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Abstract Ab initio calculations were carried out to

investigate the structures, binding energies, bonding, and

NMR spin–spin coupling constants of complexes

HLB=BLH, for L=CO, NH3, OH2, PH3, SH2, and ClH.

Both B–B and B–H bonds lengthen on complex formation

relative to singlet HBBH, and except for L=CO, the B–B

bonds are double bonds. The order of stability of the trans

isomers correlates with the ordering of ligands in the

spectrochemical series of ligand field theory. The trans

isomer is always more stable than the corresponding cis.

Inverse correlations are found between 1J(B–B) and 1J(B–

H) and the corresponding B–B and B–H distances. For the

trans isomers, 1J(B–B) appears to be related to the ordering

of ligands in the spectrochemical series, while 1J(B–H) is

related to the protonation energy of the ligand L.

Keywords Diborenes � Spectrochemical series �
AIM � ELF � NMR coupling constants

1 Introduction

Boron is an element that presents a variety of chemical

bonding motifs, starting with its allotropic forms and conti-

nuing in the boranes, metalloboranes, carboranes (among them

the strongest superacids), metallocarboranes, boron halides,

borates, and finally, boron–nitrogen compounds [1–3]. In

recent papers, we have focused on various series of related

molecules with B–N bonds, and have investigated their

structural, energetic, and NMR spectroscopic properties [4–6].

These studies also included a recently synthesized

organoboryl compound [7] in which boron acts as a nucleo-

phile [8]. In the present study, we turn our attention to systems

with B–B multiple bonds, a few of which have been described

in the literature [9–17] Among them are those with a B–B triple

bond L–B:B–L (I) and a B–B double bond HLB=BLH (II)

stabilized by two carbenes, as illustrated in Fig. 1. In the

present study, we investigate model systems for II, represented

as HLB=BLH, for L a set of neutral Lewis bases (ligands) CO,

NH3, OH2, PH3, SH2, and ClH, with the ligands in trans and cis

positions (1-E and 1-Z, respectively), as shown in Fig. 2.

In the E and Z isomers, the two ligands (L5 and L6) are

identical, but are numbered to show that H3 and L5 are

always bonded to B1, and H4 and L6 to B2. X5 and X6 are the

electron-donor atoms in L5 and L6, respectively, which

form the bonds to B1 and B2. In this study, we describe the

geometric and electronic structures and bonding properties

of the trans and cis isomers, binding energies of the com-

plexes, and NMR spin–spin coupling constants.

2 Methods

DFT calculations employing the B3LYP functional [18,

19] and the 6-311??G(d,p) basis set [20] were carried out
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to optimize the structures of all complexes in both singlet

and triplet states, using the Gaussian-03 package [21].

Frequency calculations were performed to confirm that the

optimized structures correspond to minima on the potential

surfaces. Stability checks were made to identify and

eliminate systems which have RHF/UHF instabilities. The

structures of the singlet states were also optimized at sec-

ond-order Møller–Plesset perturbation theory (MP2) [22–

25] with the 6-31?G(d,p) basis set [26–29]. Frequency

calculations were performed at this level to insure that

these structures were also minimum-energy structures.

The electron densities of these systems have been ana-

lyzed using the Atoms in Molecules method [30] with the

AIMPAC program [31]. Within this methodology, the

bonds are characterized by a (3, -1) stationary point that is

designated the bond critical point (bcp). Properties of the

bcp including the electron density (q), ellipticity (e), and

energy density (H) allow for classification of the bcp. The

total energy density, H, has become the preferred alterna-

tive to the Laplacian of the electron density (r2q), since it

overcomes some of the limitations of the latter [32].

In addition, the electron localization functions (ELFs)

[33, 34] have been evaluated for these complexes using the

ToPMoD package [35]. This function measures the proba-

bility that a pair of electrons will be found in a given region

of space and has bounds between 0 and 1. ELF isosurfaces

around 0.75 provide clear pictures of the regions of elec-

tron localization or attraction basins, which may be related

to key bonding concepts, such as core, valence, and lone-

pair regions. Their populations have been related to bond

order.

