, G.JAChem. PhysSubmitted for (35) Page, M.; Adams, G. F.; Binkley, S. J.; Melius, CJFPhys. Chem.
publication. (b) Ochterski, J. W.; Petersson, G. A.; Wiberg, KIBAm. 1987, 91, 2675.
Chem. Soc1995 117, 11299. (36) Chase, M. W. J.; Davies, C. A.; Downey, J. R. J.; Frurip, D. J,;
(32) Petersson, G. A.; Al-Laham, M. A. Chem. Physl991, 94, 6081. McDonald, R. A.; Syverud, A. NJ. Phys. Chem. Ref. Dai®85 14 (Suppl.
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Table 1. G-2 and CBS-4 Total Enthalpies (Hartrees)

0 Ka 0 to 298 K incremerit

structure symmetry state G-2 CBS+4 G-2 CBS-4
H Kn 2 —0.500 00 —0.503 35 0.002 36 0.002 36
B Kn 2 —24.602 05 —24.606 34 0.002 36 0.002 36
F Kn 2 —99.632 82 —99.650 77 0.002 36 0.002 36
BH Cov 1 —25.23399 —25.238 30 0.003 30 0.003 30
BH Co 3 —25.180 30 —25.189 22 0.003 30 0.003 30
BH, Ca 2 —25.857 26 —25.867 44 0.003 81 0.003 81
BH3 Dan 1 —26.524 86 —26.536 60 0.003 84 0.003 84
B.Hs Cy, 2 —52.447 82 —52.471 17 0.004 82 0.004 76
B.He D2n 1 —53.107 51 —53.131 82 0.004 56 0.004 51
BF Co 1 —124.523 02 —124.542 03 0.003 32 0.003 31
BF Cov 3 —124.386 20 —124.409 78 0.003 32 0.003 32
BF, Ca 2 —224.330 59 —224.368 44 0.004 04 0.004 03
BF; Dan 1 —324.237 44 —324.291 77 0.004 51 0.004 51
BFH Cs 2 —125.093 89 —125.117 40 0.003 83 0.003 82
BH.F Ca 1 —125.760 86 —125.785 54 0.003 88 0.003 86
BF.H Ca 1 —225.004 00 —225.042 54 0.004 11 0.004 08
CH; Dan 2 —39.745 09 —39.759 73 0.004 24 0.004 11
CHsCH; Cs 2 —78.970 34 —78.998 70 0.004 94 0.004 97
CHsCH; Dag 1 —79.630 90 —79.661 16 0.004 48 0.004 45
CH:B Cs 1 —64.491 11 —64.507 20 0.004 19 0.004 09
CHzB Cs 3 —64.421 63 —64.443 01 0.004 07 0.004 04
CHsBH Cs 2 —65.102 24 —65.124 41 0.004 16 0.004 89
CH.BH; Ca 2 —65.117 85 —65.138 91 0.004 54 0.004 54
CHsBH; Cs 1 —65.768 37 —65.792 06 0.004 97 0.004 93
(CHs).B C 2 —104.346 79 —104.381 82 0.006 29 0.006 25
(CHs).BH Cx 1 —105.012 59 —105.048 42 0.006 47 0.006 41
(CH3):B Can 1 —144.304 81 0.008 05
CH3BF; Cs 1 —264.250 47 —264.301 62 0.005 90 0.005 79
BH.NH;3 Cs 1 —82.362 31 —82.388 43 0.004 92 0.004 86
BH3NH;3 Cs, 1 —83.025 05 —83.052 93 0.004 95 0.004 86
(HO).B Cs 2 —176.288 64 —176.318 53 0.004 61 0.004 61
(HO).BH Cs 1 —176.959 77 —176.990 40 0.004 62 0.004 61
(CH;0)(HO)B Cs 2 —215.534 93 0.006 35
(CH;0)(HO)BH Cs 1 —216.207 05 0.006 31
(CH;0).B Cs 2 —254.752 54 0.008 20
(CHs0),BH Cs 1 —255.421 04 0.008 12
cyclo(-OCH,CH,0OB—) Ca 2 —253.559 80 0.005 40
cyclo(—OCH,CH,OBH-) Ca 1 —254.237 47 0.005 52
cyclo(—OCH,CH,OBCH;—) Cs 1 —293.495 45 0.007 51
cyclo(—OCHCHOB-) Ca 2 —252.351 44 0.004 59
cyclo(-—OCHCHOBH-) Ca 1 —253.030 76 0.004 72
cyclo(—OCHCHOBCH-) Cs 1 —292.288 63 0.006 70
catecholborane radical Co 2 —405.831 81 0.006 69
catecholborane Co 1 —406.510 36 0.006 85
methylcatecholborane Cs 1 —445.769 70 0.008 95
methoxycatecholborane Cs 1 —520.944 53 0.010 02
MeO Cs 2 —114.888 26 0.003 99
cyclo(—(CH),B—) Cs 2 —179.181 12 0.005 04
cyclo(—(CH),BH-) Ca 1 —179.886 60 0.005 30
cyclo(—(CH),BCHsz—) Cs 1 —219.145 34 0.007 24
cyclo(—(CH)sB—) Ca 2 —256.531 42 0.006 61
cyclo(—(CH)sBH-) Ca 1 —257.201 18 0.006 73
cyclo(—(CH)sBCHs—) Cs 1 —296.456 38 0.008 71
PhBH Cs 2 —256.556 92 0.006 60
PhBH, Ca 1 —257.227 65 0.006 77
PhBCH Cs 2 —295.815 20 0.008 53
PhBHCH Cs 1 —296.484 22 0.008 54
PhB(CH)2 Cs 1 —335.740 23 0.010 34

