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operation is designated with the symbol "*". 
(b) The plane spanned by atoms 5, 6, 10 (perpendicular to the 

previous one): The corresponding symmetry operation is denoted 
with " ". It inverts ring A and inverts and permutates ring B. 

These symmetry operations are commutative and both self invert 
("**" = " "). C1 conformations appear 4 times, C2 or Cs con
formations appear twice, and the central C111 conformations are 
unique. 

The nomenclature used for depicting the conformations of the 
cyclohexane ring is that proposed by Hendrikson15a'b,c for "chair" 
(C), "twist-boat" (TB), "boat" (B), and "planar" (P) and An
derson1' for "half-chair" (HC) and "half-boat" (HB). For five-
membered rings one generally adheres to the distinction between 
half-chair (HC) and envelope (E) conformations.5 However, spiro 
substitution may be the cause of severe distortions in ring B and 
the selected label can be somewhat conventional. In conforma
tional sequences such as HC2b the capital letters refer to the 
conformation of ring A, the number 2 differentiates the non
symmetrical^ related members of a given conformational family 
(Figure 2), and the small letter labels the conformation of ring 
B (Figure 3). The previously defined symmetry operations act 
on the parent label to give the equivalent labels (e.g., HC2*b*, 
HC2b, HC2*b*). 

Organoborates are interesting and important starting com
pounds in modern synthetic organic chemistry.1 They are involved 
in reactions where migration of an organic group (or hydrogen) 
from boron to the acceptor carbon atom is usually exploited. An 
exceptional synthetic potential exists for cyanoborates,2a which 
may be regarded as donor-acceptor complexes of organoborane 
with HCN or HNC. The simplest compound of this type is 
HCNBH3 and its isocyano isomer HNCBH3. Since cyanoborate 
processes are usually initiated in salts,2 BH3CN' and BH3NC' 
are of interest as well. In addition, since HNC is not normally 
available, BH3CN" and its subsequent protonated form contribute 
the source of the synthetically important HNCBH3 molecule.2 

In general, binding energies of molecules having weak dative 
bonds have been difficult to ascertain experimentally. This is 
particularly true for complexes of the transient monoborane 
species, BH3, whose very short lifetime does not permit the direct 
determination of its energy. Although the binding energies of some 

f Present address: Department of Physical Chemistry, Faculty of Science, 
Comenius University, Mlynska dolina, 842 15 Bratislava, Czechoslovakia. 

'Guggenheim Fellow. 

These notations allow a rapid identification of symmetrically 
equivalent structures without a detailed analysis of the torsional 
angles. The symmetry properties of free rings A and B propagate 
into the labels of 1 or 2. For example, using the equal symbol 
for identical (not equivalent) conformations, C = C^, a = a* and 
therefore "—" acts on Ca to give Ca*. Similarly, TBI = TBI* 
and the conformation TBl*a is invariant under the operation "*_". 
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related compounds, as e.g. BH3CO, BH3BH3, and BH3NH3, have 
been investigated thoroughly both experimentally and theoretically 
(for a review, see ref 3a), little is known4-6 about the geometry 
and the binding energy of HCN (and HNC) to BH3. Particularly, 
we found no experimental data on binding energies of BH3 to 
HCN, HNC, and CN", although all these BH3 complexes were 
synthesized in the laboratory.2 Recent semiempirical4'5 and ab 
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Abstract: Heats of isomerization of title processes and binding energies of BH3 to HCN, HNC, and CN' were investigated 
by the fourth-order many-body perturbation theory (MBPT(4)) and coupled-cluster methods. Correlation effects are essential 
in the quantitative calculation of reaction heats of isomerization for H(CN) and H(CN)BH3 and in binding energies of BH3 
toward HCN and HNC. Correlation effects are less important in reactions with the CN" anion. Calculated isomerization 
energies are 64, 42, and 9 kJ/mol for H(CN), BH3(CN"), and H(CN)BH3 isomerizations, respectively. The binding energies 
of BH3 to HCN and HNC are 71 and 124 kJ/mol, respectively, and the binding energies of BH3 to CN" and NC" are 250 
and 209 kJ/mol, respectively. Geometries of H(CH)BH3 and BH3(CN)" isomers were determined by a combination of MBPT(4) 
and gradient SCF methods. 
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initio5 SCF calculations were mainly devoted to the investigation 
of the hydrogen migration from boron to the carbon atom. The 
binding energy of H N C to BH3 has been calculated at the 4-3IG 
level,5 but no information on the cyanc—isocyano isomerization 
is given. Finally, it should be mentioned that the correlation effects 
account for about half of the total binding energy in BH 3 com
plexes.3 Thus, any calculation that does not take this fact into 
consideration must be regarded only as a preliminary estimate 
of this quantity. Some previous correlation effects were inves
tigated in calculations of Marynick et al.6 on BH3CN", BH3NC", 
and the transition state for their isomerization. 

