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Abstract. Molecular properties of bicyclobutane are
calculated using ab initio methods which take into ac-
count electron correlation effects and applying relatively
large basis sets. The optimized geometry, IR and NMR
spectral parameters are compared with experimental
values. The calculated NMR shielding constants, as well
as the individual shielding tensor components — known
for the carbon atoms — are in good agreement with the
experimental data. For the spin-spin coupling constants,
most of the computed values also agree well with
experiment, the small geminal H-H constant being an
exception. Our best result for the coupling constant
between two bridgehead carbon atoms is —15.52 Hz.
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Introduction

Significant progress has been made in the last few years
in the computational studies of NMR parameters (see,
e.g., the review [1]). In particular, linear response
methods were developed for wavefunctions which take
into account correlation effects. NMR parameters can
nowadays be computed at the MCSCF level [2, 3] and
within different coupled clusters approximations. The
most recent approaches incorporate the effects of triple
excitations within the coupled cluster linear response
methods [4, 5]. For small molecules, the accuracy of
the results can be very high; see for example [2, 4, 5, 6]
and references therein. Following the studies of small
hydrocarbons, like ethane [7], ethylene [1], and acetylene
[6], we have recently [8] carried out analogous calcula-
tions for [1.1.1]propellane and bicyclopentane (Fig. 1).
These molecules were of interest primarily due to the
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unusual structure of [1.1.1]propellane, reflected in its
NMR properties.

Hydrocarbons with unusual spatial structure having
tetravalent carbon atoms strongly departing from the
tetrahedral arrangement of substituents are the subject
of vigorous studies [9, 10, 11] since the syntheses of
molecules with inverted carbon atoms in Wiberg’s
group. Remarkably, the synthesis of [1.1.1]propellane
has been preceded by the calculations predicting its ge-
ometry, stability and some other properties [12]. In this
work we have undertaken a study of NMR chemical
shifts and spin-spin coupling constants of bicyclobutane,
which occupies an intermediate place between
[1.1.1]propellane and bicyclopentane (Figs. 1 and 2).
The first has strongly inverted carbon atoms, in bicyc-
lobutane the bridgehead carbons are only insignificantly
inverted — the C3-C2, C3-C4 and C3-HS8 bonds are al-
most in one plane — and in bicyclopentane there is no
inversion, the bridgehead carbon atoms have tetrahedral
arrangement of substituents.

For propellane and bicyclopentane the chemical
shifts and most of the coupling constants calculated
earlier [8] reproduced experimental results. However,
there was a considerable discrepancy for the values of
the propellane 'J(C1-C3) constant involving the bridge-
head carbon atoms and the reason for this discrepancy
was not entirely clear. As shown by a recent review by
Kuznetsova and coworkers on the application of J(C-C)
coupling constants in structural studies of bicyclobutane
heteroanalogs, prediction of these parameters is not
only of theoretical importance but also has practical
implications [13].

Computational aspects

In the calculations of NMR properties we used, similarly
to our previous study of propellane and bicyclopentane
[8], the MCSCF and CCSD approximations. In the
MCSCEF studies, both CASSCF (Complete) and RASS-
CF (Restricted Active Space Self Consistent Field)
functions were applied.
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Fig. 1. [1.1.1]Propellane (left), bicyclobutane (middle), and bicy-
clo[1.1.1]pentane (right)
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Fig. 2. Schematic view of bicyclobutane structure and the num-
bering of atoms

We describe the partition of the orbitals into the in-
active, RAS2, and RAS3 space (RASI is empty) speci-
fying the number of orbitals in A;, By, B, and A,
representations of C,, symmetry. In this notation, in the
SCF approximation (7 4 3 1) orbitals are occupied. The
carbon 1s core orbitals are inactive in all the MCSCF
functions. The choice of the active orbitals in different
subspaces was based on the MP2 natural orbital occu-
pation numbers.