aEnthalpies at 0 K, in hartree&Increments in enthalpies on going from 0 to 298 K, in hartréd@ese values are taken from Curtis et al.
(Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, J.JAChem. Phys199], 94, 7221) and are reproduced here only for the reader’s
convenienced These values are taken from: Ochterski, J. W.; Petersson, G. A. submitte@hem. Physe Taken from: Wiberg, K. B.; Nakaji,
D. Y. J. Am. Chem. S0d.993 115 10658.f The expectation value fa? was 0.9070 (versus an expected value of 0.7500) for this calculation; the
energy probably is not as accurate as the others as a result of this spin contamination.

Changing hydroxy groups to methoxy led to slightly weaker observed in the Hartreg~ock calculation makes these values
B—H bonds, but an ancillary catecholate provided slightly potentially unreliable.
stronger B-H bonds. This greater bond energy for the The strengths of the BF bonds in fluoroboranes (BH,
catecholate-substituted system may be attributed to the five- BHF,, and BF;) are remarkably constant. For example, theFB
membered ring system, since both saturated and unsaturatedond in BHF was found to be 169.9 kcal/mol by G-2 or 167.8
diolate groups gave similar high-B4 BDE’s. Five-membered kcal/mol by CBS-4, while the first BF bond in BR; was found
rings with only methylene groups and boron in the ring gave to be 172.0 kcal/mol by G-2 and 171.0 kcal/mol by CBS-4.
even higher BDE's, but unusually large spin contamination Although one might expect little effect of-donating groups
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Table 2. G-2 and CBS-4 Bond Dissociation Enthalpies (kcal/mol)