The natural bond orbital (NBO) [36] approach was

employed to analyze bonding in terms of localized hybrids

and lone pairs, and to evaluate the nature and weight of

resonance structures that may contribute to the stability of a

given system. These NBO calculations were carried out

allowing for the detection of three-center bonding, which is

rather common in boron compounds. However, no three-

center bonds were detected in any of these complexes. The

interactions between occupied and unoccupied MOs asso-

ciated with electron donation and back donation arising

between the ligands and B2H2 were investigated through a

second-order perturbation analysis of the Fock matrix. In

addition, the Wiberg natural bond orders were computed.

Spin–spin coupling constants were computed for these

complexes at the MP2/6-31?G(d,p) geometries using the

equation-of-motion coupled-cluster singles and doubles

method (EOM-CCSD) in the configuration interaction

(CI)-like approximation [37–40] with all electrons corre-

lated. The Ahlrichs qzp basis set [41] was used on 13C, 15N,
17O, and 19F atoms, and the qz2p basis set was used for 31P,
33S, 35Cl, and the 1H atoms bonded to B. The recently

constructed hybrid basis set was used for 11B [4]. This basis

set has the same number of contracted functions (6s, 4p,

and 1d) as the Ahlrichs qzp basis used for C, N, O, and F,

and was used previously in studies of B–N, B–H, and B–Li

coupling constants [4, 6, 8]. The Dunning cc-pVDZ basis

set [42, 43] was placed on H atoms of the ligands. In the

nonrelativistic approximation, the nuclear spin–spin cou-

pling constant is composed of four terms: the paramagnetic

spin orbit (PSO), diamagnetic spin orbit (DSO), Fermi

contact (FC), and spin dipole (SD) [44]. All terms were

computed for all complexes. The EOM-CCSD calculations

were carried out using ACES II [45] on the Itanium cluster

at the Ohio Supercomputer Center.

3 Results and discussion

3.1 Geometries

The geometry and a selection of the structural parameters

describing the optimized geometries of the HLB=BLH

complexes are shown in Fig. 3 and Table 1. No stable

structures were found for trans or cis isomers with FH as

the Lewis base, or for the cis isomers which have OH2 or

ClH bonded to the two B atoms. These molecules are

relatively poor electron donors. In addition, complexes

with N2, BF, CH2, and CF2 have not been included because

they present RHF/UHF instabilities. For the OH2, SH2, and

ClH complexes in the E configuration and SH2 in the Z

configuration, several minima were located, some of which

have similar geometrical and energetic characteristics.

However, only the most stable E and Z configurations have

been considered in this study.

The optimized B–B distances in the HLB=BLH systems

are similar to the distance reported for compound II [1.561

(18) Å] [10], which suggests that these molecules are
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L = CO, NH3, OH2, PH3, SH2, ClH

1-E 1-Z

Fig. 2 Structures of compounds 1-E and 1-Z
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reasonable models for a B=B double bond and can be used

to analyze bonding and other properties in compounds such

as II. A compound with a B–B single bond, which is a

derivative of II, has a much longer B–B distance of 1.828

(4) Å [10].

Not surprisingly, the B1-X5 distances vary significantly

with the position in the periodic table of atom (X) in the

Lewis base (L), which binds to B. Those molecule with X

a second-period atom, have distances between 1.490 and

1.678 Å; those from the third-period have distances

between 1.887 and 2.106 Å. If the structures of the E

isomers with the second- and the third-period ligands are

compared separately, a correlation is found between the

B–X and the B–B distances. That is, the shorter the B–X

distance, the longer the B–B distance, which suggests that

an increase in the B–X interaction weakens the B–B bond.

Similarly, for the Z isomers, the B–B bond is longer and

the B–X bond shorter when L is PH3 compared to SH2,

and when L is CO compared to NH3. The bonding pecu-

liarities which give rise to these differences will be dis-

cussed below. The B–B bond is always longer in the Z

isomer compared to the corresponding E isomer. Table 1

also shows a significant lengthening of the BH bonds in

the complexes compared to singlet HBBH. It is also

interesting to note that within each subset of isomers,

larger values of the H3–B1–B2 angle correspond to longer

B–X distances, which suggests that these molecules are

approaching a nearly linear HBBH and two isolated L

molecules.