The present investigation is a continuation of the previous work 
of R.J.B. using many-body methods to study the binding energies 
of BH 3 BH 3 , BH 3 CO, and BH 3 NH 3

3 3 and a series of isocyanide 
isomerizations, namely of H C N , LiCN, BCN,7 and CH 3 CN. 8 In 
the case of H C N *=» H N C , a prediction of the isomerization energy 
of 60 ± 8 kJ /mol 7 was later verified by experiment.9 

Besides our interest in contributing to an understanding of the 
bonding and isomerization of cyanoborate compounds, one ad
ditional aim of the present paper is to collect data on a more 
extended series of isomerization reactions. This, hopefully, will 
allow us to infer some general suggestions of methods that must 
be applied to accurate calculations of reaction heats and activation 
barriers for reactions of this type. To achieve this goal, methods 
used in the present paper were extended (in comparison to that 
used elsewhere7,8) to the full fourth order of many-body pertur
bation theory (MBPT) and, moreover, the coupled-cluster ap
proach with single- and double-excitation operators10 (CCSD). 
Although some MBPT results for the H C N <=> H N C reaction 
overlap with previous ones,7 we can now analyze the effects of 
the fourth-order triple excitations (omitted in paper7) and also 
include higher order contributions from single, double, and the 
disconnected triple and quadruple excitation operators that are 
recovered by CCSD. 

Calculations 
A. Methods. The merits of MBPT and CCSD methods in calcula

tions of correlations effects in reaction energies and activation barriers 
have been thoroughly discussed in ref 11. The advantage of both 
methods consists mainly in their correct scaling with size; i.e., they are 
"extensive", which guarantees, among other things, that for closed-shell 
products £(BH3NCH) = .E(BH3) + £(NCH) at infinite separation. A 
related property is their comparatively high computational efficiency for 
incorporating most of the effect of double and higher than double exci
tations; and, in the possibility to analyze, transparently, the effects of 
individual excitations (single, double, triple, and disconnected quadruple 
excitations in MBPT(4)). 

The reliability of fourth-order MBPT in calculations of reaction en
ergies is not entirely clear, because two factors may significantly influence 
the final result: i.e., the basis set effect and the convergence of MBPT. 
Both must be examined carefully. It seems that the accuracy of about 
4-8 kJ/mol should be generally achievable by fourth-order MBPT pro
vided12"14 that a rather large basis set is used, with diffuse functions and 
more than one set of polarization functions (up to f functions for first-row 
atoms). However, even with such extended basis sets, disagreement with 
experiment as large as 7 kJ/mol is found14 for the reaction energy of the 
process H2CO — H2 + CO. 

Residual errors from higher orders of MBPT have been investigated 
for small molecules15,16 and found not always negligible. In the present 

(7) Redmon, L. T.; Purvis, G. D., Ill; Bartlett, R. J. J. Chem. Phys. 1980, 
72, 986. 
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69, 5386. 

(9) Pau, C. F.; Hehre, W. J. J. Phys. Chem. 1982, 86, 321. 
(10) Purvis, G. D., Ill; Bartlett, R. J. J. Chem. Phys. 1982, 76, 1910. 
(11) Bartlett, R. J. Annu. Rev. Phys. Chem. 1981, 32, 359. 
(12) Pople, J. A.; Frisch, M. J.; Luke, B. T.; Binkley, J. S. Int. J. Quantum 

Chem. Symp. 1983, 17, 307. 
(13) Binkley, J. S.; Frisch, M. J. Int. J. Quantum Chem. Symp. 1983, 17, 

331. 
(14) Urban, M.; Cernusak, I.; Kello, V.; Noga, J.; Diercksen, G. H. F. 

Chem. Phys. Lett. 1987, 135, 346. 
(15) (a) Laidig, W. D.; Fitzgerald, G. B.; Bartlett, R. J. Chem. Phys. Lett. 

1985, 113, 151. (b) Kucharski, S.; Bartlett, R. J. Adv. Quantum Chem. 1986, 
18, 281. 

(16) Knowles, P. J.; Somasundram, K.; Handy, N. C; Hirao, K. Chem. 
Phys. Lett. 1985, 113, 8. 

Table I. Examples of Geometry Optimizations at the Different 
Levels of MBPT (Bond Lengths in 10"'° m; Angles in Degrees) 

BH3NC" HNCBH3: 
B-N p" B-H C-B 

SCF/4-31G 1.564 19.0 1.222 1.607 
SCF/DZ+P (+Dif) 1.577 18.0 1.228 1.611 
D-MBPT(2)/DZ+P (+Dif) 1.560 17.7 1.225 1.573 
D-MBPT(4)/DZ+P (+Dif) 1.565 17.7 1.586 
SDQ-MBPT(4)/DZ+P (+Dif) 1.566 17.9 1.228 1.589 

"Out-of-plane angle for the BH3 group. 

work, we can estimate the importance of at least that part of higher 
orders that arises from the effect of single (S), double (D), and (dis
connected) quadruple (Q) excitation operators by using our CCSD results 
and comparing them to their fourth-order (MBPT) equivalent, SDQ-
MBPT(4), which omits the triple excitations. When the SDQ-MBPT(4) 
result is close to CCSD, we have good convergence. Furthermore, we 
also have at our disposal, the CC method in which connected triples are 
included, namely the CCSDT-n approaches,17'18 and now full CCSDT,19 

but we decided not to use them in this work. As we shall see later, the 
observed effect from connected triple excitations is only marginal in our 
reactions, so that CCSDT results would appear to be an unwarranted use 
of computer time. 