0K 298 K

bond G-2 CBS-4 G-2 CBS-4 comment
B—H 82.8 80.7 83.7 81.6 singlet BH
B—H 49.1 49.9 50.0 50.8 triplet BH
BH—H 77.4 78.9 78.5 80.1 singlet BH
BH—H 111.0 109.7 112.2 110.9 triplet BH
BH>—H 105.2 104.0 106.6 105.5
BoHs—H 100.2 98.7 101.9 100.3
B—F 180.8 178.8 181.7 179.7 singlet BF
B-F 95.0 95.8 95.8 96.7 triplet BF
BF—F 109.7 110.2 110.7 111.2 singlet BF
BF—F 195.5 193.2 196.5 194.2 triplet BF
BF.—F 172.0 171.0 173.1 172.2
BF,—H 108.8 107.1 110.3 108.6
BF—H 445 45.2 45.6 46.4 singlet BF
BF—H 130.3 128.2 131.5 129.3 triplet BF
BH—F 142.5 143.3 143.6 144 .4 singlet BH
BH-F 176.2 174.1 177.3 175.2 triplet BH
BH,—F 169.9 167.8 171.4 169.2
BFH—H 104.8 103.4 106.2 104.9
BFH—F 174.0 172.2 175.3 173.5
CH;CH;—H 100.8 99.8 102.5 101.7
B—CHj3 90.3 88.6 91.9 90.1 singlet BGH
B—CH; 46.7 48.3 48.3 49.8 triplet BCH
BH—CHjs 77.3 79.3 79.4 80.9 singlet BH
BH—CHs 111.0 110.1 113.1 111.7 triplet BH
BH,—CHjs 104.2 103.5 106.1 105.3
BH,CH,—H 94.5 94.0 95.7 95.2
BCH;—CHs 69.4 72.1 70.7 73.3 singlet BGH
BCH;—CH3 113.0 112.4 114.3 113.6 triplet BGH
BHCH;—CH;3 103.7 103.1 104.9 104.7
B(CHjz),—CHjs 102.4 103.9
BCH;—H 69.7 71.4 71.2 72.4 singlet BGH
BCHs;—H 113.3 111.7 114.8 112.7 triplet BGH
BHCH;—H 104.2 103.1 105.2 104.6
B(CHs),—H 104.0 102.4 105.4 103.8
BF,—CHj3 109.7 108.8 111.2 110.3
NH3BH,—H 102.1 101.1 103.6 102.6
(HO):B—H 107.4 105.7 108.9 107.2
(HO)(CH;:O)B—H 105.9 107.4
(CH3;0).B—H 103.6 105.2
cyclo(~OCH,CH,OB—)—H 109.4 110.8
cyclo(-OCH,CH,0B—)—CHjs 110.4 111.6
cyclo(—OCHCHOB-)—H 110.4 111.8
cyclo(—OCHCHOB-)—CHjs 111.4 112.6
catecholboraneH 109.9 111.3
catecholboraneCHj; 111.8 113.0
catecholboraneOMe 140.9 141.3
cyclo(—(CH),B—)—H [126.8F [128.2}
cyclo(—(CH),B—)—CHjs [128.3F [129.5F
cyclo(—(CH)sB—)—H 104.4 105.8
cyclo(—(CH)eB—)—CHjs 103.7 104.9
PhBH-H 105.0 106.4
PhBH-CH; 105.2 106.5
PhBCH—H 104.0 105.4
PhBCH—CH;z 103.7 105.2

2 These numbers are based on the CBS-4 energy for ey(@H),B—), which showed unusually large spin contamination observed in the
Hartree-Fock calculation for this species (0.157). As a result, these two bond dissociation energies are probably much less accurate than the
others.

on the bond energies of purely-bonding groups such as of the ionic components of the bonéls. Apparently, these two
hydrogen (as is observed), one might predict a significant effect opposing trends cancel each other. Little increase or decrease
of z-donating groups on the bond energies of othalonating in the B—F bond energy is observed as the other substituents
X-groups. Back-bonding would be expected to strengtheiXXB ~ on boron are changed from hydrogen to fluorine.

bonds tos-donors such as fluorine. However, an increase in  Absence of Resonance StabilizationAn interesting set of

the number of fluorine atoms bound to a single boron atom B—H and B-C BDE'’s were observed in monomeric base-free
would be expected to decrease the strength of eadh;Bbond, ~ aryl-substituted boranes. Itis well-known that the methyltC

and therefore weaken the overal-B bond relative to HBF bonds in toluene are much weaker than those in methane or
or MeBF. On the other hand, it has been shown that an &thane. However, the-B bond energy in phenylborane was
increase in the number of fluorine atoms at a single carbon 1050 kcal/mol, essentially identical, and even slightly stronger,
center, as in the series GF| CH,F,, CHF;, and CE, leads to than the 104.0-kcal/mol BH bond in monomeric, base-free
increasing G-F bond strengths, due to mutual reinforcement  (37) Wiberg, K. B.; Rablen, P. Rl. Am. Chem. Sod.993 115, 614.
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120 Table 3. Calculated Bond OrdetMP2/6-3H-G*)
compd B-H B-C B—F
BH3 0.582
100 CH3BH; 0.542 0.503
(CHs).BH 0.506 0.470
(CHs)sB 0.438
80 BH:F 0.531 0.419
BHF, 0.504 0.362
’-é‘ BF; 0.310
3 60 aBond orders were calculated using a modified version of the
= program BONDER: Cioslowski, J.; Mixon, S. 7. Am. Chem. Soc.
= 1991 113 4142.
m
40 Table 4. AIM Calculated Atomic ChargégMP2/6-3H-G*)
compd B H CH F sun?
BHa 1.906 —0.635 0.001
20 CH3BH, 2.000 -0.648 —0.706 —0.003
(CHs).BH  2.083 -0.657 —0.713 0.001
(CHs)sB 2.160 —0.719 0.004
L : BH,F 2117 -0.638 —0.842 —0.001
BH BH BH BMe BMe BMe CH CH CH BHF, 2303 —0.614 —0.844 0.001
o i A BF; 2.506 —0.833 0.008