3.2 Energetics

Although it is well established that HBBH has a triplet

ground state (3Rg
-) [46, 47], the singlet electronic configu-

ration of the complexes HLB=BLH is more stable than the

triplet, that is, all complexes are ground-state singlets. The

energy difference between the singlet ground state and

the lowest triplet state of these complexes varies from 17 to

36 kcal mol-1. As evident from Table 2, the E configura-

tion (trans) is always more stable than Z (cis), with the

energy difference varying from 1.64 kcal mol-1 when L is

CO, to 12.18 kcal mol-1 when L is NH3. Several factors

are responsible for such differences. A perusal of the NBO

second-order interaction energies shows that the population

of the pBB bonding orbital is slightly larger in the E than in

the Z isomer. This suggests that the electron-donating

ability of the ligands in enhanced in the E isomer, and is

reflected in a slightly greater B=B bond order in this

Fig. 3 Optimized MP2/6-31?G(d,p) cis and trans complexes HLB=BLH

Table 1 Distances (R, Å) and

angles (\, �) for optimized

MP2/6-31?G(d,p) complexes

HLB=BLHa

a Singlet HBBH:

R(B–B) = 1.520 Å;

R(B–H) = 1.170 Å;

\H3–B1–B2 = 180.0�

L Sym. R (B–B) R (B1–H3) R (B1–X5) \H3–B1–B2 \X5–B1–B2

CO (1-E) C2h 1.605 1.184 1.490 132.5 106.7

CO (1-Z) C2v 1.611 1.185 1.492 129.3 112.3

NH3 (1-E) C2h 1.558 1.204 1.625 134.9 115.2

NH3 (1-Z) C2v 1.561 1.199 1.645 128.3 126.2

OH2 (1-E) C2 1.552 1.191 1.678 141.5 112.0

PH3 (1-E) C2h 1.571 1.194 1.890 134.6 109.7

PH3 (1-Z) C2v 1.576 1.196 1.887 127.8 122.9

SH2 (1-E) C2h 1.559 1.191 1.910 137.7 108.0

SH2 (1-Z) C2v 1.568 1.191 1.904 132.3 115.7

ClH (1-E) Ci 1.538 1.180 2.106 150.9 104.7
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isomer. Moreover, the electron density at the B=B bcp is

slightly greater in the E than in the Z isomer, and the

weight of the resonance structure bearing a B=B double

bond is also greater. These differences also increase in

going from the second-period ligand NH3 to the corre-

sponding third-period ligand PH3, the only case for which

such a comparison can be made.

A second important contributor to the lower stability of

the Z isomers is the increased steric hindrance between the

substituents in this conformation, as illustrated in Fig. 4

for L=NH3 and PH3. These renderings show the close

proximity of the ELF basins associated with NH and PH

bonds in the Z configuration. The much larger positive

charge of the hydrogen atoms when the ligand is NH3 leads

to much stronger ligand–ligand repulsion and results in

significant destabilization.

Interaction energies, evaluated relative to HBBH in its

lowest singlet state, are also reported in Table 2. Since the

energy difference between the ground-state triplet and the

first excited singlet state of HBBH is 18 kcal mol-1, all of

the complexes are also stable relative to the triplet ground

state of HBBH, except for H(HCl)B=B(ClH)H, which is

bound by only 1.6 kcal mol-1 relative to singlet HBBH. In

contrast, the complexes of HBBH with CO have interaction

energies, which approach those of covalent bonds. The

reasons for such differences will become apparent when

the details of the bonding in these systems are discussed

below. The order of stabilization energies for these com-

plexes (CO [ PH3 [ NH3 [ SH2 [ OH2 [ ClH) is con-

sistent with the ordering of these molecules as ligands in

the spectrochemical series of crystal field theory

(CO [ PR3 [ NH3 [ SR2 [ OH2), based on their binding

strength to metal ions [1a]. This is not unexpected since in

both situations, these molecules act as electron-pair donors

to an electron-deficient site.

3.3 Bonding analyses

The electron densities, q, computed at the bond critical

points (bcp) of the cis and trans isomers of HLB=BLH are

reported in Table 3. The values of the B–B and B–H

electron densities at the bcps and the negative sign of the

total energy density (H) indicate shared shell interactions

similar to those found for covalent bonds. In contrast, the

B–X bcps can be considered as borderline cases, since H is

negative while its Laplacian is positive. This combination

is usually found for very polar covalent bonds and for

strong intermolecular hydrogen bonds [48].

