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be called “classical aromaticity”. We can follow our situation best
by reference to Figure 5a. Among this group of characteristics,
it is I5¢ that provides the purest measure of classical aromaticity,
closely followed by AN (no. 3). The DRE (no. 4) and N (no.
12) have small p, loadings but rather more significant p; loadings
whereas the HSRE (no. 5) is a somewhat more hybrid measure.

(b) The second group is comprised of the magnetic parameters
Xm (no. 9) and A (no. 10). These are both marked by very small
p1 components but large positive p, and large negative p; com-
ponents. Clearly this second group of characteristics includes
measurements of “magnetic aromaticity” which is almost com-
pletely orthogonal to the “classical aromaticity” measured by
characteristics of group (a).

(c) The remaining group of five characteristics all show mod-
erately positive p, loading together with negative loadings for both
p; and p; for AHg (calculated or experimental) and positive
loadings for both p, and p; for RC, AH,, and I;. The charac-
teristics in this third group thus possess elements of both “classical”
and “magnetic” aromaticity.

Conclusions, We believe that we have been able to a consid-
erable extent to resolve the apparent impass between classical and
magnetic aromaticity and provide a firm basis for the consideration
of aromaticity as a quantitative concept. In fact, there are at least
two types of aromaticity: the best available measure of classical
aromaticity is provided by the Bird I54 parameter and this pa-
rameter correlates well for AN and DRE. The second type of

aromaticity is magnetic aromaticity, which is measured by x, or
A. These two types, classical and magnetic, of aromaticity are
orthogonal. Other aromatic characteristics are influenced by both
“classical” and “magnetic” aromaticity to varying extents. Hence,
we believe that there are at least two quantitative aromaticity
scales. Characteristics that depend on aromaticity can be de-
termined by either or both of these scales. Indeed a case could
be made for the existence of three types of aromaticity corre-
sponding to the three PC found. At the present time we wish only
to claim the existence of at least two types: further work is in
hand which it is hoped will further illuminate the nature of the
phenomenon of aromaticity. The methods used in this paper are
capable of extension to a wide range of other aromatic, anti-
aromatic, and non-aromatic compounds, ions, and radicals, and
to numerous other chemical and physical properties. They offer
the potential not only for the understanding and ratjonalization
of known facts but also for the prediction and estimation of
unknown properties. Work along these lines is ongoing in our
laboratories.

Acknowledgment. We thank a Referee for helpful comments
on this paper.

Supplementary Material Available: Predictions of aromatic
characteristics for 5, 6, 7, 13, 14, 15, and 16 (65 pages). Ordering
information is given on any current masthead page.

Theoretical Studies on the Stability of T1-C ¢-Bonds in
Aliphatic Organothallium Compounds

P. Schwerdtfeger,*"! P. D. W. Boyd,! G. A. Bowmaker,’ H. G. Mack,? and

H. Oberhammer?

Contribution from the Department of Chemistry, University of Auckland,
Auckland, New Zealand, and the Institut fiir Physikalische und Theoretische Chemie, Universitdt
Tibingen, D-7400 Tiibingen, West Germany. Received March 7, 1988

Abstract: Calculations of the electronic structure and bonding in organothallium compounds (TIR, TIR*, TIR,, TIR,*, TIR;,
TIR,", TIR,Br, and TIR’ with R = CHj,, R’ = C,H,, or C,H), in the hydrides (R = H), their dissociation products (CHj,
C,H,, C,H, C,H, and TIBr), and Tl, have been carried out. A modified version of Pople's SCF program GAUSSIANs2 has
been used, in which the core electrons on the Tl atom are described by a quasi-relativistic [Pt]-core pseudopotential. All bond
distances and angles have been optimized with a Fletcher—Powell procedure. SCF-SW-Xa calculations have been carried
out to determine the extent of the Tl 5d core orbital participation in the TI-C bond. Vibrational frequencies have been calculated
from the harmonic diagonal SCF valence force field. As a result, the previously undetected molecule TICH; is found to be
stable with respect to dissociation into Tl and CHj. The isolated TI(CH3); molecule is found to possess the expected planar-trigonal
(TIC,) structure. It is explained why organothallium chemistry is mainly the chemistry of TI(III) in contrast to inorganic
thallium chemistry and that TI-TI bonds are very weak or do not exist is a relativistic effect.

I. Introduction

In the last 20 years organothallium chemistry has become more
and more important in organic synthesis, and experimental studies
on structure and bonding have been reported on many organo-
thallium compounds.'”1 Most of the stable organothallium
compounds are of the type R,TIX (R = alkyl, aryl; X = F, CIO,,
...). Trialkyl and triaryl compounds are unstable and very reactive;
e.g., TIMe; (Me = CH3)!! is reported to be spontaneously in-
flammable in dry air.’? In contrast, MesM compounds (M =
B, Al, Ga, In) are stable.! Monoalkyl compounds of the type
TIR have never been isolated and the only known structures
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containing this moiety are of the types RT1X, and RTIO (X =
OAc, CN, Cl, Br, ...).1:21013 Monoarylthallium compounds are

(1) Lee, A. G. The Chemistry of Thallium; Elsevier: Amsterdam, The
Netherlands, 1971.

(2) Abel, E. W ; Stone, F. G. A. Organometallic Chemistry: The Royal
Society of Chemistry: London, 1971-1987; Vol. [-XV.

(3) (a) McKillop, G. A. Acc. Chem. Rev. 1970, 3. "38. (b) McKillop. G.
A.; Taylor, E. C. Adv. Organomet. Chem. 1973, 11, 147. (c) McKillop, G.
A.; Taylor, E. C. Chem. Br, 1973, 9, 4. (d) McKillop, G. A.; Taylor, E. C.
Comprehensive Organometallic Chemistry, Pergamon: New York, 1982; Vol.
7. pp 765. (e) Davidson, G. Coord. Chem. Rev. 1984, 56, 113.

(4) (a) Kurosawa, H.; Kawasaki, Y. Fundamental Research in Organo-
metallic Chemistry; Tsutsui, M., Ishii, Y., Yaozeng, H., Eds.; Van Nostrand
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Chemistry, McKillop, A., Taylor, E. C., Eds.; Pergamon: New York, 1982,
Vol. 3, pp 725.
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only known as stable w-complexes of cyclopentadienide,
Cp < TI* ¥  Also, diorganothallium compounds of the type
TIR, have not been found” and have only been predicted as possible
structures in intermediate transition states.>'> This may also be
the case for the monoalkyl compounds RTI* and RTL>1? 1In
contrast, inorganic thallium chemistry shows a preference for TI(I)
compounds, and it is not understood why organothallium chemistry
does not. Quantum chemical calculations should give answers
to such problems and general insight into the behavior of TI-C
bonds.

Relatively few ab initio calculations on large heavy-atom-
containing molecules have been reported previously, due to the
long calculation times involved. Moreover, relativistic effects have
to be taken into account for heavy elements.!® Relativistic SCF
programs are now under development,!” but the relativistic
treatment of molecules (and atoms) within the Dirac—Fock theory
is still at an inchoate stage of development. These difficulties can
be partially overcome by using the pseudopotential method!8 in
which the core electrons are treated as fixed (frozen-core ap-
proximation).’® This is in agreement with the chemical concept
that only valence electrons take part in chemically reacting sys-
tems. Moreover, the major relativistic effects can be included
in the pseudopotential approximation.2%-23

Relativistic effects are important in Tl compounds, and some
differences from the other main-group III elements can be ex-
plained in this way.?* The relativistic contraction of the TI 6s
orbital is 13%2 but is negligible for the average of 6p;,,/6ps,,

(5) Kurosawa, H.; Okawara, R. Organomet. Chem. Rev. Sect. A 1970, 5,
1

(6) Lee, A. G., Q. Rev., Chem. Soc. 1970, 24(2), 310.

(7) Forman, E. A.; Wade, K. Organometallic Derivatives of the Main
Group Elements; Aylett, B, J., Eds. MTP International Review of Science,
Inorganic Chemistry, Series Two; Butterworths: London, 1975; Vol. 4.

(8) Maslowsky, E. Vibrational Spectra of Organometallic Compounds;
Wiley: London, 1977.

(9) Eisch, J. J; King, R. B. Organometallic Synthesis, Academic: New
York, 1981; Vol. I, Elsevier: New York, 1986; Vol. IT.

(10) Coates, G. E.; Green, M. L. H.; Wade, K. Organometallic Com-
pounds, Methuen & Co., Ltd.: London, 1982.

(11) Gilman, H.; Jones, R. G. J. Am. Chem. Soc. 1946, 68, 517, Ibid.
1950, 72, 1760.

(12) (a) Groll, H. P. J. Am. Chem. Soc. 1980, 52, 2998. (b) Rochow, E.
G.; Dennis, Z. M. J. Am. Chem. Soc. 19358, 57, 486.

(13) Buckingham, J.; Maclntyre, J. Dictlonary of Organometallic Com-
pounds; Chapman & Hall: London, 1984.

(14) (a) Ewig, C. S.; Osman, R.; VanWazer, J. R. J. Am. Chem. Soc.
1978, /00, 5017. (b) Canadell, E.; Eisenstein, O.; Rubio, J. Organometallics
1984, 3, 759.

