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Abstract: The hydroboration reaction is studied at several levels of approximation. The partial retention of diatomic differen
tial overlap (PRDDO) method is used to determine the molecular structures of the reactants and products and a metastable 
intermediate involved in the reaction. Alternative reaction paths connecting these structures are determined with the linear 
synchronous transit and orthogonal optimization methods, and the reaction is found to pass through the metastable geometry. 
Extended basis set calculations are performed for several points along the reaction path, and, even though the reaction and ac
tivation energies are different from the PRDDO results, the two potential curves show some qualitative similarity, and the re
action transition state is predicted to have nearly the same path.coordinate in both sets of calculations. The electronic structure 
of the transition state is interpreted by a population analysis of the extended basis wave function, and these data combined with 
an unusual orbital correlation diagram show the reaction to proceed through a two-step donation-back-donation mechanism. 
Configuration interaction calculations on the closed-shell wave functions for various species in the reaction system show that 
correlation energy stabilizes the transition state relative to the reactants and the products; in fact, at the zero-order configura
tion interaction level, the reaction has no activation barrier. 

Introduction 

The hydroboration reaction is an interesting and important 
process in organic synthesis.2 '4 The basic reaction is the re
versible addition of a borane to an unsaturated hydrocarbon 
to yield an organoborane that can be altered to form a variety 
of new substances. Usually anti-Markownikoff addition of 
hydrogen results,5 but the addition may be Markownikoff 
depending on any of several directive effects. Such effects 
originate in steric factors created by various substitutions to 
the borane or to the hydrocarbon;6-10 or, more interestingly, 
they may be created by the presence of electron-donating or 
electron-withdrawing groups substituted to the hydrocar
bon." - 1 4 Naturally, a full understanding of these effects de
pends on a knowledge of the molecular and electronic structure 
of the transition state for the hydroboration reaction. 

The stereochemistry of the hydroboration reaction suggests 
that it goes through a four-center transition state.1 ' '13,15 For 
the hydroboration of an olefin, this view would have the boron 
atom of a borane molecule attack one carbon of an unsaturated 
site while one of the hydrogen atoms of the borane molecule 
attacks the other. One naturally conjectures that such a process 
involves a transition state in which the olefin tr bond and one 
of the boron-hydrogen bonds in the borane are weakened while 
the carbon-boron and carbon-hydrogen bonds in the orga-
noboranes are being formed. 
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The formation of the transition state and its distortion to the 
final reaction products is thought to be facilitated by the vacant 
orbital on the boron atom, B3. The transition state above is 
usually characterized as a donation-back-donation structure. 
The olefin is thought to donate electrons to the borane, pri
marily through carbon C,, to the vacant orbital on B3, at the 
same time as the borane hydrogen, H4, donates electrons back 
to the olefin, primarily at C2. This charge redistribution 
weakens the CiC2 7r bond and the B3H4 a bond while partially 
forming CiB3 and C 2H 4 bonds; continuation of the motion 
finally produces the organoborane. 

In another view, the hydroboration reaction proceeds 
through an intermediate 7r complex held together by a three-
center bond.15 The complex forms because of attractive forces 
between the olefin it cloud and the vacant orbital of the borane, 
and the organoborane forms through a continuous distortion 
of the orbitals in the intermediate over into the orbitals of the 
final reaction product. The three-center CjB3C2 bond of the 
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intermediate goes over into the CiB3 bond of the organoborane, 
and the B3H4 bond of the intermediate goes over into the C2H4 

bond of the final product. Arguments against this intermediate 
are raised on stereochemical grounds,16 but most of these 
objections can be met in one way or another.17 

The donation-back-donation mechanism is a description 
of a transition state, but the 7r-complex mechanism as com
monly advanced is the description of an intermediate. Since 
an intermediate is at an energy minimum, it must pass over a 
transition-state barrier to complete the reaction. We must 
allow for the possibility that this transition state, encountered 
on the last leg of the 7r-complex mechanism, is formally the 
same as the transition state encountered in the donation-
back-donation mechanism.'2 Further, a careful analysis of the 
molecular and electronic structure of the transition state is 
required before it can really be classified as either a it complex 
or a donation-back-donation structure. These mechanistic 
problems as well as the determination of the system's reaction 
and activation energies can be addressed by a careful theo
retical analysis of the problem. 