Several reports have shown an exponential relationship

between the value of the electron density at the bcp and the

interatomic distance [49–51]. In those cases, the inter-

atomic distances were relatively long. In the HLB=BLH

complexes, the electron densities and Laplacians at the

bcps increase in absolute value as the B–B and B–H dis-

tances decrease, as expected. However, both linear and

exponential relationships between these variables yield

similar correlation coefficients (R2 always larger than 0.95

for q and 0.9 for r2q), most probably due to the small

range of B–B and B–H distances.

An interesting characteristic of the electron distributions

in the HLB=BLH complexes except for L=CO is the high

value of the ellipticity (e) at the B–B bcp, as shown in

Table 3. At the same computational level, e for the C–C

bond of ethylene is 0.33. Thus, the value of this parameter

is a clear indication of the double bond character of the

B=B bond. In addition, the ELF plots of Fig. 5 show

disynaptic basins, one on each side of the rh symmetry

plane, similar to those observed for ethylene. The inte-

grated electron densities within the basins range from 2.63e

in the complex with CO to 3.83e in that with OH2, brac-

keting the value of 3.37e for ethylene. These results are

also a clear indication of the presence of a B=B double

bond, with the degree of double bond character varying

along the series. This is also illustrated by the Wiberg B–B

bond orders, which are reported in Table 4.

As noted above, if the second- and third-row ligands are

considered separately, an overall correlation exists between

the electron-donating ability of L as measured by its

position in the spectrochemical series, and the B–X and

B–B bond lengths. In these complexes, as the length of the

B–X bond decreases, that of the B–B bond increases. Does

a similar relationship extend to the bonding in these mol-

ecules, that is, does an increasing B–X bond order correlate

with a decreasing B–B bond order? Table 4 reports the

Wiberg bond orders for the E isomers of HLB=BLH. For

complexes with third-period molecules as ligands, the B–B

bond order increases as the B–X bond order decreases, and

the B–B bond order in the complex with ClH approaches

that of HBBH. This is not surprising, given that this

Table 2 Symmetries, total energies (a.u.), relative energies of trans
and cis isomers (Erel, kcal mol-1), and binding energies (DE, kcal -

mol-1) of complexes HLB=BLH at MP2/6-31?G(d,p)

L Sym Total energy Erel DEa

CO (1-E) C2h -276.737068 0.00 -86.69

CO (1-Z) C2v -276.734449 1.64 -85.05

NH3 (1-E) C2h -163.4296404 0.00 -65.82

NH3 (1-Z) C2v -163.410225 12.18 -53.63

OH2 (1-E) C2 -203.049908 0.00 -27.00

PH3 (1-E) C2h -735.8142017 0.00 -70.94

PH3 (1-Z) C2v -735.801473 7.99 -62.96

SH2 (1-E) C2h -848.231271 0.00 -41.85

SH2 (1-Z) C2v -848.2249686 3.95 -37.89

ClH (1-E) Ci -970.958501 0.00 -1.64

a DE = E(HLB=BLH) - E(HBBH, singlet) - 2E(L)
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complex is very weakly bound. However, a correlation

between B–B and B–X bond orders does not appear to exist

for complexes in which a second-period atom is the elec-

tron donor. The complex with L=CO is unique and will be

discussed in detail. For the complexes with L=NH3 and

H2O, the B–X bond order decreases with NH3 [ H2O as

anticipated, but the B–B bond orders are similar to that of

HBBH, and therefore appear to be too high. Closer

examination of Table 4 suggests that the B–B bond order

may not be very sensitive to the nature of the ligand, except

for complexes with L=PH3 and H2S. What factors are

responsible for these observations?

Complex formation formally changes the hybridization

of B from sp to sp2, thereby decreasing the intrinsic

electronegativity of B and increasing the length of both

B–B and B–H bonds. Moreover, as the electron-donating

ability of L increases, the degree of charge transfer to B

increases, thereby increasing the net negative charge at B,

as evident from Table 5. The order of decreasing negative

charge on B follows the order of the spectrochemical ser-

ies, with a reversal of NH3 and SH2. The accumulation of

negative charge on the two B atoms results in an increased

electrostatic repulsion between them and a lengthening of

the B–B bond. If a direct correlation between B–B bond

length and B–B bond order exists, then both of these fac-

tors should lead to a decrease of the B–B bond order in all

complexes, but this is not supported by the data of Table 4.