We considered first a CASSCF function, which has
(6 320) inactive and (3 2 3 2) active orbitals, with 11,076
determinants. Next, two RASSCF wavefunctions with a
subspace of (3 1 1 0) inactive orbitals, denoted RAS-1/2e
and RAS-I/4e were used. In the RAS-I/2e function the
RAS?2 space consists of (4 3 2 1) orbitals. Since a max-
imum of two electrons is allowed to be excited to the
RAS3 space including (4 3 3 1) orbitals, the CI expan-
sion has only 4385 determinants. The same partition of
orbitals as in RAS-I/2e is assumed in the RAS-I/4e
wavefunction. However, as four (instead of two) elec-
trons may be promoted into the RAS3 space, the CI
expansion has ~2.8 million determinants. In the last
RAS-II function, only the (2 1 1 0) carbon 1s core is
inactive. The RAS2 subspace includes (5 3 2 1) orbitals
and the size of RAS3 subspace is (7 5 4 2). With a
maximum of two electrons in RAS3, this function has
14445 determinants. These RASSCF wavefunctions are
similar to the functions we employed previously for
[1.1.1]propellane and bicyclopentane molecules [8].

For the geometry optimization, we used Dunning’s [14]
cc-pVTZ basis set, including [10s5p2d1f/4s3p2d1f] func-
tions for the carbon and [5s2p1d/3s2p1d] for the hydrogen
atom, with a total of 204 CGTOs. The same basis set was
used to compute the IR frequencies and intensities. The
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calculations of the NMR shielding constants and the spin-
spin coupling constants were carried out primarily in the
HIII basis set [15], derived from the basis sets of Huzinaga
[16, 17] and successfully used in similar previous calcula-
tions (see, e.g., [1, 18]). This basis consists of [11s7p2d/
7s6p2d] functions for C and [6s2p/4s2p] for H atom and
gives for C4Hg a total of 200 CGTOs. The HIII basis in-
cludes more tight functions (particularly of s symmetry)
than standard bases and thus it is more flexible in the
neighborhood of the nucleus, the region relevant for the
description of NMR parameters.

To check the basis set dependence of the shielding
and coupling constants, some of the calculations
were repeated with the cc-pVTZ basis. In the CCSD
approach, for computational reasons the spin-spin
coupling constants have been calculated using the HII
basis set, similar to HIII, but smaller. This basis has
a [9s5p1d/5s4pld] and [Sslp/3slp] set for the C and H
atoms, respectively, and 124 CGTOs. In all the calcu-
lations of the NMR shielding constants GIAO orbitals
[19, 20, 21] were used.

The MCSCEF calculations of NMR properties were
carried out using the Dalton [22] program. The results at
the CCSD level were obtained with a program based on
Aces II [23]. The indirect spin-spin coupling constants
were calculated as unrelaxed second derivatives of
the CCSD energy. The relevant CCSD linear response
methods (see, e.g., [24]) were introduced into the pro-
gram by Gauss and coworkers, who more recently
studied also the role of triple excitations for shielding
and spin-spin coupling constants [4, 5].

Results and discussion
Geometry

Bicyclobutane is a small molecule with C,, symmetry.
This enabled Wiberg and coworkers to determine
its geometry in a high precision IR study [25]. The
experimental and calculated geometries are collected in
Table 1. An inspection of the data in Table 1 reveals
a satisfactory agreement between our RAS-I/2e results
with the experimental ones. The relatively old MP2/
6-31G* calculations of bicyclobutane geometry by
Walters et al. [26] have already shown the importance
of the inclusion of correlation effects in the optimization
of geometry of such nonstandard molecules. On the
other hand, the same authors observed small differences
between 6-31G* and 6-31 + G* results at the HF level.
The recent MP2/6-31G(d,p) calculations by Sakai [27]
gave much poorer reproduction of the experimental
C1-C3 bond length.

IR frequencies and intensities

The experimental measurements of vibrational frequen-
cies and intensities by Wiberg et al. [25] were accompa-
nied by calculations at the SCF/6-31G* level. The
authors gave two sets of the calculated values: unscaled
and scaled. Understandably, their scaled values repro-
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Table 1. Calculated and ex-