(15) (a) Faleschini, S.; Pilloni, G.; Doretti, L. J. Electroanal. Chem. In-
terfacial Electrochem. 1969, 23, 261. (b) Zecchin, S.; Pilloni, G. J. Elec-
troanal. Chem. Interfacial Electrochem. 1972, 36, 117.

(16) (a) Froman, A. Rev. Mod. Phys. 1960, 32, 317. (b) Mackrodt, W.
C. Mol. Phys. 1970, 18, 697. (c) Desclaux, J. P.; Pyykko, P. Chem Phys. Lett.
1974, 29, 534; Ibid. 1976, 39, 300. (d) Pyykko, P.; Desclaux, J. P. Nature
(London) 1977, 266, 337. (e) Pyykkd, P. Chem. Rev. 1988, 88, 563.

(17) (a) Aerts, P. J. C. Thesis, Amsterdam, 1986. (b) Sundhelm, D.,
Thesis, Helsinki, 1985.
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100. (b) Krauss, M.; Stevens, W. J. Annu. Rev. Phys. Chem. 1984, 35, 357.

(20) (a) Barthelat, J. C.; Durand, Ph. Gazz. Chim. Ital. 1978, 108, 225.
(b) Kahn, L. R.; Hay, P. J.; Cowan, R. D. J. Chem. Phys. 1978, 68, 2386.
(c) Basch, H.; Newton, M. D,; Jafri, J.; Moskowitz, J. W.; Topiol, S. J. Chem.
Phys. 1978, 68, 4005. (d) Lee, Y. S.; Ermler, W. C,; Pitzer, K. S. J. Chem.
Phys. 1977, 67, 5861.
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(24) (a) Pyykkd, P. Adv. Quantum Chem. 1978, 11, 353. (b) Desclaux,
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(25) The main effect of relativistic valence contraction is probably not due
to orthogonality constraints to the inner orbitals as often explained (ref 23 and
24); e.g., see: Rose, S. J.; Grant, I. P.; Pyper, N. C. J. Phys. B1978, 11, 1171.
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Table I. Contracted Gaussian Basis Sets for Thallium and Bromine
for the Nonrelativistic (NRPP) and Relativistic (ARPP)
Pseudopotentials?

thallium(NRPP) thallium(ARPP) bromine(ARPP)
a f a f a f

s 1.66856 —0.26467 1.45826 —0.18162 4.32759 0.17671
1.00802 0.55253 0.723941 0.61017 2.25772 -0.52884
0.239744 | 0.195627 1 0.407766  0.74593
0.082597 1 0.066544 1 0.155880 1
0.041 1 0.041 1

p L1.57565 —0.02146 1.43752 -0.01126 1.74924 0.17086
0.810558 0.08788 0.660457 0.11516 0.798846 -0.31148
0.144387 1 0.137179 1 0.302837 |
0.044844 | 0.045116 1 0.121408 1
0.020 1 0.020 1 0.048443 |

d 0.146 1 0.146 1 0.389 1

“a, gaussian exponent; f, contraction coefficient.
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Figure 1, Schematic molecular energy curves for a diatomic molecule
in the A-S and w-w coupling schemes.

orbitals.?® Hence, relativistic bond contractions are expected
where s orbitals participate in the bond.?” Fine structure (con-
sisting mostly of spin—orbit coupling (SO)) is also important in
calculating molecular properties.?? A p, orbital, which forms a
o-bond in the z direction, is a mixture of !/5 p;,, and 2/, P32 In
the Tl atom, these are split by more than 93 kJ/mol,®® and it is
not clear, without recourse to calculations, whether a pure ¢-bond
can be achieved or not.?

We have performed relativistic pseudopotential calculations for
the following organothallium compounds: TIR, TIR*, TIR,, TIR,*,
TIR,, TIR,", TIR,Br, and TIR’ (R = CH,, R’ = C,H,, C,H), the
corresponding hydrides (R = H), their dissociation products (CHj,
C,H;, C,H, C,H, and TIBr), and Tl, to allow discussion of
possible TI-T1 bonds in organothallium compounds. The chemical
behavior of the hydrides is very similar to that of the methyl
compounds, and therefore it is of interest to compare them.
Relativistic effects have been studied with nonrelativistic (NR)
and relativistic (R) pseudopotentials for the Tl and Br atom.26:3°
Correlation effects have been taken into account by a SDCI
procedure (configuration interaction with single and double ex-
citations only) and a core—valence dipole polarization potential ¢
The participation of Tl 5d core orbitals in the bonding was studied
with a SCF-scattered wave—Xa method (SCF-SW-X«)3! for
T1M62+.

(26) Schwerdtferger, P. Phys. Scr. 1987, 36, 453.

(27) The relationship between orbital and bond contractions has been much
discussed in the past; e.g., see: Snijders, J. G.; Pyykko, P. Chem. Phys. Lett.
1980, 75, 5. A proper interpretation was given recently by: Schwarz, W. H.
E. Phys. Scr. 1987, 36, 403.

(28) Moore, C. E. Atomic Energy Levels, National Bureau Standards
Circular No. 467; U.S. GPO: Washington, DC, 1958.

(29) (a) Pyper, N. C. Chem. Phys. Lett. 1980, 73, 385. (b) Pitzer, K. S,;
Christiansen, P. A. Chem. Phys. Lett. 1984, 25, 131. (c) Pyykko, P.; Desclaux,
J. P. Chem. Phys. Lett. 1976, 43, 545. (d) Reference 16¢c.

(30) Schwerdtfeger, P.; Szentpaly, L. v.; Vogel, K.: Silberbach, H.; Stoll,
H.; Preuss, H. J. Chem. Phys. 1986, 84, 1606.

(31) Johnson, K. H. Adv. Quantum Chem. 1973, 7, 143.
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Figure 2. Density contour plot for the 3a,” orbital. From the left to the right: TIMe,*, HgMe,, AuMe,".

II. Method

The pseudopotential parameters for Tl and Br have been reported in
previous papers.?$3® The calculations performed here implement the
method of ref 30. The nonrelativistic (NRPP) and spin—orbit-averaged
relativistic (AR PP) pseudopotential calculations have been carried out
with a modified version of the program package GAuUssIANS2.32 Al bond
distances and angles are optimized by a Fletcher—Powell procedure.®
Our Gaussian basis set for thallium was a contracted (5s/5p/1d)/[4s/
4p/1d] and for bromine a (4s/5p/1d)/[2s/4p/1d] basis set (derived by
an energy optimization with program pSATOM.** The symbol (n)/[m]
denotes an n basis set contracted to an m basis set. The Tl and Br
polarization functions are taken from Huzinaga et al.* The Gaussian
exponents and contraction coefficients are listed in Table I. For carbon
we used a contracted (9s/5p)/[4s/2p] Dunning basis set** extended to
[4s/3p/1d] with a p exponent of 0.034 and a d exponent of 0.75 and for
hydrogen a contracted (5s)/[2s] Huzinaga basis set® extended to [2s/1p]
with a p exponent of 1.1. As indicated by a basis set study on TIMe the
superposition error is less than 0.8 kJ/mol at the nonrelativistic and
relativistic equilibrium geometry and is therefore assumed to be negligible
for all the other organothallium compounds. Spin-orbit coupling has
been taken into account by a two-component quasi-relativistic pseudo-
potential (QRPP)2! for TIMe only, using the program UHREL of Hafner
et al.’’ The same basis set is taken as for the spin-averaged case. As
a result of our calculation the contribution of spin—orbit coupling to the
total energy is found to be small near the region of the equilibrium
geometry in the ground state of TIMe. This is true of other results, where
o-bonds in ground states have been calculated.® E.g., for TIH we get
Ay = 0.4 kJ/mol « 62 kJ/mol = A, (Figure 1).26 Hence, to a good
approximation we can correct the dissociation energy for spin—orbit
coupling by using atomic spin—orbit contributions only.?® Correlation
effects have been studied on the molecules TIMe and TiMe* with a
semiempirical pseudopotential ansatz (SEPP) for Tl. Core-valence
correlation is described by a dipole polarization potential?**® and valence
correlation only by a SDCI procedure using a modified version of
Davidson’s program MELD.®>  For the CI calculations of TIMe and
TIMe* we used an uncontracted (8s/8p/2d) basis set?63® with d polar-
ization functions from Huzinaga et al.*® The CI basis set for the C and
H atoms are the same as mentioned above, but uncontracted.

(32) Binkley, J. S.; Frisch, M. J.; DeFrees, D. J.; Raghavachari, K;
Whiteside, R. A.; Schlegel. H. B.; Fluder, E. M.; Pople, J. A. Program
GAUSS1aN82, Pitisburgh, PA, 1986. Extended for local and nonlocal pseudo-
potentials by P. Schwerdtfeger using the program pSEPOT for the latter: Kolar,
M. Comput. Phys. Commun. 1981, 23, 275.

(33) Barthelat, J. C.; Pelessier, M.; Villemur, P.; Devilliers, R.; Trinquier,
G.; Durand, Ph. Program PSHONDO(PSATOM), Toulouse, France, 1981.