This paper presents a molecular orbital (MO) study of the 
addition of a borane to an olefin using borane and ethylene as 
a model system. The reaction paths we considered are shown 
in Scheme I. We call the path from III to IV to V path !,cor
responding to the 7r-complex scheme discussed above; we call 
the path from III to I V to V path 2, corresponding to the 
donation-back-donation mechanism above; and finally, we call 
the path from III to IV to I V to V path 3, corresponding to the 
existence of a loosely bound it complex which must go through 
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Table I. PRDDO Calculated Molecular Structures" of Intermediate Conformations in the Hvdroboration Reaction 

structure 
P 

W(C1C.) 
W(C1B1) 
W(CoH4) 
W(B1H4) 
W(C1HO 
W(C2H7) 
W(B3H9) 
-SC2C1B3 

-SC1C2H4 

-^C2CiH, 
-SB3C1H5 

-SCiCH 7 

-SH4C7H7 

-SH9B3H10 

-SC1B3H9 

E 
-E/T 

I 

2.2738 

2.2738 

120.00 

-26.340 94 
1.007 

Il 

2.5183 

2.0694 
2.0694 

122.61 

122.61 

-77.876 60 
1.005 

III 
1.0 

2.5363 
5.6255 
5.9468 
2.2615 
2.0731 
2.0731 
2.2665 

77.45 
98.85 

121.14 
97.79 

121.42 
87.15 

121.94 
80.9 

-104.223 86 
1.006 

0.669 

2.5844 
4.0923 
4.5047 
2.2561 
2.0753 
2.0776 
2.2465 

71.89 
101.30 
121.59 
105.34 
121.49 
90.26 

119.72 
94.20 

-104.243 73 -

IV 
0.585 

2.5967 
3.7147 
4.1343 
2.2595 
2.0758 
2.0787 
2.2415 

70.02 
124.11 
121.65 
107.26 
121.48 
90.31 

117.70 
97.43 

-104.248 46-
1.007 

0.497 

2.6898 
3.3122 
3.4853 
2.3730 
2.0720 
2.0916 
2.2459 

71.80 
114.67 
119.32 
112.54 
120.62 
93.91 

119.69 
106.64 

-104.245 86-
1.007 

0.340 

2.9283 
2.9667 
2.3190 
2.9741 
2.0733 
2.0761 
2.2439 

75.67 
107.69 
116.13 
118.07 
114.52 
102.63 
123.50 
117.74 

-104.288 70 -

V 
0.0 

2.9360 
3.0243 
2.0740 
4.7583 
2.0694 
2.0746 
2.2714 

107.83 
112.62 
110.15 
111.23 
111.70 
106.57 
117.98 
120.99 

-104.325 62 -
1.006 

Vl 

2.9198 
3.0037 
2.0753 
6.6464 
2.0727 
2.0723 
2.2741 

108.49 
110.78 
104.34 
111.30 
111.96 
107.14 
117.81 
121.08 

-104.330 25 
1.006 

" Bond lengths and energies in au, angles in degrees. 
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a polarized transition state of the type we would expect for path 
2. The details of the formation of III from I and II and of the 
rotational inversion of V to VI are not discussed here. However, 
species I, II, and VI are essential to the evaluation of the sys
tem's reaction and activation energies, so their structures must 
be determined. 

The structures of the molecules and transition states involved 
in these paths are calculated using the partial retention of di
atomic differential overlap (PRDDO) approximation1819 to 
the Hartree-Fock self-consistent field (SCF) theory. The re
action paths are found using the linear synchronous transit 
(LST)20'21 method and the related technique of orthogonal 
optimization.20'21 The potential surfaces are then recalculated 
using an extended Gaussian basis set (4-3 IG)22 and the SCF 
theory. Analyses of these latter wave functions are used to 
characterize the charge redistribution and bonding changes 
that occur during the reaction. Finally, the correlation energy 
contributions to the reaction and activation energies are esti
mated using a zero-order configuration interaction (CI) wave 
function based on an SCF closed-shell wave function composed 
of MOs expanded in an extended Slater-type orbital (STO) 
basis set. 