B. Basis Sets. In calculations of reaction energies and activation 
barriers, we use the DZP (i.e. double- f + polarization) basis with Dun-
ning's contraction of the Huzinaga (9s5p/4s) set20,21 and the polarization 
exponents of Redmon et al.3a Choosing this basis, we depend upon our 
previous finding22 that for reactions where the bonding situation does not 
change too much during the reaction (which is the case in isomerization 
reactions) one can use the DZP basis and fourth-order MBPT success
fully. A smaller than DZP basis is not recommended, however, for the 
simple reason that correlation effects can largely only manifest themselves 
when polarization functions are present.23 We employ six polarization 
d functions for B, C, and N atoms with exponents 0.386, 0.654, and 
0.902, which are the same as those used in our previous calculations on 
isomerization reactions7'8 and were optimized at the correlated level for 
related systems.33 For anions, this basis set was supplemented by diffuse 
s functions in geometry optimization and by both diffuse s and p functions 
in energy calculations. An exponent of 0.07 was optimized24 for CN". 

For ail hydrogens, the exponent of the p polarization function was 0.7, 
very close to the optimum values for both BH3 and HCN.3a'7 

C. Geometries. For HCN, HNC, and their transition states we use 
the geometry of Pearson et al.25 optimized by configuration interaction 
with single and double excitations (CI-SD). 

The complete optimization of our larger systems, BH3CN", BH3NC", 
and their transition states, by the fourth-order MBPT or CCSD would 
be expensive, so we chose to use a less precise approach. In the first step 
we supposed that BH3CN" and BH3NC" may be investigated as loose 
complexes of CN" and BH3. Therefore, we started with the pointwise 
optimization of the BC or BN distances and the out-of-plane angle p of 
the BH3 group, retaining the C31. structure (the isolated BH3 molecule 
is planar). This was done at the SDQ-MBPT(4) level. With BC or BN 
distances and the angle p fixed at their optimum SDQ-MBPT(4) values, 
we subsequently performed a gradient SCF optimization of the CN and 
BH distances. 

The sensitivity of optimized parameters to the quality of the method 
is demonstrated in Table I with results for BH3NC" as an example. The 
most sensitive is the BN distance, which becomes significantly shorter 
with the inclusion of correlation effects in comparison to the SCF value. 
The MBPT(2) energy overcorrects the SCF value, as in many other 
cases, while higher orders decrease this overcorrection. Usually corre
lation effects provide longer bond distances in comparison to SCF val
ues.26 In our case, the shortening of the BX bond resembles what may 

(17) (a) Lee, Y. S.; Kucharski, S. A.; Bartlett, R. J. / . Chem. Phys. 1984, 
81, 5906. (b) Lee, Y. S.; Bartlett, R. J. J. Chem. Phys. 1984, 80, 4371. 
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83, 4041. (b) Noga, J.; Bartlett, R. J.; Urban, M. Chem. Phys. Lett. 1987, 
134, 126. 
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(23) Glidewell, Ch.; Thomson, C. J. Comput. Chem. 1984, 5, 1. 
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Phys. 1979, 70,4481. 
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Table II. Energy Components for Molecules That Participate in the Isomerization Reactions BH3CN" • 
(Energies in au) 

BH3NC" and HCNBH3 «• HNCBH 

contribution" 

SCF 
D-MBPT(2) 
D-MBPT(4) 
SDQ-MBPT(4) 
SDTQ-MBPT(4) 
CCSD 
Z P E / kJ/mol 

BH3CN-* 

-118.795111 
-0.396 808 
-0.426 815 
-0.423 188 
-0.439 794 
-0.422612 

102.5 

BH3NC-4 

-118.781012 
-0.393 842 
-0.425 406 
-0.421 862 
-0.438 198 
-0.421 357 

101.7 

transitn stc 

BH3(CN)" 

-118.733507 
-0.392 234 
-0.423 489 
-0.419 509 
-0.436 889 
-0.419 420 
95.0 

HCNBH3
4 

-119.293 920 
-0.395143 
-0.427 716 
-0.423 663 
-0.438 686 
-0.423 806 

135.6 

HNCBH3* 

-119.296 250 
-0.386 767 
-0.421999 
-0.418 260 
-0.433 342 
-0.417 967 

135.6 

"Symbols S, D, T, and Q denote the inclusion of single, double, triple, and quadruple excitations in MBPT. The number in parentheses is the 
highest order contribution included in the perturbation expansion. Quadruple-excitation terms also incorporate the fourth-order renomalization term. 
The CCSD term means the coupled-cluster (CC) energy with single- and double-excitation cluster operators. 'Geometries determined by a com
bination of SDQ-MBPT(4) and gradient SCF method. c Geometry from the gradient SCF optimization. ''Estimated from SCF/4-31G vibrational 
frequencies. 