perimental values of the bond Meyhod, This work Sakai [27]* Walters et al. [26] Experimental [25]
lengths (in A) and angles (in basis set RAS-1/2e MP2 IR
degrees) cc-pVTZ 6-31G(d,p) MP2 HF
6-31G* 6-31G*
1. Bond lengths
C1-C3 1.493 1.465 1.496 1.466 1.497 + 0.003
Cl1-C2 1.505 1.516 1.492 1.489 1.498 + 0.004
CI1-H5 1.083 1.080 1.071 1.071 £ 0.004
C2-H6 1.092 1.092 1.082 1.093 + 0.008
C2-H7 1.080 1.088 1.078 1.093 £ 0.008
2. Bond angles
C1-C2-C3 59.5 58.4 60.2 59.0 60.0
C1-C3-H8 129.3 128.1 131.4 128.4 + 0.2
Ho6-C2-H7 114.3 114.1 114.0 115.6
C4-C1-HS5 129.8 129.6 130.5 130.4
C2-C1-C4 98.9 98.9
C1-C3-C2 60.3
C3-C2-H6 116.5
C1-C2-H7 119.6
C2-c-C4° 122.1 122.4 120.6 122.7 £ 0.5
c-C4-H10° 120.9 121.6 121.4 1229 + 0.8
c-C4-H9® 124.7 124.4 124.7 121.6 £ 0.9

#No data on C-H bonds were given in this work

¢ — the center of C1-C3 bond

duced very well the experimental results. Our frequen-
cies, together with the corresponding unscaled values
determined by the Wiberg group and with their gas-
phase experimental results, are collected in Table 2. As
expected, our frequencies obtained at the RAS-I/2e level
better reproduced the experimental values than the
unscaled results of Wiberg et al. [25]. Their scaled
results are better, we recover generally 50-70% of the
electron correlation effect taken into account by the
scaling.

As concerns the calculated intensities, both calcula-
tions gave good agreement with the experimental data
with few exceptions. Low calculated intensity of the
vs and vy, vibrations was obtained by us and by the
Wiberg group while a band of medium intensity at
1266.0 cm ™" was assigned to them. The strong intensities
of the v; band at 2935.4 cm™" and the low one of v, band
at 3131.4 cm™! were reproduced in [25] but not by our
calculations. The calculated intensity of the v;4 band
calculated by both groups is too big since only a weak
band was observed at 3119.7 cm™".

Shielding

In addition to all the average values the tensor
components for the carbon atoms, which have been
studied theoretically and experimentally [28], are dis-
cussed. The results pertaining to the shielding are given
in Tables 3 and 4.

A comparison of the computed shielding constants
and experimental chemical shifts is obscured by the need
for conversion to absolute shielding values. For ¢(C),
the values computed at the RAS-II/2e level and their
difference — the relative chemical shift — are remarkably
accurate. As shown in Table 3, all the computed hy-
drogen shielding constants are by ~0.3 ppm too large.

On the other hand, the differences between computed
and observed relative hydrogen chemical shifts are much
smaller. Although the correlation effects computed in
the MCSCF and CCSD approaches differ, they are small
for all the wavefunctions for both carbon and hydrogen
shielding constants.

We have also calculated the shielding constants using
the cc-pVTZ basis set. Weak basis set dependence has
been observed at the SCF level (the cc-pVTZ values
are ~3-5 ppm larger for the carbon atoms and ~0.2—
0.5 ppm larger for the hydrogen atoms), and the corre-
lation effects are as small as in the HIII basis. Thus, we
have only included, as one example, the CASSCF/
cc-pVTZ results in Table 3.

In Table 4 we have collected the data for the tensor
components of the carbon shielding. We define the ori-
entation of the principal axes following Orendt et al., see
Fig. 3 of [28] for details (only one axis is determined for
each tensor by symmetry). For both tensors, we confirm
the assignment of the axes which Orendt et al. obtained
in their largest basis set SCF calculation (the values
quoted in Table 4). Although some of the differences
between tensor components are small, the correlation
corrections are even smaller and do not affect the
assignment of the components.