Molecular Structures 
The structures of I-IV are calculated by optimizing the 

energy produced by a PRDDO wave function. We assume that 

each system has at least the symmetry of point group Cs, and 
for structures I, II, IV, V, and VI every parameter defining a 
model geometry is sequentially optimized several times to as
sure that a minimum is really produced. Structure III is chosen 
just to allow a comparison of different reaction paths for the 
formation of V, and so its structure in somewhat arbitrary. We 
obtain III from IV by translating the BH3 unit 2.0 au away 
from the H2C=CH2 unit along a line from the B atom to the 
center of the CC bond; all of the other parameters are then 
optimized as discussed above. The final geometries and ener
gies may be found in the appropriately labeled columns of 
Table I. All of the optimizations used Slater exponents in the 
minimal basis set of the PRDDO method, and all of the 
structures except III correspond to stationary points on the 
PRDDO energy surface. 

The final PRDDO reaction energies for the production of 
IV and VI from I and II are —19 and -71 kcal/mol, respec
tively. These values are very exothermic with respect to the 
corresponding experimental reaction energy23 of —33 kcal/mol 
and to other theoretical work. Several effects could cause this 
discrepancy. For one, both I and Il are molecules used in the 
original PRDDO parametrization, so the method probably 
describes these two systems rather better than it does some 
other molecules like IV and V. Since PRDDO always tends to 
underestimate the total energy relative to an ab initio minimum 
basis set calculation, we expect it to overstabilize IV and V with 
respect to I and II. Alternatively, the problem could be a defect 
in the minimal basis set method itself that makes it inadequate 
to describe the hydroboration reaction. To resolve this question, 
one must compare the PRDDO calculations to a calculation 
that really does reproduce the true minimal basis set results. 
To do so, the PRDDO method was employed with Pople ex
ponents,24-25 and the geometries of I, II, IV, and V were re
determined. STO-6G25'26 calculations were performed at these 
geometries, and the energies produced by the two methods27 

are shown in Table II. Both PRDDO and STO-6G underes
timate the energies of IV and V relative to I and II. Therefore, 
the errors in the PRDDO prediction of the reaction and acti
vation energies should be ascribed to errors in the minimal basis 
set method or to correlation effects. 

The geometries predicted by PRDDO for I, II, IV, and V 
are very reasonable, however. The geometry of II is consistent 
with experiment,28 and the geometry of I is consistent with 
other theory.29 The geometries of V and VI correspond well 
to other theoretical work30 and with standard model values.30'3' 
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Table II. Corr 

wave 
function 

PRDDO 
STO-6G 

pa rison of PRDDO and ST0-6G Calculations of the Total Energy" of Several Molecules* in the Hydroboration Reaction 

I II IV Aivf V Av
c 

-26.3572 -77.8962 -104.2820 -0.0286 -104.3641 -0.1107 
-26.3311 -77.8282 -104.1682 -0.0089 -104.2510 -0.0917 

Energy in au. * Geometries determined by PRDDO with Pople exponents (ref 24 and 25). c Energy relative to the sum of I and II. 

0.025 

0-0OO 

-0.025 

Figure 1. Linear synchronous transit pathways for the reaction of a borane 
ethylene complex (III) to form ethylborane (V) via the intermediate 
IV. 

Given these facts, we tentatively accept PRDDO as a structural 
theory for this system, but we need to look elsewhere for good 
predictions of the reaction and activation energies. 

Reaction Pathways and Transition States 

Path 1 consists of two segments connecting three well-de
fined structures: III, IV, and V. To determine this path the 
linear synchronous transit (LST) method and orthogonal op
timizations are used to find a sequence of molecular trans
formations that carry III to IV and IV to V. To begin, struc
tures III and V are given path coordinate20 values P - 1.0 and 
0.0, respectively. The path coordinate of IV is determined with 
respect to III and V, and it is given by P = 0.585. Since path 
1 consists of two independent segments, they are determined 
one at a time. 