1.066 1.150 

H 0.996 1.170 

• - 5 9 0 
(59.4) < 

Figure 1. Geometries of CN", H(CN), BH3, and BH3(CN-). Bond 
lengths are in 10"'° m; 0 is the dihedral angle for hydrogens of the BH3 

group related to B, C, and N atoms. The geometry of the transition 
structure is determined by the gradient technique at the SCF level. 
Values in parentheses are for the 4-31G basis set. 

be found in intermolecular interactions. We also examine the influence 
of the method used for the optimization of the BH bond. With the 
pointwise optimization we obtain the same value with SDQ-MBPT(4) 
as with the SCF method, and both these results agree with the final SCF 
gradient optimized result. The angle p is quite insensitive to the method 
chosen. In the optimization of HCNBH3 and its isomer we proceed 
similarly as with BH3CN-. 

First, we optimize the BN and BC distance and the out-of-plane angle 
p at the SDQ-MBPT(4) level. With BN or BC and p fixed at their 
optimum values we similtaneously optimize the CH or NH bond, the CN 
bond, and the BH bond lengths by gradient optimization at the SCF level. 
We verified that the optimum structure is C31.. The sensitivity of the 
optimum BC bond length to the method is demonstrated in the last 
column in Table I. It is analogous to that in BH3NC' or BH3CN". 
Geometries of all species are collected in Figures 1 and 2. 

Second, we also optimize the transition structure for the isomerization 
of anionic systems. We restrict ourselves to the SCF level and employ 
the analytical gradient technique. The residual maximum force is less 

(27) Dykstra, C. E.; Secrest, D. J. Chem. Phys. 1981, 75, 3967. 
(28) Saxe, P. E.; Yamaguchi, Y.; Pulay, P,; Schaefer, H. F., Ill J. Am. 

Chem. Soc. 1980, 102, 3718. 

Table III. Energy Components for Molecules That Participate in the 
Isomerization Reaction HCN <=> HNC (Energies in au) 

molecule* 

contribution" HCN HNC transitn st 
SCF 
D-MBPT(2) 
D-MBPT(4) 
SDQ-MBPT(4) 
SDTQ-MBPT(4) 
CCSD 

-92.889 201 
-0.283 790 
-0.295 021 
-0.292 761 
-0.305 372 
-0.292 666 

-92.873 404 
-0.272 242 
-0.287 285 
-0.285 608 
-0.297 571 
-0.285 269 

-92.811 510 
-0.278 702 
-0.294 580 
-0.293 511 
-0.306 530 
-0.294 408 

"See footnote a, Table II. 
CI-SD optimization. 

* Geometries of Pearson et al.25 from the 

Table IV. Isomerization Energies, AE, and Barriers to Isomerization, 
E„ for HCN «=» HNC and BH3CN" «• BH3NC- and the 
Isomerization Energy for the HCNBH « HNCBH Process 
(Energies in kJ/mol) 

HCN ~ 
HNC* 

BH3CN" < 
BH3NC-

HCNBH3 =* 

contribution" 

SCF 
D-MBPT(2) 
D-MBPT(4) 
SDQ-MBPT(4) 
SDTQ-MBPT(4) 
CCSD 
CCSD+T(4) 
SCF+SDTQ-MBPT(4) 
SCF+CCSD+T(4) 
ZPE 

A£ 

41.5 
32.9 
20.3 
18.8 
20.5 
19.4 
21.1 
62.0 
62.6 

1.8* 

E1 

204.0 
13.4 

1.2 
-2.0 
-3.0 
-4.6 
-5.6 

200.9 
198.3 
-16.O* 

AE' 

37.0 
7.8 
3.7 
3.5 
4.2 
3.3 
4.0 

41.2 
41.0 

0.8' 

Ef 

161.7 
12.0 
8.7 
9.7 
7.6 
8.4 
6.4 

169.4 
168.1 
-7.5' 

AEe 

-6.1 
22.0 
15.0 
14.2 
14.0 
15.3 
15.2 
7.9 
9.1 
0.0' 

"See footnote, Table II. T(4) is the fourth-order contributions from 
triple excitations. * Energies are measured relative to HCN. ' Energies 
are measured relative to BH3CN". d Energies are measured relative to 
HCNBH3. eWith geometries determined by a combination of SDQ-
MBPT(4) and gradient SCF method. -̂  With geometries determined by 
the gradient SCF method. * Reference 27. * Reference 28. 'From 
SCF harmonic frequencies. 

Table V. Enthalpy and Entropy Contributions (kJ/mol) to the 
Equilibria BH3CN" «=> BH3NC" and HCNBH3 <=» HNCBH3 and 
Equilibrium Constants of These Reactions in the Gas Phase" 

BH3(CN") 
AH 
TAS 
pK 

H(CN)BH3 

AH 
TAS 
pfC 

OK 

40.2 

9.0 

298.15 K 

40.6 
0.7 
7.0 

8.5 
-1.2 

1.7 

500 K 

40.7 
1.2 
4.1 

8.8 
-1.6 

1.1 

1000 K 

40.7 
2.5 
2.1 

9.5 
-2.2 

0.6 

"SCF+CCSD+T(4) electronic energies were used in AH. 

than 5 X 10"4 au, as in all our other gradient optimizations. The resulting 
structure is presented in Figure 1. 