Figure 1. A graphical representation of the sequential BDE's of:BH a Atomic charges were calculated using the program PROAIM:
BMejs, and CH. The values are for dissociation of a hydrogen or methyl Biegler-Kanig, F. W.: Bader, R. F. W.. Tang, T.-H. Comput. Chem. :

radical from the fragments written below each bar. 1982 3, 317. Bader, R. F. W.: Tang, T.-H.. Tal, Y.; Biegler-Hig,
o ) F. W. J. Am. Chem. Sod982 104, 946.° The sum represents the
BHs. Similarly, the B-Me bond energy in PhHBMe was summation of atomic charge over all atoms in the molecule, and ideally

found to be 105.2 kcal/mol and was slightly greater than the should equal zero. It is included as a rough estimate of the error
103.1-kcal/mol BDE for MeHB-Me or the 103 5-kcal/mol BDE  neurted n he numerical itegration of charge densityrequired to obtain
for H.B—Me. The absence of an effect similar to benzylic

radical stabilization results from a lack afdelocalization of

the radical electron on boron into the aromatic ring. The
minimum energy geometry, shown below schematically in two
different perspectives, places the odd electron on boron in an
orbital orthogonal to ther system of the aromatic ring and
therefore incapable of stabilization by resonance. As a result
the B—H BDE is essentially identical to all other-B4 bond

discussed recentff. However, as electronegativity decreases,
the X—Me bond strength becomes more similar to that of the
X—H bond and can even surpass the strength of thélXond.
Since boron is even less electronegative than carbon, the
similarity of B—C and B-H bond strengths is consistent with
'this pattern.

The smaller difference betweer& and B-H bond energies

energies. than that between-€X and H—X bonds of more electronegative
@ elements can be rationalized in terms of polarities and hybrid-

4 ization. The polarity of B-C bonds is likely to be greater than

H (CHy) Q that of B-H bonds, since the electronegativity difference
O/ QB—H (CHg) between boron and carbon is greater than that between boron

and hydrogen. This difference in polarity might lead to
JCBH = 126.7° preferential stabilization of the BC bonds that compensates
(£CBC = 130.79) for the greater intrinsic (covalent) strength of bonds to hydrogen.
One way to assess the degree of covalency and polarity of bonds

The bent (rather than linear) geometry also indicates that the iS by calculating covalent bond orders according to the procedure
lone electron is in an approximately?spybridized orbital ratner ~ Of Cioslowski and Mixorf! As the covalent bond order
than a p orbital. This geometry and hybridization can be decreases, the fraction of ionic bonding increases, as does the
rationalized by the preference for the electron to occupy the Polarity of the bond. As can be seen from Table 3;Bbonds
nonbonding orbital with the most s-character. In addition, this are consistently somewhat more polar thanHBbonds, despite
geometry is consistent with the tendency of boron to have high the similar electronegativities of carbon and hydrogen. For
p-character in its bonds to carbon and hydrogen. The latter instance, the BC bond of methylborane has a covalent bond
observation is in accordance with Bent's rule, considering that order of 0.50, while the BH bonds have covalent bond orders
carbon and hydrogen are electronegative elements with respecf 0.54. Long ago, Pauling noted that bond strength correlates
to boron38 with increasing polarity? and so this factor tends to increase