The path segment from IV to V is determined in several 
steps. First, LSTi from IV to V produces the potential curve 
(dashed line) in Figure 1, which shows a maximum at P = 
0.340. Orthogonal optimization of P = 0.340 lowers its energy, 
as shown in Figure 1. LST2 between the optimized structure 
for P = 0.340 and IV yields the dotted curve in Figure 1 having 
a maximum at P = 0.462. Orthogonal optimization of P = 
0.462 between the optimized structure for P = 0.340 and IV 
lowers its energy to P = 0.462 on the lowest curve. The lowest 
potential curve in Figure 1 is a composite of LST3, LST4, and 
LST5: LST3 goes from V to the optimized structure for P -
0.340, LST4 goes on to the optimized structure for P = 0.462, 
and LST5 goes from there to IV. This potential curve shows 
a maximum near P = 0.497, which is not significantly lowered 
by further optimization, and we identify the structure corre
sponding to this point with the transition state for path 1. The 
final segment of path 1, from IV to III, is just given by LST6 
between these structures, and the potential curve this produces 
is shown as the last part of the lower curve in Figure 1. The 
entire path 1 potential curve is reproduced as line (a) in Figure 
2. 

Path 2 is given by a single segment between structures III 
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Figure 2. PRDDO potential curves for the reaction of a borane ethylene 
complex (III) to form ethylborane (V) via the intermediate IV, path 1, 
and via a direct route, path 2. 

Table III. Comparison of the Molecular Structures" of the 
Transition States Defined by Paths 1 and 2 

path R(C1C2) A(C1B3) A(C2B3) A(C2H4) A(B3H4) 

2.69 
2.69 

3.31 
3.30 

3.56 
3.51 

3.49 
3.36 

2.37 
2.45 

" Bond lengths in au. 

and V, and it is determined in the same fashion as the segment 
between IV and V for path 1. Using the same path coordinates 
for the limiting structures III and V as we used for path 1, the 
calculation requires two orthogonal optimizations, the first at 
P = 0.405 and the second at P = 0.608. The final composite 
LST curve is shown as curve (b) in Figure 2. It shows a relative 
minimum at P = 0.608 and a relative maximum at P = 0.55. 
The relative maximum is not significantly affected by further 
optimization, and we identify it with the transition state on path 
2. 

The potential curves for paths 1 and 2 shown in Figure 2 are 
rather similar. First, each curve shows a decrease in energy 
from 111 to V interrupted by a relative minimum and a relative 
maximum. The minima are undoubtedly created by long-range 
attractive forces between the olefin x cloud and the vacant 
orbital of the boron atom; the maxima are created by short-
range repulsive forces. Second, the numerical values of the 
energy at the maxima and minima for each path are almost the 
same. Since the reaction seems to be driven by the same in
fluences along each path, we need to determine the extent to 
which the geometric and electronic structures of the two 
transition states are equivalent. 

The similarity of the geometric structures is at once ap
parent. Table III compares some of the major parameters 
defining the two systems. The only sizable differences are the 
lengths of the C2H4 and B3H4 bonds. The atom H4 is fixed by 
rather weak bonds in any model of the transition state con
sidered here, so the rather small differences in Table III are 
not really significant. We see that the reaction passes through 
a loosely bound complex and subsequently through a transition 
state, but whether this is a simple concerted process such as in 
path 1 or involves a donation-back-donation intermediate as 
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Table IV. Potential Curve for the Formation of Ethylborane V and Vl from a Complex of Borane and Ethylene (III) as a Function of Path 
Coordinate at the 4-31G L 

structure III 
P 1.0 

E" -104.272 51 
lEh -0.003 48 

;vel 

0.667 

-104.263 46 
0.005 57 

IV 
0.585 

-104.257 36 
0.011 67 

0.497 

-104.246 52 
0.022 51 

0.462 

-104.245 99 
0.023 04 

0.340 

-104.285 80 
-0.016 77 

V 
0.0 

-104.315 96 
-0.046 93 

Vl 

-104.320 41 
-0.051 38 

" Energy in au. * Defined with respect to the sum of the 4-3IG energies of borane (I) and ethylene (II) of—26.348 72 and —77.920 31 au, 
respectively. 
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Figure 3. Variation of several geometry parameters with path coordinate 
for the reaction of a borane ethylene complex (III) to form ethylborane 
(V) via the intermediate IV. 