(34) Huzinaga, S.; Andzelm, J.; Klobukowski, M.; Radzio-Andzelm, E.;
Sakai, Y.; Tatewaki, H. Gaussian Basis Sets for Molecular Calculations:
Physical Science Data 16; Elsevier: Amsterdam, The Netherlands, 1984,

(35) Dunning, T. H. J. Chem. Phys. 1970, 53, 2823.

(36) Huzinaga, S. J. Chem. Phys. 1965, 42, 1293,

(37) Hafner, P.; Schwarz, W. H. E.; Esser, M.; Wechsel-Trakowski, E.
Program UHREL, Siegen, FGR, 1978.

(38) Schwerdtfeger, P. Thesis, Stuttgart, FGR, 1986.

(39) McMurchie, L.; Elbert, S.; Langhoff, S.; Davidson, E. R. Program
MELD, Seattle, WA, CI version from program aTMoL: Saunders, V. R.;
VanLenthe, J. H. Mol. Phys. 1983, 48, 923. Modified by: Wedig, U.,
Stuttgart, FRG, 1986.

Table II. Molecular Properties of the Hydrides?
TIH* TIHH TIH,* TIH, TIH, TIH4
NR 1.877 1.925 1.775 1.851 1.837 1.905

~
o

re R 3.347 1.883 1.673 1.776 1.739 1.806
Ar, R -1470 0.042 0.102 0.075 0.098 0.099
a R 180 119.9 120 109.5
D, NR 30 180 112 167 187 202

D, R 2 175 69 128 160 178

D, SO 2 113 69 97 139 178
AD, SO 28 67 43 70 48 24

ke NR 093 1.51 2.22 1.74 1.96 1.90
ke R 0.01 1.18 2.55 1.69 2.22 1.81

9re, TI-H equilibrium distance in angstroms; «, HTIH angle in de-
grees; D, TI-H dissociation energy per hydrogen atom in kilojoules per
mole (SO correction for T1, 62 kJ/mol?®); k., TI-H force constant in
millidynes per angstrom; NR, nonrelativistic; R, SO-averaged relativ-
istic; SO, R corrected by atomic SO coupling. Ar, = r(NR) - r(R);
AD, = D(NR) - D(SO).

Possible errors resulting from the [Pt]-core definition of our Tl pseu-
dopotential in the SCF calculations are d participations from the Tl core
(nonspherical core) and deviations from the point charge approximation
(core penetration or core overlap). The latter has been considered only
for the hydrides and dimers and is described in detail in ref 26 and 38.
For the TI-Me moiety, core penetration effects are very small for dis-
tances greater than (or equal to) the ground-state equilibrium distances.
E.g., from relativistic calculations of the core Coulomb potential® one
gets a repulsive core penetration effect of ~ 1 kJ/mol at 2.2 A, which
will lead to slight increases in Ti—H bond distances of ~0.01 A and to
a lowering of the dissociation energy by ~1 kJ/mol. This is within the
accuracy of the pseudopotential method. For studying core d partici-
pations we carried out SCF-scattered wave-Xa calculations®! of the
electronic structure of TIMe,* (D,,) using the program xAsw of Case
and Cook.*® Calculations were also carried out on HgMe, and AuMe,”
(isoelectronic with TIMe,*), by using the geometries given in ref 41 and
42, since the metal atoms in these species have a lower 5d/6s orbital
energy separation than T1#? and so should show a greater degree of
involvement of the metal 5d orbitals in the bonding. The 5d orbital
involvement in the bonding occurs mainly in the a,’ orbitals, which involve
a significant contribution from the metal 5d,2 and 6s and the carbon 2p,
orbitals. This effect is most clearly seen in the highest occupied a,’

(40) Cook, M.; Case, D. A. Program xasw, VAX-IBM Version 2; personal
communication.

(41) Kashiwabara, K.; Konaka, S.; lijima, T.; Kimura, M. Bull. Chem.
Soc. Jpn. 1973, 46, 407.

(42) Basil, J. D.; Murray, H. H.; Fackler, J. P, Jr.; Tocher, J.; Mazany,
A. M.; Trzcinska-Bancroft, B.; Knachel, H.; Dudis, D.; Delord, T. J.; Marler,
D. O. J. Am. Chem. Soc. 1985, 107, 6908.

(43) The 5d/6s separation can be expressed as the difference of the (j-
averaged) 5d/6s orbital energies for the neutral atoms Au, Hg, and Tl cal-
culated with the programs MCHF and McDF (in au relativistic values in par-
entheses): Au, 0.3303 (0.1630); Hg, 0.4532 (0.2768); T, 0.6072 (0.3904).
The relativistic values are smaller because of the relativistic 6s contraction
and 5d expansion. Program MCHF: Froese-Fischer, C. Comput. Phys. Com-
mun. 1978, 14, 145, Program MCDF: Reference 47.
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Table ITI. Molecular Properties of the Aliphatic Organothallium Compounds Calculated with ARPP?

MeTi* MeT! Me,TI* Me,TI Me, Tl Me,TI©  MeTIBr  C,H,TI C,HTI
r(TIC) 2.800 2233 2.089 2.180 2.152 2.221 2.121 2224 2219
r(CH) 1.076 1.089 1.081 1.085 1.086 1.095 1.083 1.084 1.062
«(TICH) 98.4 111.2 109.0 110.0 110.9 115 117
«(CTIC) 180 121.1 120 109.5 140.0
D(Ti-Me) -30 121 77 85 117 120 83 156 314
DSO(TI-Me)  -30 59 77 55 97 120 72 94 252
k(TIC) 0.11 1.42 2.35 1.88 2.34 1.94 2.44 1.61 1.56
k.(CH) 6.10 5.75 6.05 5.86 5.87 5.93 5.88 5.84 6.96
k(a(TICH)) 0.18 0.40 0.50 043 0.47 0.41 0.48

“r., equilibrium distance in angstroms; , angle in degrees; D,, TI-C dissociation energy per alkyl group in kilojoules per mole; k., force constant
in millidynes per angstrom; D50, R with atomic SO correction (62 kJ/mol?®). In the case of Me,TIBr, the molecules SO correction of TIBr was

taken (9 kJ/mol). For the other properties, see text.

orbital, 3a;’, which would be pure metal 6s in the absence of bonding.
Contours for these orbitals are shown in Figure 2, for AuMe,”, HgMe,,
and TIMe,*, and these clearly show the decreasing involvement of the
metal 5d,: orbital along this series. The outstanding chemical stability
of TIR,* compounds has often been explained by Ti(5d) contributions
to the TI-C bond.! Figure 2 shows that this is very unlikely.

All pseudopotential calculations were carried out on the high-speed
vector machine CRAY1M. The Fletcher-Powell geometry optimization
for TIMe,, TIMe,~, TIMe,Br, and TIC,H; was very time-consuming in
CPU time. E.g., for TIMe,; 193 basis functions contracted to 120 were
used. This produces between 19 and 23 million (contracted) two-electron
integrals depending upon the geometry (the two-electron integral cutoff
was set at 10719),22 which need 370 Mbyte disk storage in the Raffenetti
integral format. The total CPU time for the geometry optimization of
TIMe; was 20 h (per geometry point, 1456-s integral time by 19.7 million
two-electron integrals and 2338-s SCF time by 47 cycles using a SCF-
convergence threshold of 1078 au; total CPU, 4140 's). In the case of
TIMe,", we exceeded the available disk space of 450 Mbyte. No direct
SCF program was available; hence, we reduced our H basis to (3s)/[2s]
as listed in GAUSS1ANS2,*2 assuming that this will affect the TI-C o-bond
only slightly.

III. Results

A. Thallium Hydrides. Some theoretical studies of thallium
hydrides (TIH*, TIH, and TIH,, (Ds;)) have been published
earlier?>?¢ and discussed in detail. Therefore, we shall give only
a short outline of our results that are important for discussing the
analogous methyl compounds. For our calculations on TIH,*
(Day), TIH, (Cy,), TIH,Br (Cy,), and TIH,™ (T,), the same basis
set is taken as described in ref 26 (uncontracted (7s/7p/2d) for
Tl, (5s/2p) for H, and (9s/6p/2d) for Br). The calculated mo-
lecular properties are collected in Table II. From the uniform
dissociation energy per hydrogen atom we get the stability sequence
TIH, > TIH, > TIH > TIH, > TIH,* > TIH*. Only the most
stable, first four thallium hydrides are known experimentally.!
The expected monovalence of Tl is not observed for the hydrides.
The gas-phase SCF hydridization enthalpies may be calculated
from the SO-corrected ARPP results (Table II; eq 1-3). The

TI+ H—TIH -115 kJ /mol (1)
TIH+H—TIH, -81 kJ/mol 2)
TIH, + H— TIH;  -224 kJ/mol 3)

SDCI energy for step | is =197 kJ/mol,?® which is in excellent
agreement with the experimental value of =199 kJ/mol*# These
energies are not large enough to stabilize the molecules relative
to dissociation into Tly and H, (D.(H;) = 458 kJ/mol,* D(Tl,)
= 20-50 kJ/mol; see below), and this explains the reported
instabilities of such hydrides.! TIH,* seems to be stable only in
the gas phase. In all other cases TIH,*X~ would react to give TIX
and H,. The molecule TIH, is the most stable thallium hydride
we have found from our calculations. As an example, TI*TIH,
is calculated to be stable with respect to dissociation into TIH and
TIH; by 56 kJ/mol using ARPP. As reported by Strouf and

(44) Huber, K. P.; Herzberg, G. Molecular Spectra and Molecular
Structure, Constants of Diatomic Molecules; Van Nostrand: New York,
1979.