Spin-spin coupling

We do not analyze the individual components of the
spin-spin coupling tensors, as there are no experimen-
tal data for comparison. The total coupling constants,
calculated including all the contributions to the
coupling (dia- and paramagnetic spin-orbit, spin-dipole
and Fermi contact terms), are given in Table 5
together with the experimental data. We do not
include the unreliable SCF results, and to illustrate
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Table 2. Calculated and ex-

perimental values of frequencies Mode This work Wiberg et al.* Experime.ntalb
(cm™") and intensities (km/mol) RAS-1/2e cc-pVTZ SCF/6-31G* Freq}lenples, N
relative intensities
Frequencies Intensities Frequencies Intensities
Aq (v9) 433.6 0.8 473 1.0 422.5 w (vo)
Ay (vg) 717.2 5.5 802 9.0 656.9 m (vg)
B; (vis) 763.8 67.4 825 78.3 736.7 s (vi3)
Ay (vi3) 874.5 0.0 935 0.0
Ay (v7) 885.8 0.0 958 0.5 838.8 w (v7)
A; (vi2) 942.9 0.0 1010 0.0
B, (v24) 976.1 1.0 1034 0.9 935.2 w (vp4)
B; (vi7) 1050.2 44 1133 4.6 979.9 m (v7)
B, (v23) 1122.3 0.1 1192 0.8 1080.7°
Aq (vg) 1137.7 0.4 1210 0.0
Ay (vi1) 1150.3 0.0 1205 0.0
B; (vis) 1207.6 15.5 1305 144 1110.0 s (vs)
1145 m (V9 + V]g)
Aj (vi0) 1229.5 0.0 1306 0.0 1245 w (v; + vo)
Aq (vs) 1326.9 1.6 1417 1.3 1266.0 m (vs,vy2)
B, (v22) 1352.2 0.6 1445 1.5 1295 w (2vg)
1394 w (vg + vig)
1453 w (2\)18)
B, (v21) 1568.4 0.9 1644 1.1 1484.6 w (v31)
A (vg) 1595.2 0.3 1684 0.0 1501.3¢
1630 w (vg + vi7)
2888 s (v4 + vs?)
2902 s (2v21?)
A (v3) 3099.0 3.1 3251 51.2 2935.4 s (v3)
B, (v20) 3101.0 61.6 3251 62.9 2968.7 s (v29)
B; (vi4) 3208.4 6.4 3423 8.2 3119.7 w (vig)
A (vp) 3210.4 82.4 3343 33.7 3043.7 s (v2,v19)
B, (vi9) 3221.7 9.8 3345 23.0
A (vy) 3224.0 32.8 3437 3.9 3131.2 w (vy)
#Unscaled, for a discussion of the scaled values, see text
®Data taken from [25] unless stated otherwise
°Additional data taken from [26]
Table 3. Calculated and ex- ; b
perimental values of shielding Mthod, SCF CCSD CASSCF CASSCF RAS-II/2¢ Experimental™
constants (absolute values in basis set HIII HIII HIII cc-pVTZ HIIT
ppm) Atom
Cl 198.61 197.18 202.25 203.53 202.54 203.3 + 2, 204.7°
C2 164.39 164.76 166.91 169.11 167.71 167.3 + 2, 167°
H5 30.54 30.26 30.59 30.51 30.50 30.232 £ 0.002
H6 30.59 30.32 30.56 30.53 30.43 30.090 £ 0.002
H7 31.69 31.44 31.61 31.56 31.55 31.101 £ 0.002

#Converted to absolute shielding using ¢(C)=199.0 ppm for TMS [28] and, if needed, 192.7 ppm as the
chemical shift of CS, with respect to TMS [29], and ¢(H) = 31.59 ppm for TMS [30]

°[31] unless stated otherwise
“[28]

the basis set dependence CASSCF and RAS-I/2¢
cc-pVTZ values are presented. To test the accuracy
of our results, the most important Fermi contact (FC)
contributions were recomputed using some other
approximations, and these results are shown in
Table 6. In the following discussion of the coupling
constants and their comparison with experiment, the
differences between various tabulated RASSCF and
CCSD results for the FC terms are considered as an
additional source of information.

For the carbon-carbon coupling constants,
the RASSCF and CCSD results are similar, and the
RAS-II/2e results agree fairly well with the experimental

data. For 'J(C1-C2), the CCSD value of FC contribu-
tion is smaller than all the RASSCF values, and the
experimental value is also smaller. These constants have
been calculated previously. Galasso, within his EOM
approach, obtained 'J(C1-C3) = -7.77, 'J(C1-C2) =
27.83, and “J(C2-C4) =-7.87 Hz [36] and, more
recently in [37], 'J(C1-C3) = —9.43 Hz. The results
of Carmichael [38], who included the FC terms only
('J(C1-C3) = -13.6 and 'J(C1-C2) = 24.3 Hz) as well
as the results of [39] are much closer to our values. The
set of coupling constants given in [39] is not consistent
with C,, symmetry of the molecule, so these constants
are not discussed here in detail. We note that the basis



244

sets used in our work are much larger than any previ-
ously applied.