The B–B bond may also be influenced by three different

orbital interactions, which can be described by NBO

analyses. The first of these involves charge transfer from

the rBH bonding orbital, which gains electron density on

complexation, to the rBB
* antibonding orbital. The inter-

action energy is reported as DE1 in Table 5. The trend in

DE1 parallels the spectrochemical series of the ligands,

again with a reversal of H2S and NH3. The largest effects

are found for the complexes in which the charge on B

is greatest, namely, complexes with L=PH3 and H2S.

Fig. 4 ELF basins at 0.8 level

illustrating steric hindrance in

the Z isomers of

H(H3N)B=B(NH3)H and

H(H3P)B=B(PH3)H

Table 3 The electron density (q, a.u.), total energy density (H, a.u.),

and ellipticity (e) at bond critical points for complexes HLB=BLH

calculated at B3LYP/6-311?? G(d,p)

L B=B B–H B–X

q H e q H q H

CO (1-E) 0.167 -0.133 0.17 0.176 -0.183 0.162 -0.133

CO (1-Z) 0.168 -0.133 0.16 0.175 -0.182 0.162 -0.134

NH3 (1-E) 0.187 -0.157 0.46 0.165 -0.164 0.108 -0.065

NH3 (1-Z) 0.182 -0.151 0.48 0.168 -0.171 0.102 -0.060

OH2 (1-E) 0.192 -0.165 0.56 0.176 -0.182 0.072 -0.034

PH3 (1-E) 0.178 -0.145 0.25 0.169 -0.172 0.115 -0.096

PH3 (1-Z) 0.174 -0.140 0.24 0.169 -0.172 0.116 -0.097

SH2 (1-E) 0.186 -0.156 0.33 0.175 -0.180 0.096 -0.071

SH2 (1-Z) 0.182 -0.149 0.31 0.176 -0.182 0.098 -0.073

ClH (1-E) 0.197 -0.175 0.62 0.187 -0.201 0.038 -0.009

Fig. 5 ELF isosurfaces at

values of 0.75 for H2C=CH2,

H(OC)B=B(CO)H, and

H(H3N)B=B(NH3)H computed

at B3LYP/6-311??G(d,p)

Table 4 Wiberg bond orders for the E isomers of HLB=BLHa

Bond COb NH3 H2O PH3 SH2 ClH

B–X 1.20 0.63 0.45 1.02 0.89 0.38

B–B 1.31 1.91 1.98 1.70 1.72 1.97

a The Wiberg B–B bond order for singlet HBBH is 1.977
b The C–O bond order in the complex is 2.10
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For these two complexes, DE1 values are 3.7 and

3.1 kcal mol-1, respectively. In contrast, DE1 for NH3 and

H2O are 2.2 and 0.6 kcal mol-1, respectively.

The next two orbital interactions are of the hypercon-

jugative type, the first and stronger one involving the pBB

bonding orbital and the pseudo-pXH
* antibonding orbital

formed from the rXH
* antibonding orbitals of the X–H

bonds, which lie above and below the plane defined by

HBBH. This interaction removes electron density from the

pBB bonding orbital. As evident from Table 5, this inter-

action is significantly stronger for the complexes formed

from PH3 and H2S for which DE2 is 6.9 and 7.6 kcal -

mol-1, respectively, compared to the remaining complexes

which have DE2 values between 0.6 and 2.1 kcal mol-1.

The second hyperconjugative-type interaction involves

another pseudo-p orbital formed from the rXH bonding

orbitals of the ligands interacting with the pBB
* antibonding

orbital. This interaction populates the B–B antibonding

orbital, but is a significantly weaker interaction with DE3

values of 1.1 kcal mol-1 or less. Thus, while all of the

factors considered above are consistent with an increase in

the B–B bond distance, the B–B bond orders of the trans

isomers are significantly reduced only when PH3 and H2S

are the ligands. This suggests that the reduction in the

computed B–B bond orders in these two complexes should

be attributed primarily to the strong hyperconjugative pBB–

pXH
* interaction, reinforced by the rBH–rBB

* interaction.