Wold,* the stability of MTIH, compounds would increase from
Li to Cs, and we expect, from the ionic radii of TI* and the
dissociation energy of TIH, that TITIH, would be more stable than
LiTIH, (in kJ/mol):*# D,(LiH) = 243, D.(TIH) = 199, D.(CsH)
= 175. The other “TI hydrides” TIMH,, (M = B, Al, Ga) of the
third main group are all known and isolated.* The increase in
stability is related to the variation of the M—H dissociation energy
from M = Tlto M = B (experimental values in kJ/mol from ref
44): 199 (TIH), 248 (InH), 284 (GaH), 305 (AlH), and 344
(BH).

For the hydrides we get the sequence of TI-H bond distances
TIH > TIH,” > TIH, > TIH, > TIH,*, This is exactly the
sequence we would expect from the simple hybridization model;
i.e., the s participation increases from the left to the right. As
a result, we get the largest relativistic bond contraction of 0.1 A
in TIH,*. The calculated SDCI bond distance of 1.864 A for TIH
is in excellent agreement with the experimental value of 1.870
A% TIH?* is a special case because of its low stability.?

TIH,Br is only of theoretical interest as an analogous case to
TIMe,Br because this would dissociate into TIBr and H,. The
calculated molecular properties for TIH,Br in the trigonal-planar
structure using ARPP are as follows: r(TI-H) = 1.720 A, r.-
(TI-Br) = 2.494 A, and «(TIH,) = 132.4°. The resulting TI-H
binding energy is 96 kJ/mol calculated from the dissociation
reaction TIH,Br — TIBr + 2H. This is comparable to the stability
of TIH,. The TI-Br binding energy is 250 kJ/mol (SO-corrected
for the Br atom; A, = 14 kJ/mol), calculated from the dissociation
reaction TIH,Br — TIH, + Br. We used results from our cal-
culations on TIBr with QRPP: r, = 2.562 A (2.618 A), D, = 262
kJ/mol (331 kJ/mol), k, = 1.16 mdyn/A (1.26 mdyn/A), and
e = 4.91 D (4.49 D); experimental values are in parentheses.*
The atomic spin—orbit correction has been calculated with the
program MCDF¥ as A, = A T+ A,B" = 73.5 kJ/mol and is much
larger than the molecular stabilization of Ay = 8.8 kJ/mol,
calculated with program UHREL.Y

B. Organothallium Compounds. Table III presents the cal-
culated ARPP TI-C and C-H bond distances, TICH angles, the
corresponding diagonal SCF force constants, and the T1-Me
dissociation energies. Our calculated force constants for the TICH
angle bending vibrations have been derived from the formula (k.
in mdyn/A, r.in A, and d*£/da? in au/rad) given in eq 4. This
includes the H-C-H bending mode (50%) as defined in the ge-
ometry optimization procedure. Before we discuss the compounds
in detail, we first consider the possibility of TI-TI bonds in or-
ganothallium chemistry.

k. = 4.3595(d2E /da?) [ TIC] 'r [CH] ! 4)
Theoretical studies on diatomic Tl compounds have been re-

ported and discussed by several authors, 2223384  The ground state
of Tl is probably a weakly bonded O, (°II,) state with a shallow

(45) Strouf, O.; Wold, S. Acta Chem. Scand., Ser. A 1974, 431, 331.

(46) See articles from: Wiberg, E. et al. Z. Naturforsch., B: Anorg.
Chem., Org. Chem., Biochem., Biophys., Biol. 1951, 6B, 1957, [2B.

(47) Grant, L. P.; McKenzie, B. J.; Norrington, P. H.; Mayers, D. F;
Pyper, N. C. Comput. Phys. Commun. 1980, 21, 207.

(48) (a) Christiansen, P. A.; Pitzer, K. S. J. Chem. Phys. 1981, 74, 1162.
(b) Christiansen, P. A. J. Chem. Phys. 1983, 73, 2928.
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minimum at 3.7 A. This is also supported by the mass spectro-
scopic measurements of Balducci et al.4® (D, = 20-50 kJ/mol;
reinterpreted by Christiansen?’) as well as of Froben et al.*® (k.
= 0.4 mdyn/A). The measurements of this last group also provide
evidence that the ground-state dissociation energy of Tl, (and In,),
reported in Huber and Herzberg,* are overestimated. As pointed
out by Christiansen and Pitzer,*® spin-orbit coupling leads to a
nearly total destabilization of Tl,. Hence, one can get appropriate
results only from CI or MCHF methods using w-w coupling.
Our calculated values for Tl, are quite similar to those of
Christiansen and Pitzer* and will not be reported here. It is more
important to compare the stabilities of the diatomic main-group
III compounds for the discussion of T1-TI interactions. Disso-
ciation energies are the following (in kJ/mol):#485¢-52 B, (°Z"),
295; Al, (3Z,), 150; Ga, (CIL), 135; Iny, 97; Tl, (O, /°11,), 30.
The ground-state symmetries of Ga, and In, have not been de-
termined yet and require further investigation.*> This trend in
stabilities may explain why no compound with a stable TI-TI bond
is known either in inorganic or in organometallic chemistry. The
only compound postulated to have a stable TI-T1 bond is Tl,Me¢?
reported by Wilkie and Oliver.® This is analogous to the known
species Ga,Meg?",5* but it has probably never been isolated.
Reported attempts to prepare TL,R¢*" by electrochemicai reduction
of TIR;> or TIR,* !> were also unsuccessful. Weak TI-TI in-
teractions have been found only in vibrational and X-ray mea-
surements of some inorganic TI(I) compounds.®® This is in
contrast to the other main-group III elements. Metal-metal bonds
in compounds of B, Al, and Ga are well-known,? and some in-
organic compounds with an In-In bond have been isolated.*%*’
Also TI-M bonds with M = Tl are well-known,* and some of
these are known to be very stable compounds (e.g., see Weibel
and Oliver). From our calculated nonrelativistic SDCI disso-
ciation energy for the 31, state of Tl, of 93 kJ/mol (compare with
the QRPP/CI value of 15 kJ/mol obtained by Christiansen and
Pitzer*?), we conclude that the fact that metal-metal bonds do
not exist (or are very weak) in Tl chemistry is due to spin—orbit
coupling and to inert pair effects (relativistic 6s contraction'®),
and, hence, this is a pure relativistic effect! We now discuss the
calculations on the organothallium compounds in detail.
TICH,*. TIMe* and TIPh* (Ph = phenyl) have been detected
in the mass spectra of TI(OOCMe); and TI(OOCPh);,2 but
molecular structure data are not available. Alkyl TIR* compounds
dissociate in the gas phase into the radical R* and TI*. We can
therefore neglect SO contributions in TIMe™* at the SCF level.
The obtained NRPP data on TIMe™* are as follows: r(TIC)
=2518 A, r(CH) = 1.078 A, o(TICH) = 102.0°, k(TIC) =
0.36 mdyn/A, k. (CH) = 6.02 mdyn/A, k(«(TICH)) = 0.28
mdyn/A, and D,(T1-Me) = 37 kJ/mol. We used data from SCF
calculations on CHj (Dy): 7.(CH) = 1.073 A, k. (CH) = 6.09
mdyn/A, total energy £ = —39.573 368 au. Compared with ARPP
calculations (Table III), we find a relativistic destabilization
analogous to that of TIH* (Table II). In the relativistic case we
get a negative SCF dissociation energy (Table III), the TICH angle
is close to 90°, which is the ideal angle of a nearly noninteracting
T1*-CH, system, and the force constant for C—H stretching is
almost equal to that of planar CH;. This may be explained from

(49) Balducci, G.; Piacente, V. J. Chem. Soc., Chem. Commun. 1980,
1287.

(50) Froben, F. W; Schulze, W.; Kloss, U. Chem. Phys. Lett. 1983, 99,
500.

(51) Knight, L. B.; Gregory, B. W.; Cobranchi, S. T.; Feller, D.; Davidson,
E. R. J. Am. Chem. Soc. 1987, 109, 3521.

(52) Recentl{, the ground state of Ga, was calculated to be of I, sym-
metry, but the 3Z;" state lies only 4.9 kJ/mol above the *II, state. See:
Balasubramanian, K. J. Phys. Chem. 1986, 90, 6786.

(53) Wilkie, C. A; Oliver, J. P., ref I, 6, 10, and 15b. See also: Borisov,
A. E.; Novikova, N. V. Izv. 4kad. Nauk. SSSR, Ser. Khim. 1959, 1670.

(54) Kraus, C. A.; Toonder, F. E. J. Am, Chem. Soc. 1933, 55, 3547.

(55) Issleib, K.; Naumann, S.; Matschiner, H.; Walther, B. Z. Anorg. Allg.
Chem. 1971, 381, 226.

(56) Taylor, M. J. Metal-to-Metal Bonded States of the Main Group
Elements, Academic: London, 1975.