in the dual mechanism called path 3 must be settled using more 
elaborate wave functions. In either case, the reaction does pass 
through the intermediate IV and over a transition state. All 
of these structures are defined by the molecular transforma
tions referred to as path 1; their variations with path coordinate 
are shown in Table 1 and in Figure 3. All of the intermediate 
structures on paths 1 and 2 are constrained to have Cs sym
metry. 

Extended Basis Potential Curve 

The PRDDO structures along path 1 are used to make an 
extended Gaussian basis set (4-3 IG) calculation of the po
tential curve. The calculation includes the structures I, II, III, 
IV, V, and VI and the interpolated points P = 0.340, 0.462, 
0.497, and 0.669 from the LSTs performed in the determina
tion of path 1. The resulting energies are shown in Table IV, 
and the potential curve is shown in Figure 4. 

The quantitative particulars of the 4-31G curve are different 
from those of the PRDDO curve. It yields a reaction energy 
of —33 kcal/mol and an activation energy of 15 kcal/mol; both 
results are more in line with experiment,2'32 but the addition 
of a correlation correction might well make the agreement 
better. In particular, the activation barrier might be lowered 
to near the experimental 2 kcal/mol.32 

The 4-31G curve does have some qualitative similarities to 
the PRDDO results. First, both curves display a long-range 
minimum of energy created by the association of the olefin 7r 
bond and the vacant orbital on the boron atom. The precise 

Figure 4. 4-3IG potential curve for the reaction of a borane ethylene 
complex (111) to form ethylborane (V) via the intermediate IV. 

location of this minimum is not clear in the 4-3IG results, but 
in any case the minimum is very flat and the intermediate is 
only loosely bound. Second, both curves show a short-range 
maximum defining the transition state. Both curves place this 
maximum at nearly the same value of the path coordinate, 
which tends to make the PRDDO transition state structure 
credible. 

Transition State Electronic Structure 

IVf ulliken population analyses of the 4-31G wave functions 
were performed to assess the variations of the atomic charges 
and of certain overlap populations as functions of the path 
coordinate. The atomic charges are graphed in Figure 5. 

The figure reveals several important features of the reaction. 
The first is the large donation of electron density to the boron 
atom near the transition state. The second is that this donation 
comes not from the unsaturated carbons of the olefin, which 
actually increase in electron density as the transition state 
forms from I and II, but rather from all of the hydrogen atoms 
attached to the structure. A substantial donation is made by 
the olefinic hydrogens H5, H6, H7, and Hg, and a substantial 
donation is made by the borane hydrogens H9 and H10, but the 
largest single donation comes from the borane hydrogen H4. 
The third feature of the reaction is that the two olefin carbon 
atoms acquire a substantial charge separation. As the transi
tion state forms from I and II, Ci, which is closest to B3, ac
quires a more negative charge than does C2, which is close to 
the borane hydrogen H4. After the system passes over the 
transition state toward the organoborane, a large charge 
transfer is made from the atoms B3 and H4 to the rest of the 
molecule. Some of this electron density ends up on atoms C1 
and C2, although more of it goes to C2 and tends to reduce the 
charge separation between these atoms. 
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Figure 5. Variation of the atomic charges for the 4-31G wave functions 
with path coordinate for the reaction of a borane ethylene complex (III) 
to form ethylborane (V) via the intermediate IV. 