The E isomer of H(OC)B=B(CO)H shows a different

pattern with a large interaction energy and B–X bond order,

but low B=B bond order. This is a result of the ability of CO

to act as a good r-electron donor through C and at the same

time a good p-electron acceptor, as is well known in

coordination chemistry. An NBO analysis shows the exis-

tence of a rBC covalent bond, as well as back donation from

the pBB bonding orbital into the pCO
* antibonding orbital.

This back donation is responsible for an increase in the C–B

bond order and depopulation of the pBB bond, and is

reflected not only in a low population at the corresponding

basin as noted above, but also in a significant decrease of the

B=B bond order. Electron transfer to the pCO
* antibonding

orbital also leads to a significant decrease of the CO bond

order, which becomes lower than that of isolated CO (2.27).

Moreover, a natural resonance theory (NRT) analysis

indicates that although the resonance structure a of Fig. 6

has a weight of 33%, there are two other important equi-

valent contributors, b and c, with weights of 20% each,

which increase the bond order of the B–C bond while

reducing that of the C–O bond. Only structures like a

contribute to the B–X bonds in the other complexes, and

these remain single bonds.

3.4 Coupling constants

The calculated coupling constants (J) for the trans and cis

isomers of the HLB=BLH complexes are reported in

Table 6. The components of these coupling constants can be

found in the supporting information. From these data, it is

apparent that all one-bond B–B and B–H coupling constants

are dominated by the Fermi-contact term. Since the mag-

netogyric ratios of 11B and 1H are positive and all one-bond

B–B and B–H coupling constants are large and positive, the

reduced coupling constants 1K(B–B) and 1K(B–H) are

positive and consistent with the Dirac Vector Model [52].

The B–B coupling constant 1J(B–B) is greater in the cis

isomer except when L=SH2. The one-bond coupling con-

stants 1J(B–H) are similar in magnitude in corresponding

trans and cis isomers, except when L=NH3, in which case
1J(B–H) is 9 Hz greater in the cis isomer. 1J(B–H) is

approximately an order of magnitude greater than 2J(B–H),

which may be either positive or negative.

In order to compare the signs of B–X coupling constants

in different complexes, it is necessary to use reduced

coupling constants since the magnetogyric ratios of 15N

and 17O are negative while those of 13C, 31P, 33S, and 35Cl

are positive. An examination of Table 6 indicates that the

reduced one-bond coupling constants 1K(B–X) may be

positive or negative, while the reduced two-bond coupling

constants 2K(B-X) are positive, except for 2K(B–C) for the

trans isomer of H(OC)B=B(CO)H. 1J(B–X) values are also

similar in corresponding trans and cis isomers except when

Table 5 Net natural atomic charge at the boron atom [q(B)] and

orbital interaction energies [DE1, DE2, and DE3, (kcal mol-1)] for the

trans isomers of HLB=BLHa

L q(B)b DE1 DE2 DE3

CO (1-E) –0.304 12.0c – –

NH3 (1-E) –0.258 2.2 2.1 1.1

OH2 (1-E) –0.184 0.6 0.6 0.6

PH3 (1-E) –0.542 3.7 6.9 0.8

SH2 (1-E) –0.371 3.1 7.6 1.0

ClH (1-E) –0.137 \0.5d 1.5 \0.5d

a DE1, DE2, and DE3 are orbital interaction energies, which are

defined in the text
b The charge on B for singlet HBBH is ?0.135
c This interaction energy corresponds to back donation from the pBB

bonding orbital into the pCO
* antibonding orbital

d Values less than 0.5 kcal mol-1 are not reported
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Fig. 6 Natural resonance theory (NRT) analysis
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L=PH3, in which case 1J(B–P) is 15 Hz larger in the cis

isomer.

Figure 7 shows a plot of 1J(B–B) versus the B–B dis-

tance, and Fig. 8 shows a similar plot of 1J(B1–H3) versus

the B1–H3 distance. The trend lines are second-order curves

with correlation coefficients of 0.962 and 0.978, respec-

tively. These curves indicate that as the B–B and B–H dis-

tances decrease, the B–B and B–H coupling constants tend

to increase in this closely related series of complexes.