(57) Peppe, C.; Tuck, D. G. Can. J. Chem. 1984, 62, 2793.

(58) Weibel, A. T.; Oliver, J. P. J. Am. Chem. Soc. 1972, 94, 8590.

(59) Hsieh, A. T. T.; Lee, A. G.; Sears, P. L. J. Org. Chem. 1972, 37, 2637.
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the relativistic contraction of the 6s orbital, which lowers the orbital
energy and makes it more inert to other bond partners (inert pair
effect).® A Mulliken population analysis supports this assumption:
the TI orbital population is 1.79 (NR) and 1.99 (R) for the s
orbital and 0.28 (NR) and 0.11 (R) for the p orbital. The p
population is small, which justifies the neglect of spin-orbit
coupling. Electron correlation leads to a stabilization as shown
by SDCI/SEPP calculations: 7,(TIC) = 2.362 A, r,(CH) = 1.098
A, a(TICH) = 99.0°, D(TI-Me) = 62 kJ/mol. Here, we used
SDCI data from calculations on CHj: planar with r(CH) = 1.075
A, k(CH) = 5.99 mdyn/A, total energy E = —39.740 000 au,
which is in good agreement with experimental results (r.(CH)
= 1.079 A%) or with CI calculations from Siegbahn.®! TIMe*
is very similar in stability to TIH* but should be stable enough
to be detected by matrix isolation spectroscopy.

TICH;. Thallium(I) alkyls (with a TI-C ¢-bond) have never
been isolated or detected by spectroscopic methods.2%® Aliphatic
and aromatic TIR compounds may appear to take part in reactions
in which TIR; compounds are produced from T1X and LiR.1°
Electron impact studies of TIR; (R = Me, Ph) gave evidence for
TIR 52 which may also be an intermediate product in the formation
of PhCO,TI1 from TIPh, and CO,.!° It is worth noting that MeGa
and Me,Ga have been reported to form stable complexes in liquid
ammonia.®® No such experiments have been done with Tl com-
pounds. Hence, the question arises whether thallium(I) alkyls
are stable with respect to dissociation into Tl and R’ or not.

From our ARPP calculations (D.(TI-Me) = 59 kJ/mol; Table
IIT), we see that TIMe is only weakly bound so that decomposition
reactions may easily be possible. Lee suggested three possibilities
of decomposition of TI(I) alkyls:'¢ (i) polymerization to (TIR),
analogous to (TIH),, (ii) decomposition into Tl and TIR;, and
(iii) decomposition into Tl and products of the alkyl group. The
first case is unlikely because of the weakness of TI-Tl bonds
discussed above and the small ability for alkyl groups to bridge
thallium atoms.! Discussing the other two cases in more detail,
we first consider results from our nonrelativistic and semiempirical
calculations: r(TIC) = 2.288 A, r,(CH) = 1.089 A, «(TICH)
= 111.6°, D(TI-Me) = 139 kJ/mol, k(TIC) = 1.63 mdyn/A,
k(CH) = 5.59 mydn/A, k (a(TICH)) = 0.40 mdyn/A with
NRPP; r(TIC) = 2.177 A, r(CH) = 1.095 A, o(TICH) = 111.6°,
D (T1-Me) = 169 kJ /mol (corrected for experimental atomic SO
coupling by 59 kJ/mol?), k(TIC) = 1.75 mdyn/A, k. (CH) =
5.22 mdyn/A, k(«(TICH) = 0.40 mdyn/A with SEPP. The
relativistic bond contraction (including SO coupling) is 1.4% (0.05
A) and is comparable to that of TIH. As expected, there are only
slight changes in the C-H distance (<0.001 A) due to relativistic
effects: also, the TICH bond angle is relatively insensitive (Ag(a)
=~ 0.5°). SO effects influence the geometry only slightly, as
indicated by our results with QRPP (r(TIC) = 2.257 A). The
dipole moment is calculated to be small on the SDCI level (u,
= 0.08 D); therefore, relativistic effects are not so important (u, R
=0.32 D, R =0.27 D). Relativistic effects are more important
for dissociation energies: the T1-C bond stability is lowered by
80 to 59 kJ/mol, which is more than 64% of the nonrelativistic
energy(!). Compared to this, the molecular SO correction is very
small (Ay = 2.5 kJ/mol) and therefore negligible, as we would
expect for a g-bond. Comparing the TI-C dissociation energy
and force constant calculated with ARPP with those from TIMe,
we see that TIMe is less stable than TIMe;. This leads to the
conclusion that TIMe would react further to form TIMe, through
the following reaction steps (Table III; eq 5 and 6). The total

2TIMe — TIiMe, + TI +9 kJ /mol (5)
TiMe, + TIMe — TIMe; + Tl -122 kJ /mol (6)

reaction [(5) + (6)], 3TIMe — TlMe,, + 2T, is then exothermic
with AU,SCF = -113 kJ/mol. Correlation effects would probably
lead to more negative values of AU, because of the increasing

(60) Herzberg, G. Proc. R. Soc. London, A 1961, 4262, 291.

(61) Siegbahn, P. E. M. Chem. Phys. Lett. 1988, 119, 515.

(62) Glocking, F.; Irwin, J. G. J. Chem. Soc., Dalton Trans. 1973, 1424,
(63) Kraus, C. A. J. Chem. Ed. 1952, 29, 549.
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stability of the TI-C bond from TIMe to TIMe;.

Following the suggestions of Lee,!6 we can also consider an
alternative reaction path, corresponding to one that occurs in the
case of the hydrides (eq 7). This reaction is also exothermic.

2TIMe — 2Tl + C,Hs  -160 kJ/mol (7

However, the activation energy for step 7 would be larger com-
pared to steps 5 and 6 because of steric hindrances and molecular
rearrangements of the CH, groups. Here, we used results from
our SCF calculations on C,H¢ (experimental values are in par-
entheses®: r(CC) = 1.535 zi (1.534 &), r.(CH) = 1.086 A (1.093
A), «(CCH) = 110.0° (109.8°), D.(H,C-CHj,) = 275 kJ/mol
(E = 79.251 492 au), k,(CC) = 4.51 mdyn/A, k. (CH) = 5.50
mdyn/A, k(a(CCH)) = 0.60 mdyn/A. Asa consequence of our
calculations, we concur with Lee’s explanation for the instability
of TI(I) alkyls. However, TIMe could probably be prepared and
studied under suitable conditions (e.g., by matrix isolation spec-
troscopy). We think that one promising way of preparing such
compounds would be from mixed hydride—organothallium com-
pounds RTIH, (e.g., prepared from RTI1X, and MH where X =
Hal, ..., M = Li, ...), which would probably react similarly to TIH,
with loss of H, to form RTI.

TIC,H; and TIC,H. TIC,H, as well as TIC,H are of interest
in the study of TI-C o-bond stabilities on differently “hybridized”
C atoms. Only compounds of the form R’RTIX, R’R,Tl, or
R,RTI with R” = C,H; and C,H have been isolated. Most
reported experimental data for such compounds are vibrational
studies and NMR measurements,?* but results on the energetics
of TI-C bond stabilities have not yet been published.

To compare with TICH;, we have done relativistic as well as
nonrelativistic calculations using ARPP and NRPP on TIC,H,
and TIC,H:

The calculated ARPP (NRPP) structural parameters are the
following (bond distances in A, angles in deg, force constants in
mdyn/A): TIC,H,, a = 2.224 (2.278), b = 1.337 (1.339), ¢, =
1.085 (1.085), ¢, = 1.083 (1.082), c; = 1.084 (1.084), 8 = 116.1
(118.6), ¢y = 115.7 (114.8), a; = 123.6 (123.4), a3 = 122.2
(122.4), k, = 1.61 (1.69), k, = 10.26 (10.23); TIC,H, a = 2.219
(2.257), b = 1.210 (1.210), ¢ = 1.062 (1.062), k, = 1.56 (1.74),
ky = 17.66 (17.75).

We give also our results from all electron calculations on C,H;
and C,H (C.,): C,Hy, b= 1.334,¢c; = 1.074, ¢, = 1.081, ¢; =
1.078, a; = 134.4, a; = 121.4, a3 = 121.4, k;, = 8.45, total energy
E =-77408718 au; C,H, b = 1.220, ¢ = 1.062, k, = 12.21, total
energy E = -76.162878 au.

We can now calculate the dissociation energy TIR — Tl + R
(ARPP with atomic SO correction, nonrelativistic values in
parentheses): TIC,H;, D, = 94 kJ/mol (174); TIC,H, D, = 252
kJ/mol (336). Let us first compare the three different molecules
TICH;, TIC,Hj, and TIC,H. As in the aliphatic series the TI-C,
C-H, and C-C bond distances decrease, and the T1-C bond
stability increases from left to right: TICH; — TIC,H, — TIC,H.
This is due to the increasing s character in the T1-C bond from
left to right as indicated also by Maher et al.5% and Hildenbrand
et al.% from measured TI-H spin—spin coupling constants. The
relatively large T1-C,H dissociation energy is remarkable com-
pared to the other alkyl compounds. In contrast with this, the
T1-C stretching force constant in TIC,H is smaller than that in
TIC,H,. This suggests a slight ionic character of the TI-C bond
in TIC,H, which is also supported from our calculated dipole
moments of the system TI**R> (NRPP values in parentheses):

(64) Sutton, L. E. Tables of Interatomic Distances: Configurations in
Molecules and Ions, The Chemical Society: Burlington House, London, 1965;
No. 18.