As the transition state forms from I and II, Figure 5 shows 
that more electron density is lost from atoms H4, H7, and Hs 
than from atoms H9, Hi0, H5, and H6. This charge is trans
ferred to both atoms B3 and C1, so one concludes that the major 
direction of the electron transfer is along the C2C) and H4B3 
bonds in III rather than just from the olefin to the borane. 
Basically, the B3 and Ci atoms are populated at the expense 
of the rest of the molecule, and with reference to the illustration 
of IV we would say that the motion is from right to left. This 
direction of charge transfer accounts for the anti-Markowni-
koff addition to alkyl-substituted ethylenes, in the sense that 
a CH3 donates more electrons than the H that it replaces. Thus, 
the transition state which is stabilized is that for which B adds 
to CH2 rather than to CHR. 

The charge distribution changes considerably on going from 
one side of the transition state to the other. The charge sepa
ration between Ci and C2 disappears as the reaction goes 
through the transition state from III to V. It is possible that this 
charge separation controls the directive effects of electron-
donating and electron-withdrawing groups. Since the boron 
atom tends to bond to the more negative carbon atom in the 
transition state, any substituent that creates a substantial 
charge separation between Ci and C2 prior to the formation 
of the transition state will control the direction of addition. 

The overlap populations as functions of the path coordinate 
are shown in Figure 6. The bonding in III and V, corresponding 
to the path coordinate P = 1.0 and 0.0, is unambiguous. In the 
transition-state region, however, there are several positive 
bonding directions between the important atoms C1, C2, B3, 
and H4. The relative magnitudes of the overlap populations 
between Ci and C2 and between C, and B3 in this region 
suggest a a bond and a weakened ir bond between Ci and C2 
and a weak bond between Ci and B3. Similarly, the overlap 
populations between B3 and H4 and between C2 and H4 suggest 
a weakened bond between B3 and H4 and the incipient for
mation of a bond between C2 and H4. In this picture, the 
transition state more closely resembles I and Il than it does the 
organoborane V. This is to be expected, since the transition 
state is energetically much closer to I and II than to V. The 
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Figure 6. Variation of selected overlap populations for the 4-3IG wave 
functions with path coordinate for the reaction of a borane ethylene 
complex (111) to form ethylborane (V) via the intermediate IV. 

existence of the bonding interactions between atoms Ci and 
B3 and between atoms C2 and H4 is unmistakable, though, and 
one must admit them as real features of the transition-state 
structure. 

In summary, the transition state is a highly polarized 
structure, and the dynamics of its formation from I and II and 
its distortion into the organoborane V suggest that the process 
can legitimately be called a donation-back-donation mecha
nism. As the transition state is formed a donation is made to 
the boron atom, and as the reaction is completed these electrons 
are donated back to the rest of the molecule. The direction of 
the charge transfer as well as the original donors and final 
acceptors are not in complete accord with conventional thought 
on the matter, but the basic donation-back-donation process 
seems clearly evident in the population analysis. In the fol
lowing, we will show how this mechanism accounts for an un
usual correlation diagram. 

Orbital Energies and Orbital Control 

The reaction path considered here preserves one plane of 
symmetry, namely, the plane defined by the eclipsed ethyl
borane molecule. Using this symmetry element, each MO can 
be classified as A or A' according to its transformation prop
erties under the point group Cs. In the closed-shell molecules, 
there are nine occupied A orbitals including all three inner 
shells and three occupied A' orbitals. The lowest unoccupied 
molecular orbital (LUMO) has A symmetry. This single 
symmetry element, however, does not allow the reactions to 
be classified using the Woodward-Hoffmann rules,33 so an 
analysis of the orbital control of the reaction must be based 
directly on the correlation diagram, shown in Figure 7. The 
diagram is remarkable because so many orbitals show large 
changes in energy, even—or perhaps especially—the inner 
shells. 

The variation of the LUMO energy is rather conventional. 
There are two maxima, one near P = 0.8 corresponding to net 
bonding interactions generating the loose complex such as 
structure III, and one near P = 0.3 corresponding to the for
mation of the CiB3 and C2H4 bonds in V. Between these 
maxima is a shallow minimum near P = 0.5. One is tempted 
to say that the minimum is indicative of antibonding interac
tions among the occupied orbitals, but an examination of the 
rest of the correlation diagram reveals only one significant 
maximum of orbital energy, and it is in orbital 3 A, which is a 
boron inner shell. 