The hypersurface for the isomerization of the neutral system is much 
more complicated than that of the anionic system. Our preliminary study 
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Figure 2. Geometries of H(CN)BH3. Bond lengths are in 10"10 m. 
Values in parentheses are for the 4-31G basis set. 

indicates the presence of several transition structures and local minima. 
These results will be published separately. 

Results and Discussion 
Energy components for molecules that participate in the 

isomerization reaction BH3CN - <=> BH3NC" and HCNBH3 <=» 
HNCBH3 are presented in Table II. In Tables IH-V we present 
the energy components for our "bench-mark" HCN <=» HNC 
reaction. In Table IV we collect the isomerization energies, AE, 
for all three of our reactions and barriers to isomerization, £a, 
for H(CN) and BH3(CN)" reactions. In all cases the inner shell 
occupied molecular orbitals and the corresponding virtual mo
lecular orbitals are dropped in the MBPT and CCSD calculations. 

A. Energies of Isomerization. The inspection of Table IV 
reveals that in all our reactions the correlation energy reinforces 
the stability of cyanide compounds over the isocyanide ones, albeit 
to a very different extent. In HCN the correlation effects are 
responsible for roughly one-third of AE, while in BH3CN" their 
role is not very important, but in HCNBH3 they even change the 
sign of AE. At the SCF level HCNBH3 is less stable than the 
HNCBH3 isomer, but with correlation effects the order of stability 
is reversed. The observation that the cyanide has a larger cor
relation energy than the isocyanide holds not only for our three 
systems, but also for LiCN, BCN,7 and CH3CN.8 This property 
is correctly described already by second-order perturbation theory 
but only qualitatively. In all reactions the second-order energy 
significantly overestimates the correlation effects in AE. This 
overestimation is compensated primarily by the third-order con
tribution. 

The difference between the SDQ-MBPT(4) and CCSD reaction 
energies is quite small, so that higher than fourth-order contri
butions from single, double, and disconnected quadruple excitations 
to AE and E3 are not very important. According to our expe

rience,19 if this is true for doubles and quadruples, then the same 
is expected also with triple excitations. While in molecules like 
HCN and their reactions the good convergence of MBPT might 
be expected on the basis of previous MBPT and CC calcula
tions;29'30 this is not so obvious in boron-containing compounds, 
due to potential problems with quasi-degeneracy." However, 
extensive comparison of CC results and MBPT(4) for B2H6

3b 

indicates there is little residual error in MBPT(4). The poorer 
convergence of MBPT resolves itself primarily within the first four 
orders of perturbation theory for the individual molecules (see 
Tables II and ref 11). 

It is important from the methodological and practical point of 
view that our calculations fully confirm the anticipation of Redmon 
et al:7,8 that the computationally more difficult triple excitations 
should be less important in investigations of isomerization reac
tions. In all cases they contribute less than 2 kJ/mol. 

B. HCN <=* HNC Reaction. The discussion in the preceding 
part supports the conclusion that CCSD+T(4) as well as 
fourth-order MBPT will be good estimates of correlation effects 
in our isomerization reactions. Relying on the preceding SDQ-
MBPT(4) analysis7 of the basis set effects in the HCN <=» HNC 
isomerization, we might anticipate that our DZP basis set is 
satisfactory as well. To wit, the extension of the basis set from 
the DZP to the [6s4p2d/3s2p] set changed the AE value no more 
than by 0.4 kJ/mol (and £ a was lowered by only 3.3 kJ/mol). 
Since it appears that the inclusion of triple excitations has little 
effect in our isomerizations and that the convergence of MBPT 
is quite satisfactory, we can expect that the basis set effects with 
our CCSD+T(4) energies are also of the same magnitude. Thus, 
our final value of AE = 62.6 kJ/mol should be reliable. The 
zero-point energy (ZPE) corrections to the equilibrium energy 
difference are all about 1.8 kJ/mol27 so that our AE - 64.4 kJ/mol 
is in very good agreement with a recent ion cyclotron resonance 
experiment,9 which led to the value of 61.9 ± 8.4 kJ/mol. This 
result, together with an excellent agreement with experiment for 
the isomerization energy and the activation barrier of another 
isomerization reaction, CH3NC «=» CH3CN, investigated at the 
SDQ-MBPT(4) level with a DZP basis,8 provides additional 
support for the methods used in the present predictions of AE and 
E11 for the isomerizations BH3CN" «=» BH3NC" and HCNBH3 

~ HNCBH3. 

C. BH3CN *=> BH3NC" Reaction. The geometry of BH3(CN)" 
isomers as well as the overall picture of contributions to AE 
resembles to some extent the isomerization of CH3(CN).6'8'28,31 

In our system, however, the BC and BN bonds are about 0.14 
X 10"10 m longer than the CC or CN bonds in CH3(CN). 

The isomerization energy, 41 kJ/mol, is substantially smaller 
for the BH3CN" «=» BH3NC" reaction than for the CH3CH <=* 
CH3NC case (95 kJ/mol), with cyanide isomers more stable in 
both cases. In both reactions the correlation effects only slightly 
increase the SCF values. 