All the RAS-II/2¢ results for 'J(C-H) couplings are
in excellent agreement with experiment. Similarly to
our previous work [8], for these constants the CCSD
approach appears to give (at least for the HII basis
set) too small values. The RAS-II/2e values of the
other C-H and H-H coupling constants are also in
fairly good agreement with experimental data. For
all the 2J(C-H) constants, further improvement would
be obtained using the CCSD results for the FC
contribution. The largest discrepancy is found for

2J(H6-H7). For this constant there are also relatively
large differences between various CASSCF, RASSCEF,
and CCSD results. Using the CCSD value of the FC
term would bring the total value closer to experiment,
but the difference nevertheless remains more significant
than for other coupling constants. We have observed
similar problems in the calculation of geminal H-H
coupling constant in ethylene (Table 8 in [1]). It ap-

Table 6. Fermi contact components of spin-spin coupling con-
stants (in Hz)

o " L Constant RAS-11/2e CCSD RAS-I/4e RAS-11/2e
Table 4. Individual components of the ~“C shielding tensors (ab- HII HII HIII HIILI
solute values in ppm)
X - 1J(C1-C3) -15.06 1450  -12.33 -13.79
SCF CASSCF SCF  Experimental® 1J(C1-C2) 31.41 24.63 30.73 29.86
HII HIII (28] (28] 2J(C2-C4) 0.36 1.80 4.06 0.30
CH, :J(CI-HS) 206.96 189.82  196.29 205.08
oo wx o aw acie e mn ea e
OB 158.06 158.24 161 (164) 2J(C1-H6) 2616 3 Z494 2536
o 150.22 155.23 156 (158) 2(C1-H7) YT 145 334 54
0 60°23"  59°17 56° 2J(CI-HS)  —5.65 409  -5.24 543
Tiso 164.39 166.91 168.7 167 2J(C2-H5) 3.04 3.45 3.29 3.17
CH 3J(C2-HY) 5.23 522 2.98 4.86
a| 159.16 163.05 167 (176) 3J(C2-H10) 15.44 14.72 15.75 15.28
oL 216.51 220.74 223 (218) 2J(H6-HT) -6.55 -3.55 -6.19 —5.46
o, 220.16 222.97 225 (220) 3J(H5-H6) 2.61 225 2.51 2.64
o —7°47 -10°22 -6° 3J(H5-H7) 0.11 0.31 -0.21 -0.06
Tiso 198.61 202.25 205 204.7 3J(H5-H8) 10.90 8.98 11.04 11.47
- — . 4J(H6-H10) 421 3.66 481 4.99
“Converted to absolute shleldmg using O‘(C) = 199.0 ppm for 4J(H7—H9) 0.96 0.88 3.56 1.37
TM[SZ§£]28]. For a detailed description of the principal axis systems, 4J(H7-H10) ~0.39 ~0.36 ~0.92 ~0.36
see
Table 5. Total spin-spin coupling constants (in Hz)
Constant CASSCF RAS-I/2e CASSCF RAS-1/2e RAS-11/2e Experimental®
cc-pVTZ cc-pVTZ HIII HII HIII
'J(C1-C3) -13.45 -14.46 -12.10 -13.65 -15.52 —17.49°, =16.0 + 0.5%, —5.4¢
'J(C1-C2) 29.30 24.83 36.83 31.60 28.37 21.0 + 0.2°
2J(C2-C4) —0.24 2.65 -0.53 2.47 -0.09
'J(C1-H5) 213.09 196.10 221.60 203.24 206.09 205 + 2°
'J(C2-H6) 163.38 146.59 173.18 154.86 154.44 153 + 1
'J(C2-H7) 184.15 182.97 191.17 189.87 172.15 169 + 1f
2J(C1-H6) -7.78 -5.62 -8.35 -5.97 -5.59 (-)3.30r 0 £ 0.2°¢
2J(C1-H7) —4.41 -3.90 -3.93 -3.36 -1.89 0or3.3 + 02
2J(C1-H8) -6.31 —4.71 ~7.34 —5.46 —-4.90 ()33 £ 0.2f
2J(C2-H5) 2.01 2.45 2.63 3.19 3.16 53 £ 02"
3J(C2-H9) 4.28 2.86 4.80 3.36 4.76 53 + 020
3J(C2-H10) 15.31 15.10 15.92 15.69 15.21 16.0 + 0.5"
2J(H6-H7) -7.22 -5.86 -7.77 -6.29 -5.00 (=) 0.6 or 0.4 + 0.2
3J(H5-H6) 2.54 2.21 2.85 2.50 2.59 29 + 0.2f
3J(H5-H7) -0.42 -0.70 -0.07 -0.21 -0.08 12 £ 020
3J(H5-H8) 12.84 10.88 13.71 11.63 11.59 104 + 0.2'
*J(H6-H10) 4.62 4.07 5.48 4.92 5.04 59 + 0.2
4J(H7-H9) 1.84 3.03 1.80 3.06 1.40 1.1 £ 05 ‘
4J(H7-H10) -0.81 -1.16 -0.55 -0.91 —0.46 0.6 or 0.4 + 0.2