The highest occupied molecular orbital (HOMO) energy 
is more or less constant over the whole course of the reaction; 
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Table V. Orbital Exponents for the Slater Orbital Basis 

atom Is 

B" 4.679 
C" 5.673 
Hh 1.504 

" Reference 36. 

2s 

1.413 
1.831 
1.434 

' Reference 37. 

2s' 

0.876 
1.153 

2p 

2.217 
2.730 

2p' 

1.006 
1.257 

Figure 7. Orbital correlation diagram for the reaction of a borane ethylene 
complex (111) to form ethylborane (V) via the intermediate IV. Structure 
111 corresponds to P = 1.0, while V corresponds to P = 0.0. 

at least it seems so when compared to the behavior of some of 
the subjacent orbital energies. In some reactions, orbital control 
is maintained by the subjacent orbitals when they allow the 
formation of transition states that would normally be Wood
ward-Hoffmann forbidden,34 but these situations normally 
involve the first one or two subjacent orbitals. In the hydro-
borations reaction, the orbital energies of even the lowest lying 
inner shells show large changes. 

A close examination of the correlation diagram in con
junction with the population analysis discussed previously 
reveals it to be consistent with a polarized transition state 
structure, and it is consistent with our interpretation as pro
ceeding via a donation-back-donation mechanism. The pop
ulation analysis in Figure 5 shows a large donation to the boron 
atom from the hydrogen atoms, and one naturally expects this 
to be reflected in the orbital energies. Since the orbital energies 
of a negative ion are greater and the orbital energies of a pos
itive ion are less than those of the neutral species, the MOs with 
contributions from the hydrogen atoms should decrease in 
energy as the transition state forms from I and II. There should 
also be a corresponding rise in the energy of the orbitals placing 
great weight on the boron atom. For I and II, P = °° in Figure 
7, the orbitals 5A, 1 A', 7A, and 3A' all contain large contri
butions from the olefin hydrogen atoms, and, as may be seen 
by tracing the energy curves from P = <» in toward the tran
sition state, all but one of the orbitals, 3A', decrease in energy. 
At P = =°, the orbitals 6A, 2A', and 8A all contain large con
tributions from the hydrogen atoms attached to the borane 
subunit. As these curves are traced from P = =° in toward the 
transition state, orbitals 6A and 2A' decrease in energy, but 
orbital 8A increases in energy. At P = °° orbital 8A is a 
member of a degenerate pair of borane orbitals and it trans
forms as a p orbital directed at the hydrogen H4, so this orbital 
has a large contribution from both B3 and H4. As the transition 
state forms from I and II, H4 depopulates, but much of this 
population is shifted to B3, and as a result orbital 8A has a 
fairly stable energy but does undergo a slight promotion. After 
the transition state is passed, Figure 5 shows that both B3 and 
H4 depopulate, so orbital 8A ought to decrease in energy. In
deed it does, as seen in Figure 7 between P = 0.5 and 0.4. Of 

course the boron atom is a major recipient of electron density 
during the transition-state formation, so some orbital associ
ated with it must be sharply promoted, and, as seen in Figure 
7, the boron inner shell 3A has a sharp maximum of energy 
near/5 = 0.5. 

The fact that a large population shift is reflected in large 
changes in the energy of inner shells is not surprising. For in
stance, the inner-shell energies of the ground states of the boron 
atom and its (-1) ion are -7.695 and -7.425 au, respectively; 
the corresponding energies for carbon are -11.326 and 
— 10.956 au.35 Given that the transition-state formation is 
accompanied by a population shift of almost one-half electron 
on the boron atom, the observed change in its inner-shell energy 
is very understandable. The carbon atom charges shift by al
most 1A au, so we must anticipate large shifts in the carbon 
inner shells as well. 