(65) Mabher, J. P,; Evans, D. F. J. Chem. Soc. 1965, 637.

(66) Hildenbrand, R.; Dreeskamp, H. Z. Phys. Chem. (Leipzig) 1970, 69,
171.

Schwerdtfeger et al.

1e(TICH;) = 0.27 D (0.32), ,(TIC,H,) = 0.49 D (0.39), pe-
(TIC,H) = 1.18 D (0.25). Vibrational studies on RC=CTIR,
compounds given by Nast et al.5” also suggest an ionic TI-C bond.
From a normal-coordinate analysis® we get a C=C stretching
frequency iu TIC,H of 2191 ¢m™. This is in reasonable agreement
with the experimentally obtained wavenumbers for TI(C,R);
compounds, which are all about 2068-2138 cm™! depending on
the organic substituent R.8” The relativistic bond length con-
traction is small in all cases (<0.06 A) due to the small relativistic
TI(6p) orbital contraction.?® Hence, changes in C-C and C-H
bond length are also small (<0.002 A) and therefore negligible.
Note that the relativistic destabilization of the T1-C bond is in
all three cases about the same, viz. 80 kJ/mol (62 kJ/mol from
SO coupling).

TI(CHj;),. Ph,T1 has been postulated as an intermediate product
in the reduction of PhyT1.2 TIR, may also occur in the reaction
where TIR; is formed from TIR (eq 5), as a decomposition product
at the electron impact of TIMe3,%’ in the electrochemical reduction
of TIR,*® or in the pyrolysis of TIR,.”

We have calculated TIMe, with ARPP (Table III) to have a
bent (TIC,) arrangement with an angle o(CTIC) = 121.1° in the
staggered form of the methyl groups. The diagonal harmonic force
constant of the (CTIC) bending mode, derived from eq 4, is
calculated to be k, = 0.10 mdyn/A, which is comparable to that
of TIH; (k.(a«(HTIH) = 0.14 mdyn/A). The calculated dipole
moment is 0.25 D. From the dissociation energy of TIMe, (Table
IIT), we see that this molecule is stable with respect to dissociation
into T1 and CH3, but from the reactions 8-10 (SO-corrected for

2TIMe, — TIMe; + TIMe -132 kJ /mol (8)
3TIMe, — 2TIMe; + T =251 kJ /mol (9)
TIMe, - C,Hg + T -223 kJ/mol (10)

the Tl atom), we see that TIMe, is unstable. Such compounds
may be only measurable in matrix isolation at low temperatures,
e.g. by electron impact of the stable TIMe,* or from the thermal
decomposition of TIMe,.”

TI(CH,),*. The moiety R,TI* has been found to be linear in
most cases, but in some complexes the CTIC angle is less than
180°, depending on the solvent and anion.2 We have calculated
the linear (CTIC) structure both with NRPP and ARPP. The
orientation of the methyl groups has been chosen to be staggered.
The ARPP TI-C bond distance (2.089 A: Table III) is in very
good agreement with the experimental value of 2.097-2.118 A
obtained by crystal structure measurements on different forms
of Me,TI* crown ether complexes (Hughes and Truter’'), Raman
and IR spectra of Me,TI* compounds give 4, [y,(CTIC)] =
483-507 cm™ and A,”[v,(CTIC)] = 535-557 cm!, depending
upon the solvent and anion.”>’*  We obtained by a harmonic
frequency analysis® for the symmetric stretching mode 509 ¢m™
and for the asymmetric mode 544 cm™!, which is in very good
agreement with experiment.

TIR,* compounds dissociate into TI* and the radical R*. This
leads to the assumption that TI(6s) contributions to the TI-C
o-bond are more important that in other organothallium com-
pounds. Hence, we expect shorter bond distances and larger
relativistic bond contractions. From our NRPP calculations
(r(TIC) = 2.190 A, r,(CH) = 1.083 A, o(TICH) = 109.7°,
k(TIC) = 2.15 mdyn/A, k(CH) = 6.00 mdyn/A, k(a(TICH))

(67) Nast, R.; Kab, K. J. Organomet. Chem. 1966, 6, 456.

(68) Bowmaker, G. A.; Boyd, P. D. W.: Earp, C. D.; Hannon, S. F;
Schwerdtfeger, P. Program viB, Auckland, 1987.

(69) Glocking, F.; Strafford, R. G. J. Chem. Soc. A 1961, 1761.

(70) (a) Price, S. J; Richard, J. P.; Rumfeldt, R. C.; Jacko, M. G. Can.
J. Chem. 1973, 51, 1397. (b) Jacko, M. G.; Price, S. J. Can. J. Chem. 1965,
43, 1961.

(71) (a) Hughes, D. L.; Truter, M. R. Acta Crystallogr. 1983, B39, 329,
(b) Hausen, H. B; Veigel, E.; Guder, H. J. Z. Naturforsch., B: Anorg. Chem.,
Org, Chem. 1974, 29B, 269.

(72) Numata, S.; Kurosawa, H.; Okawara, K. J. Organomet. Chem. 1974,
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= 0.46 mdyn/A, D, = 98 kJ/mol per TI-C bond), we obtain a
relativistic bond contraction of 0.101 A (4.6%), which is small
and comparable to that of TIH,* but slightly larger than in all
other calculated cases (e.g., 2.4% in TIMe). Also the T1-C bond
distance is the shortest we have found in our calculations. From
our results on TIMe we assume that molecular SCF spin-orbit
contributions are small. Therefore, the total relativistic reduction
in dissociation energy is given by the NRPP/ARPP results,
yielding a value of 21 kJ/mol. From our results on TIMe, we
can also give the adiabatic electron affinity of TIMe,*, which is
calculated to be 3.98 eV on the ARPP level.

There is another interesting problem concerning the TI-C
stretching force constant of TIMe,*. Consider the variation of
the k.(MC) force constant in the series MBMe,, M!"AMe,*, and
M!VAMe,2*, where M represents the metals of the groups IIB,
IITA, and IVA in the periodic table. Usually the k.(MC) force
constants increase from the left to the right, e.g. CdMe, < InMe,*
< SnMe,?*. This is not the case for the series Hg, Tl, and Pb,
where the force constants decrease from the left to the right.874
It has been proposed that a larger core 5d contribution could be
the reason.”® This may be only a partial explanation of the
unusually large force constant in the Hg compound (ref 43 and
Figure 2). Now, relativistic effects increase the TI-C force
constant from 2.15 to 2.35 mdyn/A (see above and Table III).
Therefore, we conclude that if the decrease in £ (MC) from Hg
to Pb is a relativistic effect, the relativistic increase of the Hg—C
stretching force constant in HgMe, should be very high. There
are no data available for relativistic effects on HgMe,, but for
the hydrides relativistic effects on force constants have been
studied.® From the M—C stretching force constants of ref 38 we
see indeed a very large relativistic effect for HgH, (in mdyn/A):
HgH,, 2.05 (NR), 2.50 (R); TIH,* 2.22 (NR), 2.55 (R).
Therefore, the unusual effects in the force constants of the
heavy-element compounds HgMe,. TIMe,*, and PbMe,** may
be explained by relativistic effects. It would be interesting to
perform nonrelativistic and relativistic calculations for HgMe,.

TI(CH;),Br. Our pseudopotential for Br has been well tested
on several other molecules;***® hence, we have chosen TIMe,Br
as a representative of the R,TIX compounds. The calculated
ARPP results are the following: values in Table IIT and 7.(T1Br)
=2532 A, o(TIC,) = 140.0°, k(T1Br) = 1.58 mdyn/A, k.(a-
(CTIBr)) = 0.15 mdyn/A, ue = 4.43 D. The results for the
geometry are quite similar to those of TIH,Br. The gas-phase
structure of TIMe,Br is unknown, but we can compare with crystal
structure measurements on TIMe,NCO from Chow and Britten,”
They obtained a TI-C distance of 21.0 A, which is in good
agreement with our calculated value (2.12 A). The dissociation
energy given in Table III was determined from TIMe,Br — TIBr
+ 2Me and is comparable to that of TIMe,*. The TI-Br bond
stability can be calculated from the dissociation TIMe,Br — TIMe,
+ Br. In the case of ARPP, corrected by SO coupling of Br (A,
= 14 kJ/mol*0), we get 308 kJ/mol, 46 kJ/mol more than in TIBr.
Also, the TI-Br stretching force constant is larger in TIMe,Br,
so the TI-Br bond is more stable. We can also consider the ionic
dissociation, TIMe,Br — TIMe,* + Br~. In this case we get D,
= 575 kJ/mol, which is rather high, and may explain why this
is not preferred in solution. The frequency of the T1-Br stretching
mode in R,TIBr compounds is beyond most spectrometers (the
fundamental vibrational frequency of the TIBr molecule is 192
cm™)* and no data are available from the literature. Only TI-C
stretching frequencies are available from IR measurements on
{Me,SiCH,),TIBr, reported by Kurosawa and co-workers’® (489
em™ (), 520 cm™! (v,,)). We obtained from the harmonic re-
lativistic force field 523 cm™ (»,) and 551 cm™ (»,,) for the TI-C
stretch and 216 cm™! for the TI-Br stretch.