Qualitatively, our results agree with limited CI-SD calculations 
of Marynick et al.6 In agreement with their findings, the BH3CN" 
isomer is more stable than BH3NC" and correlation effects favor 
binding through the carbon atom. Our AE (37 kJ/mol) is, 
however, significantly lower than theirs (49 kJ/mol) already at 
the SCF level, and the difference is even larger when the corre
lation energy is incorporated (41 and 72 kJ/mol, respectively). 
Since our basis set contains diffuse functions and since our 
many-body methods incorporate much more correlation effects 
than in ref 6, our results should be more trustworthy. The re
liability of our calculations is also supported by the fact that 
analogous methods used in the investigation of isomerizations of 
HCN and CH3CN8 led to excellent agreement with experiment. 

Using SCF+CCSD+T(4) electronic energies, we present AH 
and TAS contributions to the equilibrium and pertinent equilib-

(29) Bartlett, R. J.; Purvis, G. D., Ill Int. J. Quantum Chem. 1978, 14, 
561. 

(30) Pople, J. A.; Krishnan, R.; Schlegel, H. B.; Binkley, J. S. Int. J. 
Quantum Chem. 1978, 14, 545. 

(31) Liskow, D. H.; Bender, C. F.; Schaefer, H. F. J. Am. Chem. Soc. 
1972, 94, 5178; J. Chem. Phys. 1972, 57, 4509. 
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Table VI. 
HNC 

Binding Energies (kJ/mol) of BH3 to CN", HCN, and 

contribution" 

SCF 
D-MBPT(2) 
D-MBPT(4) 
SDQ-MBPT(4) 
SDTQ-MBPT(4) 
CCSD 
CCSD+T(4) 
SCF+SDTQ-MBP-

T(4) 
SCF+CCSD+T(4) 

BH3 + 
CN-

-196.6 
-59.7 
-51.9 
-50.0 
-55.1 
-48.2 
-53.3 

-251.7 

-249.9 

BH3 + 
NC-

-159.6 
-51.9 
-48.0 
-46.5 
-50.9 
-44.9 
-49.3 

-210.5 

-208.9 

HCN + 
BH3 

-30.1 
-46.8 
-39.3 
-37.9 
-41.7 
-36.6 
-40.4 
-71.8 

-70.6 

HNC + 
BH3 

-77.7 
-57.8 
-44.6 
-42.5 
-48.1 
-40.7 
-46.4 

-125.9 

-124.1 

"See footnote a, Table II. 
from triple excitations. 

T(4) is the fourth-order contribution 

rium constants in Table V. It is clear that the equilibrium is 
controlled by the energy difference; the change in ZPE as well 
as the entropy change is negligible. Equilibrium constants are 
calculated for four temperatures with the rigid rotor and harmonic 
oscillator approximation. Harmonic vibrational frequencies are 
calculated at the SCF/4-31G level at corresponding geometries. 
Although originally intended as preliminary, since the contributions 
of ZPE and AS are shown to be very small, it appears unimportant 
to go to a higher level. 

D. HCNBH3 <=» HNCBH3 Reaction. The isomerization energy 
of this process is the lowest of all our reactions. At the SCF level 
the HNCBH3 isomer is more stable than the HCNBH3 one. The 
correlation energy changes this order of stability, but total elec
tronic energies of both isomers remain quite similar. Since the 
change of ZPE is zero and the entropy change during the reaction 
is very small (see Table V), the equilibrium is controlled solely 
by the electronic energy difference between HCNBH3 and 
HNCBH3 isomers. The resulting equilibrium constant at 298.15 
K is about 0.02, which is a fairly large value. Consequently, both 
isomers are thermodynamically allowed, especially at higher 
temperatures. 

Our theoretical geometry of the HNCBH3 isomer is comparable 
to the experimental geometry of a related compound, CH3NCBH3, 
which was determined from microwave spectra.32 Our CB bond 
length is 0.02 X 10"10 m longer, and the CBH angle is 0.8° smaller 
than observed in the microwave structure of CH3NCBH3, implying 
slightly weaker bonding of BH3 to HNC than that of BH3 to 
CH3NC. The symmetry is in both cases C3l). 

E. Binding Energies of BH3 to CN", HCN, and HNC. CN" 
is an ambidentate anion, and thus it may react at both C and N 
sites. Its bonding to the BH3 molecule is accompanied by con
siderable charge reorganization on C and N atoms in both isomers 
with significant charge transfer from CN" to the BH3 group. 
While in BH3CN-, the Mulliken net charges at B, C, and N atoms 
are, respectively, -0.49, +0.18, and -0.52 e, and in BH3NC" they 
are -0.35, +0.02, and -0.44 for B, N, and C atoms, with the 
hydrogen charges very slightly negative (-0.06 and -0.08 for 
BH3CN" and BH3NC"). The charge transfer is more pronounced 
in BH3CN", and this fact may contribute to its larger stability 
in comparison to BH3NC" already at the SCF level. The binding 
energy of BH3 to CN" and NC" is presented in Table VI. The 
SCF contribution dominates in both B-C and B-N bonds, but 
correlation contributions are still very high in both cases. The 
correlation contribution of ~50 kJ/mol is consistent with the 
correlation effects on binding energies of the isoelectronic 
charge-transfer complex, BH3CO.3a 