However, it should be noted that although the E isomer has

the shorter B–B distance, 1J(B–B) for the Z isomer is greater

than 1J(B–B) for the corresponding E isomer when L=CO,

NH3, and PH3. A closer examination of Fig. 7 shows that the

points for the four isomeric pairs are displaced one above

and one below the trend line, with the Z isomer always

above. For the trans isomers, the B–B coupling constants

increase as the ligand strength decreases, with 1J(B–B)

for CO \ PH3 \ SH2 * NH3 \ OH2 \ ClH. Thus, these

coupling constants also increase as the complex binding

energies decrease, with a slight reversal of NH3 and SH2.

Figure 9 illustrates an inverse linear correlation between
1J(B–H) and the computed MP2/6-31?G(d,p) electronic

protonation energy of the Lewis base L, with a correlation

coefficient of 0.903. This indicates that 1J(B–H) is also

sensitive to the electron-donating ability of L. Once again,

the grouping of the isomeric pairs is evident. Perhaps

what is even more interesting is the observation that while
1J(B–H) correlates with the protonation energy of L, there

Table 6 One-bond B–B, B–H,

and B–X, and two-bond B–H

and B–X spin–spin coupling

constants (J, Hz) for trans and

cis isomers of HLB=BLH

L Sym 1J(B1–B2) 1J(B1–H3) 1J(B1–X5) 2J(B1–H4) 2J(B1–X6)

CO (1-E) C2h 61.1 145.1 61.3 –7.8 –3.7

NH3 (1-E) C2h 126.4 107.5 –1.0 9.0 –8.4

OH2 (1-E) C2 148.8 129.1 13.8 14.7 –8.7

PH3 (1-E) C2h 98.2 128.7 32.8 –0.7 38.1

SH2 (1-E) C2h 125.0 135.7 –11.0 5.8 25.0

ClH (1-E) Ci 178.3 163.7 –15.3 17.9 20.1

CO (1-Z) C2v 71.2 147.2 62.4 –10.8 0.1

NH3 (1-Z) C2v 130.1 116.4 0.8 12.3 –2.3

PH3 (1-Z) C2v 106.5 124.8 47.8 –1.6 12.8

SH2 (1-Z) C2v 120.8 133.5 –8.9 12.1 10.4
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Fig. 7 1J(B–B) versus the B–B distance for HLB=BLH
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is no correlation between the protonation energy and
1J(B–B). Rather, as noted above, the B–B coupling con-

stants appear to be inversely related to the ordering of L in

the spectrochemical series. Thus, there is no correlation

between changes in 1J(B–B) and 1J(B–H) in the series of

complexes HLB=BLH.

4 Conclusions

An ab initio study has been carried out to investigate the

structures, binding energies, bonding, and spin–spin cou-

pling constants of complexes HLB=BLH, with L=CO,

NH3, OH2, PH3, SH2 and ClH. The results of this study

support the following statements.

1. Complex formation results in a lengthening of B–H

and B–B bonds relative to singlet HBBH. For trans

complexes in which the electron-donor atom of L is a

second-period element, the shorter the B–X bond, the

longer the B–B bond. A similar relationship is also

found for trans isomers among complexes involving

third-period elements. The B=B bond is always shorter

in the trans isomer than in the cis.

2. All complexes HLB=BLH have singlet ground states,

with the trans isomer more stable than the correspond-

ing cis isomer. The order of stabilization energies

correlates with the ordering of the ligands in the

spectrochemical series of crystal field theory.

3. With the exception of H(OC)B=B(CO)H, the B–B

bonds are essentially double bonds, with B–B bond

orders that are not very sensitive to the nature of the

ligands except for L=PH3 and SH2. It appears that a

strong hyperconjugative interaction is primarily

responsible for decreasing the B–B bond order in

these two complexes. The complexes with CO show a

different bonding pattern as CO acts as a strong

r-electron donor and p-electron acceptor.

4. One-bond B–B and B–H coupling constants, 1J(B–B)

and 1J(B–H), are dominated by the Fermi-contact

term, and are always positive. 1J(B–B) and 1J(B–H)

are inversely related to the B–B and B–H distances,

respectively. 1J(B–B) for trans complexes also tends to

correlate inversely with the ordering of ligands in the

spectrochemical series and therefore with the binding

energies of the complexes. 1J(B–H) exhibits an inverse

correlation with the protonation energy of the ligand.
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