(74) (a) Goggin, P. L. Ph.D. Thesis, Oxford, 1960. (b) Miles, M. G.;
Patterson, J. H.; Hobbs, C. W.; Hopper, M. J.; Overend, J.; Tobias, R. S.
Inorg. Chem. 1968, 7, 1721. (c) Hobbs, C. W.; Tobias, R. S. Inorg. Chem.
1970, 9, 1998,

(75) Chow, Y. M., Britten, D. Acta Crystallogr. 1975, B31, 1922.

(76) Kurosawa, H.; Numata, S.; Konishi, T.; Okawara, R. Bull. Chem.
Soc. Jpn. 1978, 51, 1397.
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Figure 3.

TI(CH3);. Many organothallium(IIl) compounds have been
prepared,’? but up to now it is not clear whether such compounds
prefer a planar (TIC;) structure or not. A recent gas-phase
vibrational study by Leites et al.”’ suggests a nonplanar ar-
rangement for TIMe, and TIEt;. Crystal structure determination
by X-ray diffraction on TIMe, gives evidence for small distortions
due to the interactions with other TIMe; molecules.”® Earlier
(unpublished) IR and Raman studies by Johnson and Downs™
are consistent with a monomeric planar skeleton in the vapor phase
and in benzene solution. All other trimethyl compounds of the
third main group have, in the meantime, been reported to be planar
within the accuracy of the experimental method.®® To clarify
the situation for TIMe,, we performed SCF/ARPP calculations
for the planar (Cy,) as well as for the nonplanar (Cs,) (TICy)
structure (Figure 3).

We first discuss our results for the planar (TIC,) arrangement
(v = 0°). The ARPP equilibrium geometry (see Table III) is
in reasonable agreement with that of Fjeldberg et al.,’! obtained
from gas-phase electron diffraction at temperatures of 30-45 °C
(re(TIC) = 2.206 (3) A, r,(CH) = 1.108 (7) A, «(TICH) = 107.5
(9)°. Note that, because of vibrational distortions, the bond
distances obtained by Fjeldberg et al. are average rather than
equilibrium bond lengths and are therefore likely to be slightly
higher than r,. Price et al. obtained a dissociation energy of 152
kJ/mol from the pyrolysis of TIMe,, assuming the dissociation
ineq 11. We have calculated an energy change for this step of

TIMe; — TIMe, + Me (11)

181 kJ/mol. CI would increase this value. The next two disso-
ciations TIMe, — TIMe + Me and TIMe — Tl + Me are cal-
culated to have D, = 50 and 59 kJ /mol, respectively. The esti-
mated value for the overall dissociation (per Me group) is then
98 kJ/mol. Furthermore, it is known from electron impact studies
on Me;M compounds (M = B, Al, Ga, In, T1)¥ that the M-C
bond stability decreases from B to Tl. The measured difference
in dissociation energy between InMe; and TIMe; by Price et al.
is 80 kJ/mol.”® Fowell and Mortimer obtained for GaMe; a Ga—-C
bond stability of 237 + 2 kJ/mol.82 Hence, we conclude that
the measured value of Price et al. is not due to the dissociation
(eq 11) but is a reasonable value for the mean TI-C bond stability.
Further measurements are necessary to obtain accurate T1-C
binding energies. From our previously reported results on HBr®
(D, = 264 kJ/mol using QRPP) and from the SCF dissociation
energy of CH,® (356 kJ/mol at the HF limit), we obtain, from
our calculated dissociation energies for TIMe; and T!Me,Br, that
the reaction

TIMe; + HBr — TIMe,Br + CH;, (12)

(77) Leites, L. A,; Bukalov, S. S.; Kurbakova, A. P.; Golubinskaya, L. M;
Bregadze, V. L; Aleksanyan, V. T. Izv. Akad. Nauk SSSR, Ser. Khim. 1982,
4, 958.

(78) (a) Sheldrick, G. M; Sheldrick, W. S. J. Chem. Soc. 4 1970, 28. (b)
Sheldrick, G. M., personal communication, 1987.

(79) (a) Johnson, E. M. Thesis, Oxford, 1971. (b) Downs, A. J., personal
communication, 1987.

(80) (a) Pauling, L.; Laubengayer, A. W. J. Am. Chem. Soc. 1941, 63,
480. (b) Hall, J. R.; Woodward, L. A ; Ebsworth, E. A. V. Spectrochim. Acta
1964, 20, 1249. (c) Bartell, L. S.; Carrol, B. L. J. Chem. Phys. 1965, 42, 3076.
(d) Beagley, B.; Schmidling, G. J. Mol. Struct. 1974, 21, 437.

(81) Fjeldberg, T.; Haaland, A.; Seip, R.; Shen, Q.; Weidlein, J. Acta
Chem. Scand., Ser. A 1982, 436, 495.

(82) Fowell, P. A.; Mortimer, C. T. J. Chem. Soc. 1958, 3734.

(83) Pople, J. A.; Binkley, J. C. Mol. Phys. 1975, 29, 599.
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Figure 4. SCF/ARPP potential curve AE(y) and dipole moment be-
havior u,(7y) for the out of plane bending of TIMe;: v, out of plane angle
(see text).

is exothermic with AUSF = -379 kJ /mol. This was also found
by Lee and Sheldrick, where TIMej; is reported to react exo-
thermically only with compounds containing an acidic hydrogen,
e.g. such as CHBr; or CH,Br,.® The reason is the high stability
of the C-H as well as the TI-Br bond relative to the low stability
of the TI-C bond.

The question of whether the CHj; rotation is free at room
temperature or not has sometimes been discussed.® Therefore,
we have calculated two different methyl group orientations in
TIMes, which we assume to have the lowest and the highest total
energy, when all other geometry parameters (bond distances and
bond angles) are kept fixed. The structure of lowest energy is
assumed to have Cy, symmetry. In this case the (TIC;) skeleton
and three H atoms (clockwise or anticlockwise) are in one plane.
This arrangement has also the minimum total nuclear-nuclear
repulsion (¥yn) and the maximum value of the minimum H-H
distance between two different Me groups. The difference in
electronic energy between both symmetries is AE(Cy,/Cy,) = 0.10
kJ/mol, which is very small and allows free rotation at room
temperature.

From the normal-coordinate analysis of TIMe;,%8 we obtain for
the TI-C stretching modes 508 ¢cm™ (»,) and 535 cm™! (v,),
respectively. Johnson and Downs obtained from vaper-phase IR
and Raman measurements 450 and 465 cm™.”® This is in rea-
sonable agreement with our SCF values.

To study the nonplanar (TIC;) structure, we have varied the
angle (see above) in our SCF calculations from 0 to 25° in steps
of 5°. We performed also one calculation at v = 0.5° to see if
the planar structure describes a minimum in total electronic energy
or not. Our results are shown in Figure 4, where the difference
in total energy to that of the planar structure and the dipole
moment along the C; axis are plotted against the angle v. As
a result, the planar (TIC,) arrangement is observed to have the
lowest energy. The energy behavior is almost harmonic (eq 13).

AE(y) = 0.23642 (+0.39 X 107°y% (kJ/mol)  (13)

Also the dipole moment almost follows the classical electrostatic
behavior for a point charge model (eq 14).

#:(y) = 7.06 sin v (D) (14)

TI(CH;)4~. This compound is reported to be a light-sensitive
salt, which is more reactive than LiTIH,.*®% No other alkyl
compounds of the form M[TIR,] with M = Liand R = Me have
yet been prepared. Only a few aryl compounds are known.? Data
for physical properties are not available from the literature (except

(84) Lee, A. G.; Sheldrick, G. M. J. Organomet. Chem. 1969, 17, 481.
(85) Weibel, A. T.; Oliver, J. P. J. Organomet. Chem. 1973, 57, 313.

Schwerdtfeger et al.

for NMR measurements by Weibel and Oliver®),

As mentioned above, we used in this case a contracted [2s] H
basis set for the SCF/ARPP calculations. Hence, the C—H bond
distance in TIMe, is probably a bit too large compared with those
of the other methyl compounds (Table III). With this smaller
basis set the following results for CH; have been obtained: r(CH)
=1.077 A, k(CH) = 6.26 mdyn/A, total energy E = —39.558 637
au. This compares favorably with our results on CHj using the
larger Huzinaga basis set.’ The TI-C bond length is the largest
we found in our series, due to the fact that a tetrahedron has a
larger p contribution (“sp> hybrid”). The TI-C bond is also the
most stable we found. (There is nearly no SO destabilization!)
Hence, we would expect that larger cations (Cs*, TI*) would
stabilize MTIR, compounds using the same argument as for the
hydrides. If we compare the bond stability of TIH,~ with TIMe,”
(Tables II and III), we find that TIMe," is less stable than TIH,"
with a difference of 58 kJ/mol per TI-R bond (R = H, Me).
Hence, we can concur with the reactivity behavior of both com-
pounds (TIMe4~ is more reactive than TIH,"), as reported by
Weibel and Oliver. ¥

IV. Conclusion

The main conclusions of our calculations for the ground states
of the organothallium compounds are the following:

(a) Relativistic bond length contractions are small (<6% for
the thallium hydrides and <5% for the methylthallium compounds)
and dependent on the T1 6s participation in the TI-C o-bond. In
both cases we get the sequence in bond length TIR > TIR, >
TIR, > TIR; > TIR,* (R = H, Me). In the case of TIH* and
TIMe* we get a relativistic expansion (1.5 A for TIH* and 0.3
A for TIMe* at the SCF level) due to the low stability of the
molecules at the relativistic level.