The binding energies of BH3 to HCN and HNC differ con
siderably from the binding energies of BH3 to CN"; see Table VI. 
The more detailed comparison shows that correlation effects are 
similar in binding energies of BH3 to CN", HCN, and HNC; but 
with the CN" anion, the total binding is much stronger due to the 
SCF component. The low contribution of the SCF energy to the 

(32) Stevens, J. F., Jr.; Bevan, J. W.; Curl, R. F„ Jr.; Geanangel, R. A.; 
Hu, M. G. J. Am. Chem. Soc. 1977, 99, 1442. 

binding energy in neutral systems makes correlation effects ex
ceptionally important in both HCN + BH3 and HNC + BH3 

systems. In the former case the correlation contribution even 
dominates over the SCF ones. This confirms results of previous 
calculations of BH3 complexes3 in that it is senseless to investigate 
compounds of this kind without considering effects of electron 
correlation. 

The stronger total (SCF + correlation) attraction of HNC to 
BH3 than that of HCN to BH3 (they differ by as much as 53 
kJ/mol) has an important chemical consequence. Namely, the 
total electronic energies of both HCNBH3 and HNCBH3 isomers 
are quite close to each other, in sharp contrast to their component 
molecules, HCN and HNC. As a result, the isomerization energy 
is much lower for the reaction HCNBH3 <=> HNCBH3 than for 
the HCN «=• HNC isomerization. 

F. Proton Affinities for BH3CN" and BH3NC'. For relative 
energies of BH3CN", HNCBH3, BH3NC", and HNCBH3, one 
may easily arrive at proton affinities for the anionic systems. As 
expected, they are very high, 1300 and 1350 kJ/mol for BH3CN 
and BH3NC, respectively. Correlation contributions are -16 
kJ/mol in the former case and 3 kJ/mol in the latter case and 
thus unimportant in relation to the total protonization energy. 

G. Barriers to Isomerization. The SCF gradient optimized 
transition structure of BH3(CN)" is quite similar to the transition 
structure of the analogous CH3(CN) system,28 also optimized by 
the SCF gradient technique. In our system, however, the BC and 
BN bond lengths are substantially longer than analogous bond 
lengths in CH3(CN), reflecting weaker bonding of the BH3 group 
to CN". The in-plane hydrogen of the BH3 group is oriented 
toward the nitrogen atom of CN", as is the hydrogen of the CH3 

group in CH3(CN), and in accord with previous SCF/4-31G 
optimizations6 of BH3(CN)". Comparing 4-3IG results with DZP 
results in Figure 1, we may observe that the influence of the quality 
of the basis set on the optimized geometry is much more noticeable 
for the transition structure than for the geometry of the BH3CN" 
and BH3NC" isomers. 

As Table IV shows, barriers to isomerizations, £a, for H(CN) 
and BH3(CN)" reactions are very high. Both cases are strictly 
dominated by SCF energies. Thus, in contrast to AE, correlation 
effects are relatively less important in £a . Our barrier to isom
erization for H(CN) agrees very well with other comparably 
published results7,23'25 and need not be discussed in greater detail. 
The classical barrier to isomerization of BH3(CN)", 168 kJ/mol, 
is slightly lower than the barrier for the isomerization of another 
related system, CH3CN, for which it is 191 kJ/mol.8 The barrier 
for BH3(CN) is still sufficiently large, however, so that both 
BH3CN" and BH3NC" isomers should exist as noninterconverting 
entities under conditions where only unimolecular processes occur. 
Both isomers of BH3(CN)- are thus observable in the laboratory,2 

but due to a stronger attraction of BH3 to the carbon side of CN", 
the equilibrium is shifted to the BH3CN" side. After its subsequent 
protonization, this compound leads to synthetically important 
HNCBH3. 

Similar to the anionic systems, both neutral compounds, 
HCNBH3 and HNCBH3, seem to be separated by a very high 
barrier. Our preliminary study so far indicates two structures 
with a single negative eigenvalue of the Hessian matrix. In both 
these structures the H, C, and B atoms form a triangle, which 
resembles the transition structure of the isolated HCN. The BH3 

group is very weakly bonded either to the N-side or to the C-side 
of this triangle and has a tendency to flatten. The corresponding 
barrier is about 200 kJ/mol for the C-side structure and 220 
kJ/mol for the N-side structure. The ZPE lowers them by about 
20 kJ/mol, but the barriers still remain very high. At present, 
we are searching for alternative transition structures and local 
minima. Results of these studies for the mechanism of the 
isomerization of HCNBH will be presented separately. 

Quantitatively, we would expect our computed barriers for 
H(CN)BH3 and BH3(CN)" to be, artificially, somewhat high, 
since we compare MBPT results at SCF transition states with 
MBPT results at MBPT geometries of the two molecules, but this 
should have little effect on any qualitative conclusions. Future 
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work will employ analytical correlated MBPT(2) first- and sec
ond-derivative methods33 to obtain more quantitative results. 

