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Crystal data for 4b: single crystals were obtained by recrystallization

from diethyl ether. The substance (C,sH,NO,P M,=737.75) crystal-

lized in the monoclinic space group P2,, a=15.052(2), b=

10.1503(14), ¢=27203(4) A, f=95.738°, V=41352(10) A3, Z=4,

Peaca = 1.185 gem =3, F(000) =1552, T=147(2) K. Data collection:

Siemens-Smart diffractometer with graphite-monochromated Moy,

radiation (1 =0.71073 A). Crystal dimensions: 0.03 x 0.08 x 1.55 mm

3.0° <260 <54.4°; 41782 measured reflections, of which 16113 were

independent and were used for the structure refinement of 994

parameters. Empirical absorption correction (SADABS). The struc-

ture was solved by direct methods (SHELXS), the hydrogen atoms
were placed at idealized positions and refined according to the riding

model. Disordered solvent was described with five isotropic C and O

atoms. The structure was refined according to the full-matrix least-

squares method on F? (SHELX-96). At convergence R1=0.0618 (1 >

20(I)) and wR2 =0.1036; min./max. residual electron density: —0.26/

+0.41 ¢ A2, Flack parameter 0.07(9). Crystallographic data (exclud-

ing structure factors) for the structure reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-147316. Copies of the data can
be obtained free of charge on application to CCDC, 12 Union Road,

Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@

ccde.cam.ac.uk).
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Breakdown of Bond Length-Bond Strength
Correlation: A Case Study**

Martin Kaupp,* Bernhard Metz, and Hermann Stoll

“Shorter bonds are stronger bonds”. This is still the tenet of
essentially all interpretations of molecular structure, for
example in the analysis of crystallographic data,l'l formalized
by a plethora of empirical bond length—bond strength
correlations.?! However, the number of cases where shorter
bonds have been found to exhibit smaller bond energies or
force constants has increased slowly but steadily during the
past decade. Most examples (see, however, refs. [3, 4]) pertain
to the effects of substitution by very electronegative groups,
such as fluorine. Thus, for example, increased fluorine
substitution in the NH;_,F, and OH,_,F, series shortens the
N-F or O—F bonds but apparently reduces the force constants
and dissociation energies.”! Fluorine substitution in lead(1v)
compounds PbR,_,F, (R =H, CH;) was shown computation-
ally to contract bonds but to facilitate reductive elimination.[®]
Similarly, in a number of titanium-phosphane complexes
[Ti(2,4-C;H,,),PX;], Ti—P bond lengths and dissociation
energies were found experimentally to decrease along the
series X = CH;, OC,H;, Ell In contrast, in some polyfluori-
nated hydrocarbons, C—C bond lengths and dissociation
energies apparently increase with increasing fluorine substi-
tution.®!

There is clearly a need for systematic studies aimed at
elucidating under which circumstances and in which direction
deviations from the usual correlations may be expected. Here
we report a high-level ab initio case study on the Sn—Sn bond
lengths, homolytical dissociation energies, and force constants
in distannane, Sn,Hg, and several of its fluorine-substituted
derivatives. This particular choice of model systems has
several advantages: 1) a homonuclear bond is studied, and
thus polar bonding contributions may be minimized or, for
symmetrical substitution, eliminated; 2) in contrast to first-
row compounds,® complicating effects of negative hyper-
conjugation are expected to be minor for the properties
discussed; 3) the systems are still sufficiently small to obtain
definite results from highly accurate coupled-cluster calcu-
lations with extended basis sets.[”)

Table 1 provides computed Sn—Sn bond lengths, dissocia-
tion energies, and force constants.”)’ We will concentrate on
the CCSD data, as the available computational resources did
not allow CCSD(T) calculations at this basis-set level for all
systems (the available data indicate that contributions from
triple excitations will not alter the conclusions). Figure 1
shows clearly that bond lengths and dissociation energies do

[*] Prof. Dr. M. Kaupp

Institut fiir Anorganische Chemie, Universitidt Wiirzburg
Am Hubland, 97074 Wiirzburg (Germany)
Fax: (+49)0931-888-7135
E-mail: kaupp@mail.uni-wuerzburg.de
Dipl.-Math. B. Metz, Prof. Dr. H. Stoll
Institut fiir Theoretische Chemie, Universitét Stuttgart
Pfaffenwaldring 55, 70569 Stuttgart (Germany)

[**] This work was supported by Deutsche Forschungsgemeinschaft and by
Fonds der Chemischen Industrie.