I ndeed, the behavior of the carbon inner shells is especially 
interesting. As shown in Figure 7, they are degenerate in the 
separated systems I and II, and they remain nearly so until the 
transition state starts to form near P = 0.6. From P = 0.6 to 
P = 0.5 the orbital near degeneracy is broken with orbital 2A 
increasing and orbital IA decreasing in energy. From the 
population analysis in Figure 5, it is apparent that the total 
charges on the two carbons are also diverging in this region, 
and that one of the carbons, Ci, is acquiring a much more 
negative charge than the other carbon C2. That being the case, 
one would expect the MO dominated by Ci to be higher in 
energy than the MO dominated by C2, and an inspection of the 
MO expansion coefficients confirms this hypothesis. After the 
transition state is formed and the reaction passes on to form 
the organoborane, Figure 5 shows (P < 0.45) that both B3 and 
H4 depopulate and donate electron density to the olefin, so the 
boron inner shell should decrease in energy as should orbital 
8A which is dominated by the hydrogen H4. The carbon inner 
shells should show a concomitant increase in energy, as should 
all the orbitals having large contributions from the olefin hy
drogen atoms. Examination of the correlation diagram bears 
out these conjectures. 

In summary, the existence of a polarized donation-back-
donation transition state is suggested by the population anal
ysis, and it is confirmed by a close analysis of the orbital cor
relation diagram. The correlation diagram shows that many 
orbitals undergo large shifts in energy, and some of the largest 
shifts are observed in terms of simple concerted bond rear
rangements, but it is seen to be a natural consequence of the 
donation-back-donation transition state such as discussed 
above. 

Correlation Corrections 
As we note, the effect of basis-set extension drastically af

fects the values of the reaction and activation energies, and the 
effects of the correlation energy must also be considered. To 
do so, zero-order configuration interaction (CI) calculations 
are performed on I, II, the transition state at P = 0.462, and 
VI. The excitations are made from the closed-shell wave 
functions for each system and include all the single and double 
excitations from the valence orbitals to the virtual orbitals that 
would be defined by a minimal basis set calculation. 

The SCF calculations use MOs expanded in an extended 
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Table Vl. Slater Orbital and Zero-Order CI Calculations of the Reaction and Activation Energy" of the Hydroboration Reaction 

system P = 0.462 

SCF 
CI 
A(SCF)* 
A(CI)* 

-26.353 22 
-26.369 47 

-77.948 96 
-78.033 51 

•104.281 91 
-104.418 88 

-0.020 27 
-0.015 90 

-104.364 59 
-104.474 18 

-0.062 42 
-0.071 20 

" Energy in au. * A = E — E\ — E\ 

basis of Slater orbitals. The valence orbitals for all the atoms 
are described by a double f basis, and the inner shells on boron 
and carbon are described by a single function. The boron and 
carbon exponents are from Clementi and Roetti,36 and the 
hydrogen exponents are from McDowell;37 they are shown in 
Table V. SCF calculations produce the Hartree-Fock energies 
reported in Table Vl. 

The Cl calculations yield the total energies and reaction 
energies shown in Table VI. The reaction energy for the for
mation of VI from I and II is —45 kcal/mol. This is exothermic 
with respect to experiment,23 but, considering the limited CI 
performed here, it is not an unreasonable prediction. The re
action energy for the formation of IV from 1 and II is —10 
kcal/mol, so at the zero-order CI level the reaction goes 
without activation. 

Clearly the correlation effect stabilizes the transition state 
relative to I and II and to VI. The transition state is known to 
have two weakened bonds and two partially formed bonds, and 
a preliminary analysis of the PRDDO localized orbitals 
suggests that the transition state is actually dominated by two 
three-center bonds, one over C1C2B3 and one over B3H4C2. 
If that interpretation can be made of the extended basis wave 
function, then the correlation energy stabilization of the 
transition state is to be expected, since the correlation energy 
in three-center bonds is generally larger than in two-center 
bonds. 

Comparison to Other Studies 

While this manuscript was in preparation, two other detailed 
studies of the hydroboration reaction have appeared. In a 
MNDO study, Dewar and McKee38 have calculated a similar 
minimum energy reaction pathway for the addition of borane 
to ethylene, but find an overall barrier of 7.6 kcal/mol for the 
forward reaction. Clark and Schieyer39 concur with our find
ings of a zero activation energy for hydroboration based on 
calculations at the STO-3G and 4-31G levels. However, they 
did not include the effects of configuration interaction. 
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