Conclusions 
1. We have predicted binding energies of BH3 to HCN, HNC, 

and CN". The bonding of BH3 to the carbon atom in HCN and 
CN" is strongly preferred over the bonding to the nitrogen atom. 

2. We have calculated reaction energies for HCN ** HNC, 
BH3CN" <=> BH3NC, and HCNBH3 <=» HNCBH3 isomerizations. 
In all cases cyano isomers (i.e. HCN, BH3CN, and HCNBH3) 
are more stable than their isocyano isomers. However, the 
isomerization energy for H(CN)BH3 is much lower than that for 
the composite molecule, H(CN) (9 and 63 kJ/mol, respectively). 
This difference results from the much stronger attraction of BH3 

to HNC than to HCN. The calculated equilibrium constant for 
HCNBH3 <=> HNCBH3 is 0.02. 

3. Estimated barriers to isomerization are very high in all three 
reactions (182, 161, and 200 kJ /mol , including ZPE) . The 

(33) (a) Harrison, R.; Fitzgerald, G.; Laidig, W. D.; Bartlett, R. J. Chem. 
Phys. Lett. 1986, 124, 291. (b) Fitzgerald, G.; Cole, S. J.; Bartlett, R. J. J. 
Chem. Phys. 1986, 85, 1701. 

The emergence as stable entities of systems containing a 
three-electron bond with a formal bond order of ' /2 is

 a n intriguing 
recent phenomenon. Numerous experimental papers1"20 on the 
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Nelsen, S. F. J. Am. Chem. Soc. 198S, 107, 2635. 
(4) Alder, R. W.; Bonifacic, M.; Asmus, K.-D. J. Chem. Soc, Perkin 

Trans. 2 1986, 277. 
(5) Anklam, E.; Mohan, H.; Asmus, K.-D. J. Chem. Soc, Chem. Com

mun. 1987, 629. 
(6) Bonifacic, M.; Asmus, K.-D. J. Org. Chem. 1986, 51, 1216, and ref

erences therein. 
(7) (a) Bonifacic, M.; Weiss, J.; Chaudri, S. A.; Asmus, K.-D. J. Phys. 

Chem. 1985, 89, 3910. (b) Monig, J.; Goslich, R.; Asmus, K.-D. Ber. Bun-
sen-Ges. Phys. Chem. 1986, 90, 115. (c) Mahling, S.; Asmus, K.-D.; Glass, 
R. S.; Hojjatie, M.; Wilson, G. S., submitted for publication. 

(8) Gobi, M.; Bonifacic, M.; Asmus, K.-D. J. Am. Chem. Soc 1984, 106, 
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Commun. 1986, 1424. 
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calculated barrier for the H(CN)BH3 isomerization is only pre
liminary. The understanding of the mechanism of this reaction 
requires a more detailed investigation of the energy hypersurface. 

4. The inclusion of effects of electron correlation is inevitable 
in the quantitative description of the bonding of BH3 to HCN, 
HNC, and CN". Electron correlation is also very important in 
the prediction of energies of isomerization but less important in 
calculations of activation barriers of investigated reactions. 

5. We have demonstrated that MBPT methods are suitable 
for a quantitative prediction of energy characteristics of present 
isomerization reactions. Higher orders of the wave-function ex
pansion considered in CCSD brought very little change of cal
culated quantities in comparison to the corresponding SDQ-
MBPT(4) values. Even D-MBPT(4), in which only double ex
citations are taken into account, is quite satisfactory in the present 
case. 
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subject have now appeared, with the pioneering work of Alder1"4 

on nitrogen-containing systems, of Asmus5"9 on sulfur-containing 
molecules, and of Symons10"15 having particular relevance to our 
own studies. The first theoretical discussions, by Pauling,21 date 
from more than 50 years ago. More recently, we have examined 
a nitrogen-containing system22 while Clark23a~° has reported elegant 
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Abstract: Ab initio molecular orbital theory has been used in a systematic study of the first- and second-row ion dimers He2
1+, 

(NH3)2"+, (H 2 OV + , ( H F V + , Ne 2
, + , (PHj)2

1+, (H 2 SV + , (HClV + , and Ar2 '+ . With the exception of the inert-gas ion dimers, 
these can exist in principle either as hydrogen-bonded ions or as hemibonded species, the latter involving binding through heavy 
atom-heavy atom three-electron bonds. The hydrogen-bonded systems are preferred for all the first-row systems, and the 
two isomers have comparable energies in the case of the P 2 H 6 ' + system, while, for the remaining second-row systems, the 
hemibonded isomers are preferred. The barriers to interconversion and to dissociation of the hydrogen-bonded and hemibonded 
isomers are found in most cases to be sufficiently large that, under appropriate conditions, experimental observation of the 
individual isomers should be possible. A simple Hiickel model of the length and strength of a three-electron hemibond is presented 
and is shown to give a satisfactory qualitative account of such bonding. It is found, nevertheless, that comparatively high 
levels of ab initio theory, including in particular electron correlation, are necessary to predict accurately the binding energies 
of hemibonded systems and, in certain cases, to ensure even a qualitatively correct description of their potential energy surfaces. 
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