1433-7851/00/3924-4607 $ 17.50+.50/0 4607



COMMUNICATIONS

Table 1. Sn—Sn bond lengths d, homolytic dissociation energies D, and force constants k of Sn,H,_,F,.[2

Compound d[A] D, [kJ mol ']l k [1072 au]l

CCSD CCSD(T) CCSD CCSD(T) CCSD CCSD(T)
H;Sn—SnH; 2.759 2.758 248.7 (250.9) 256.4 (258.5) 8.26-8.28 8.13-8.15
H,FSn—SnFH, 2.765 2.767 242.5 (245.4) 249.1 (251.9) 8.34-8.35 8.13-8.14
HF,Sn—SnF,H 2.764 2.767 226.0 (230.0) 231.5 (236.3) 8.47-8.49 8.17-8.18
F;Sn—SnF, 2758 - 206.8 (208.6) - 8.59-8.61 -
F:Sn—SnH, 2767 - 230.1 (235.1) - 7.91-7.93 -
H;Sn—SnFH, 2.761 2.761 246.9 (249.1) 253.9 (256.0) 8.23-8.24 8.08-8.09

[a] Bond angles, Sn—H, and Sn—F distances, as well as monomer structures, optimized at the MP2 level. [b] Values in parentheses were computed with
monomers frozen at the optimized dimer structural parameters. [c] A range of values is given, due to the inherent uncertainties of the fitting procedure.
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Figure 1. Plot of CCSD dissociation energy D, versus CCSD bond

length d.
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not correlate. While the dissociation energies decrease
significantly with increasing fluorine substitution, the bond
lengths change very little, in a nonmonotonous fashion.
Nuclear reorganization energies of the fragments amount to
only a few kI mol~! (cf. Table 1). Electronic reorganization of
the monomers is of course substantial. However, it appears
that the breakdown of bond length —bond strength correlation
in this series of systems is related predominantly to intrinsic
properties of the Sn—Sn bond in the dimers (see below).
The range of force constants is significantly smaller (ca.
8%) than that of the dissociation energies (ca. 20%) and
becomes even more attenuated at the CCSD(T) level. Fig-
ure 2 indicates that, for the symmetrical systems, larger
dissociation energies are accompanied by smaller force
constants. Interestingly, the unsymmetrically substituted
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Figure 2. Plot of CCSD force constant k versus CCSD dissociation energy
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F;Sn—SnH; has by far the lowest force constant, in spite of
exhibiting an intermediate dissociation energy. As a conse-
quence of this nonintuitive behavior, no correlation between
force constants and bond lengths may be discerned either
(Table 1).

What is the reason for the weaker but partly even shorter
bonds in the fluorine-substituted species ? It has already been
shown that fluorine substitution removes electronic charge
from the central atom (in this case Sn) and thereby reduces its
effective size. At the same time, the relative size of the valence
s and p orbitals on Sn is rendered even more disparate than
before.! As a consequence, “hybridization defects”!'”! be-
come more dramatic: the p orbitals are too large to effectively
hybridize with the compact s orbitals. Thus, they cannot
contribute efficiently to covalent bonding. This weakens the
Sn—Sn bonds, but also the Sn—H and Sn—F bonds.[! Figure 3
shows that, indeed, the relative p character of the Sn hybrids

2.6+ 260
o [

2.4 . - 240
\\. L

2.2+ H3$n—Snl-l3 220

H,FSn-SnFH, [ 200
180

184 "
\\ HFZSD—SHFZH
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P/s 4 4] F,Sn-SnF, [ 140 D./k) mol
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a
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0.6 : : . . —+60
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Figure 3. Dependence of p/s hybridization ratios (m) of the Sn—Sn bonding
natural localized molecular orbitals (NLMO), and of the dissociation
energies (@) on the natural population analysis (NPA) charges for the
symmetrically substituted distannanes. Bonding analyses for HF wave-
functions at the MP2-optimized structures; CCSD dissociation energies
taken from Table 1.

used for the homonuclear bond (and also for the other bonds
to Sn; cf. Figure 4) decreases dramatically with increasing
charge. “Hybridization-deficient” bonds are weaker, and thus
the dissociation energies decrease (Figure 3). However, the
weaker bonds do not become longer, as the effect is
compensated (or partly even overcompensated) by the
reduced size, and the related larger net s character, of the
Sn atom. Weakening of the bonds would also be expected to
reduce the force constants. However, the reduced atom size
may again contribute in the opposite direction.
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Figure 4. Changes in p/s hybridization ratios of various NLMO upon
Sn—Sn bond dissociation. Bonding analyses for HF wavefunctions at the
MP2-optimized structures. Average of a and f NLMO hybridization for the
monomers.

Figure 4 shows the p/s hybridization ratio of the relevant
localized MOs. In the dimers, hybridization defects increase
dramatically with increasing fluorine substitution, not only for
the Sn—Sn bonds (cf. also Figure 3), but also for the Sn—H and
Sn—F bonds. In the monomers, the s character may concen-
trate more in the singly occupied molecular orbital (SOMO).
The effect of fluorine substitution on Sn—H and Sn—F bonding
(cf. corresponding NLMO hybridization) is therefore much
less pronounced than in the dimers. As the hybridization
defects are directly related to the bond strength, it is clear that
changes in the bonding of the dimers are largely responsible
for the observed trend in the dissociation energies. Our
bonding analyses confirm furthermore, that delocalization
effects are of only minor importance. The distannane series
provides thus a particularly clearcut case in which hybrid-
ization defects are directly responsible for the observed lack
of correlation between bond lengths, force constants, and
dissociation energies.
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