#The (-) signs are attributed to some of the constants on the basis of our calculations

®For 2,2,4,4-tetra(trideuteriomethyl)bicyclo[1.1.0]butane-1,3-13C, [32]

“For 1-cyanobicyclo[1.1.0]butane [33]

9For 1-methyl-13C-3-phenylbicyclo[1.1.0]butane-1,3-3C,-exo,ex0-2,4-dicarboxylate [34]

°[35]
"31]

£0n the basis of our calculations we attribute the first of the two values to this constant



pears that for such small constants strong dependence
on the basis set and description of correlation effects
makes it difficult to achieve very accurate results.
Nevertheless, on the basis of our calculations and
comparison with the geminal H-H coupling in cyclo-
propane [40] we attribute a minus sign to the *J(H6-
H7) constant.

Conclusions

As a first step towards a systematic analysis of the NMR
parameters of bicyclobutane, we optimized the molecu-
lar structure using a RASSCF function. The computed
bond lengths and angles compare well with experimental
values; the accuracy is practically the same as at MP2
level. A following study of IR frequencies and intensities
shows that the applied wavefunction recovers a signif-
icant part of correlation corrections, the RASSCF values
being significantly better than SCF results.

In the calculation of shielding and spin-spin coupling
constants we used a series of MCSCF functions and a
CCSD wavefunction. Basis sets suitable for the de-
scription of these properties were chosen, and the de-
pendence of the results on the wavefunction and basis set
was analyzed. The calculated shielding constants agree
with the experimental data, and we confirm the assign-
ment of individual components obtained at the SCF
level for the carbon shielding tensors. The spin-spin
coupling constants are also close to the experimental
values, except for the geminal H-H coupling. This dis-
crepancy appears to be due to stronger than expected
dependence of our result on the approximations used in
the theory. However, we did not analyze the rovibra-
tional and solvent effects, which may also contribute to
the differences between the computed values and the
experimental spectrum.

An important result of this study is that for most
NMR parameters we have obtained similar results in the
MCSCF and CCSD approaches, since these two ap-
proximations are of a very different nature. In the first, it
is relatively easy to account for the static correlation
effects (like the dominant excitation from the bonding to
the antibonding C-C orbital) relevant for electronic
states that require a multiconfiguration description, but
it is fairly difficult to describe within MCSCF the dy-
namic correlation effects. In the CCSD, in contrast, the
dynamic electron correlation is taken into account but
the method starts with a single-determinant Hartree-
Fock description of the reference state. The similarity
of our final MCSCF and CCSD results, in particular
the values of the bridgehead C-C coupling constant,
indicates that we have a reasonably accurate description
of both types of electron correlation effects. Finally, as
expected from the structure of bicyclobutane, the value
of the bridgehead C-C coupling constant indeed lies
between the corresponding values for [1.1.1]propellane
and bicyclopentane.
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