(b) Spin-orbit coupling effects on dissociation energies can be
considered within a good approximation to be the atomic con-
tribution only (Ay << Ay Figure 1) as indicated for the hydrides
and for TICH;. This is due to the fact that the ratio of the Tl
6p3/3 to Tl 6py ), populations is ~2, which implies the formation
of a pure o-bond being destabilized by about 2/; of the atomic
spin—orbit splitting. As a consequence, nonrelativistic coupling
schemes hold for SCF ground states at the equilibrium geometry.

(c) The chemical similarity of the methylthallium and hydride
thallium compounds has been shown. For the latter the loss of
H, leads to a shift from left to right in the equilibrium: TIH,"
— TIH; — TIH — TI. This is not the case for the methyl
compounds, which are kinetically (but not thermodynamically)
stabilized due to larger activation energies for the formation of
C,Hg rather than H,. E.g., the instability of TIH; in contrast to
T1Me; can be explained in this way.

(d) We can consider two different ways of a dissociation of a
TI-X bond (X are inorganic or organic substituents): a heterolytic
dissociation into TI* and X~ (mainly inorganic chemistry) or a
homolytic dissociation into T1* and X* (mainly organothallium
chemistry). The heterolytic dissociation is not affected by spin—
orbit destabilization, whereas, in the case of a homolytic disso-
ciation, spin—orbit coupling destabilizes a TI-X bond in TI(I)
compounds more than in TI(III) compounds. There are two
reasons; first, the atomic spin—orbit coupling A, contributes only
Ap/3 per TI-X bond in TIX; if we consider an overall dissociation,
and, second, there is nearly no influence of spin—orbit coupling
if we consider the dissociation TIX; — T1X + X, because of the
usually small magnitude of Ay. In the case of a TI-Me bond,
spin—orbit coupling reduces the T1-C bond stability in such a way
that it becomes more stable in TIMe, than in TIMe. This may
also explain why organothallium chemistry is preferentially the
chemistry of TI(III). On the other hand, TIX; compounds with
ionic TI-X bonds require greater transfer of charge from the TI(6s)
orbital compared with the case of diatomic TIX. This is less true
for a covalent bond. Hence, the inert pair effect leads to a shift
in stability from TI(IIT) to TI(I) with increasing electronegativity
of the ligand X. This explains why TI*Cp~ is stable. We therefore

(86) Weibel, A. T.; Oliver, J. P. J. Organomet. Chem. 1974, 74, 155.
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expect TIR compounds with organic groups R such as CF; or
CH(CO,Me),, which are able to accommodate negative charge
to be more stable than those with, e.g.,, R= CH; or Ph.

(e¢) TI-Tl bonds are very weak or do not exist because of
spin—orbit coupling and inert pair effects. The only reported
species with a stable TI-TI bond, T1,Me¢?", is doubtful in our
opinion. The compounds M,Meg (M = Sn, Pb), isoelectronic with
Tl,Meg*, are known to form stable metal-metal bonds, but they
are measured to be less stable than the simple metal dimers
M,. 38445687  The reason could be an electrostatic repulsion in
the RyM**—#*MR; compounds in contrast to M,. The same
argument holds for T, Me¢®", so we expect the TI-TI bond to be
less stable in Tl,Me¢>™ than in Tly; for the latter, the bond stability
is assumed to be about 20-50 kJ/mol.

(f) The pseudopotential approximation ([Pt] core for Tl and
[Ar3d!9] core for Br) is accurate enough to provide results that
are in good agreement with experiment. The [Pt]-core definition
is sufficient for calculations on organothallium compounds. The
TI(5d) participation to TI-C o-bonds is found to be small, as
indicated by our SCF-SW-Xu results.

There have been few developments in organothallium chemistry
during the last decade. Our results suggest that monoalkylthallium

(87) (a) Lappert, M. F.; Pedley, J. B.: Simpson, J.; Spalding, T. R. J.
Organomet. Chem. 1971, 29, 195. (b) Davies, J. V.; Pope, A. E.; Skinner,
H. A. Trans. Faraday Soc. 1963, 59, 2233.

compounds could be generated and studied spectroscopically under
certain conditions. Vibrational analyses of these compounds using
the calculated SCF force field partially listed here will be published
soon.
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Abstract: The complex formed between HCOO™ and HOH is examined by ab initio methods using a 4-31+G* basis set. A
number of minima are located in the potential energy surface, the most stable of which is of C,, geometry wherein both protons
of HOH participate in H bonds. The barrier impeding proton transfer between OH™ and HCOO" rises with increasing
intermolecular separation for each of the arrangements studied. As the OH™ anion moves toward the C-O axis of HCOO",
the equilibrium position of the bridging proton is shifted toward the former group, paralleling earlier observations for the pair
of neutral subunits HCOOH and HOH. On the other hand, HCOO™ and HCOOH behave in different fashion with respect
to motions of the hydroxyl group out of the carboxyl plane. These patterns are explained simply on the basis of differing ion—dipole
interactions, as are small differences in the optimal geometries and proton-transfer behavior of the various arrangements of

the two subunits.

I. Introduction

Since proton transfers comprise perhaps the simplest and most
common reaction in chemistry, research into this process has led
to a truly enormous body of literature over the years.! Most of
the early work was limited to study of the reaction in solution,
making it difficult to extract properties that are intrinsic to the
transfer itself from complications arising from solvent effects.
Modern developments have allowed the process to be studied in
the gas phase, leading to important advances in our understanding
of the phenomenon.? Because theoretical calculations are most
easily carried out for a given system in isolation, ab initio methods

(1) For some summaries, see: Caldin, E. F., Gold, V., Eds. Proton-
Transfer Reactions; Chapman and Hall: London, 1975. Stewart, R. The
Proton: Applications to Organic Chemistry, Academic: Orlando, FL, 1985.
Kresge, A. J. Acc. Chem. Res. 1975, 8, 354. Koch, H. F. Ibid. 1984, 17, 137.

(2) Larson, J. W.; McMahon, T. B. J. Phys. Chem. 1987, 91, 554. Fuke,
K.; Yabe, T.; Chiba, N.; Kohida, T.; Kaya, K. Ibid. 1986, 90, 2309. Han,
C.-C.; Dodd, J. A; Brauman, J. I. /bid. 1986, 90, 471. Farneth, W. E,;
Brauman, J. I. J. Am. Chem. Soc. 1976, 98, 7891. Hierl, P. M.; Ahrens, A.
F(.);SHerllchman, M.; Viggiano, A. A.; Paulson, J. F. J. Am. Chem. Soc. 1986,
108, 3140,

have also made some contributions to this field.> The calculations
have been especially helpful in providing information that is not
readily obtained from experiment, e.g. geometries of short-lived
species.

In an effort to achieve a comprehensive understanding of the
principles underlying proton-transfer reactions, ab initio methods
have been applied systematically in this laboratory to a variety
of different systems.*” Calculations of very small and simple

(3) Siria, J. C.; Duran, M,; Lledos, A.; Bertran, J. J. Am. Chem. Soc. 1987,
109, 7623. Dijkman, J. P.; Osman, R.; Weinstein, H. Int. J. Quantum Chem.,
Quantum Biol. Symp. 1987, 14, 211, Jasien, P. G.; Stevens, W, J. Chem.
Phys. Lett. 1986, /30, 127. Basch, H.; Krauss, M.; Stevens, W. J. J. Am.
Chem. Soc. 1985, 107, 7267. McKee, M., L. J. Am. Chem. Soc. 1987, 109,
559. Cao, H. Z.; Allavena, M.; Tapia, O.; Evleth, E. M. J. Phys. Chem. 1988,
89, 1581. Alagona, G.; Desmeules, P.; Ghio, C.; Kollman, P. A. J. Am. Chem.
Soc. 1984, 106, 3623.

(4) Scheiner, S. J. Am. Chem. Soc. 1981, 103, 315.

(5) Scheiner, S. Acc. Chem. Res. 1985, 18, 174. Hillenbrand, E. A,
Scheiner, S. J. Am. Chem. Soc, 1985, 107, 7690. Scheiner, S.; Redfern, P.
J. Phys. Chem. 1986, 90, 2969. Cybulski, S. M.; Scheiner, S. J. Am. Chem.
Soc. 1987, 109, 4199.

(6) Scheiner, S.; Hillenbrand, E. A. J. Phys. Chem. 1985, 89, 3053.
Scheiner, S.; Hillenbrand, E. A. Proc. Natl. Acad. Sci. U.S.A. 1985, 82, 2741.
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