Comparison of B-C and B—H BDE's. In addition to the ~ the strength of B-C bonds relative to BH bond_s‘.10 TheB-F
constancy of the BH and B-C bond strengths upon various bonds.ln Table 2 are the most pola}r of all, as indicated by their
substitution patterns, the similarity between the®and the ~ €SPecially small covalent bond indices, and they are also by far
B—H bond strengths is unusual, although experimentéidata ~ the strongest. The atomic charges in Table 4, calculated by
already suggested that this might be the ¢ag@.1t is known the integration of the charge density in appropriately defined
experimentally that for electronegative elements X;EXbonds - - - -
tend to be stronger than the corresponding X bonds, as 92,(12)12?”50”' S. Wi Francis, J. T.; Tsotsis, T.JTPhys. Chem 988

(41) Cioslowski, J.; Mixon, S. TJ. Am. Chem. Sod.99], 113 4142.
(38) Bent, H. A.Chem. Re. 1961, 61, 275. (42) Pauling, L.The Nature of the Chemical Bon8rd ed.; Cornell
(39) Skinner, HAdv. Organomet. Chen1964 2, 49. University Press: Ithaca, NY, 1960.
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atomic basins according to the method of Baltief, also MP2 and MP4(SDQ) calculations with much smaller basis sets. An
illustrate the polarity of the BH, B—C, and B-F bonds. extrapolation is then performed to the complete basis set¥ffiZero-

A hybridization effect is also likely to strengther& bonds point vibrational energies are also included, along with a higher level
relative to B-H bonds. The hydrogen atom has no opportunity correction analogous to the_ one used in the G-2 method. With a single
to rehybridize, and uses a 1s orbital in bonding to either carbon exception, no spin contamination greater than 0.013 was found for the

b H h b f hvl open-shell species in this stutfy. All structures for which CBS-4
or boron. However, the carbon atom of a methyl group can energies are listed in Table 1 were verified as minima by calculation

rehybridize. The electronegativity difference between carbon of the vibrational frequencies at the HF/3-21G* level of theory in the
and hydrogen is small, and so the methyl carbon will use close course of the CBS-4 procedure, i.e., no imaginary frequencies were
to sp hybrids for all four bonds. However, the electronegativity found.

difference between carbon and boron is greater, and will lead The G-2 and CBS-4 methods by themselves give enthalpies at 0 K.
to increased s-character in the-8 bond. The increased The thermodynamic corrections necessary to convert these to enthalpies
s-character in the €B bond must be accompanied by decreased at 298 K were carried out by treating the translational, rotational, and
s-character in the bonds from carbon to hydrogen, since the vibrational components in the standard marfrieHF/3-21G* frequen-

total s-character at carbon must be consefiedhis effect will cies scaled by 0.9167 were used to make corrections for the CBS-4
strengthen the BC bond at the expense of the-&l bonds energies, while HF/6-31G* frequencies scaled by 0.8934 were used to

. . . L make corrections to the G-2 energies. These are the same levels at
This hypothesis predicts that boron substitution on a methyl \ i-h the zero-point vibrational energies are compdtéd. Al

group will weaken the €H bonds, and the data in Table 2 yiprational modes were treated as harmonic, and no attempt was made
support this analysis. For example, the-& bond energy of to treat torsional modes in a more appropriate manner, but the errors
ethane is 101.8 kcal/mol, while the—®& bond energy of introduced by these approximations are expected to lie well below the

methylborane is 94.5 kcal/mol. Changes in both hybridization inherent error limits of the electronic structure calculations.

and polarity, then, strengthen the-B bond relative to the BH Atomic charges and atomic overlap matrices (required for calculating
bond and counteract factors that lead to strongeiXHhan the covalent bond orders) were computed using PROAIand the
C—X bonds. covalent bond orders were calculated using a modified version of the

1
Absence of Radical Chemistry of Two-Coordinate Bo- program BONDER:
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coordinate boron, and the first bond dissociation energies of are reported in Table ( ; pages). s material is containe
in many libraries on microfiche, immediately follows this article

boranes are vastly different from average bond dissociation . e ; .
energies, due to a divalent state stabilization energy. In general,In the microfilm version of the journal, can be ordered from
the first B—C and B-H bond energies are stronger than those the ACS; and can be downloadeq fr(_)m the I_nternet; see any
for C—C and G-H bonds, while average-BH and B-C bonds current _masthe_ad page for ordering information and Internet
for organoboranes are lower than those for hydrocarbons. The®CCess Instructions.

large first bond dissociation energies of boranes explain the ja9542451

dearth of two-coordinate borane radical chemistry.
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