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DFT-BP86, MP2, and CCSD(T) calculations on the cyanide complexes [Au(CN),]”, [Hg(CN),], and [TI(CN),]" and
the isoelectronic carbonyl complexes [Au(CO),]", [Hg(CO),]**, and [TI(CO),]*" are presented using effective core
potential wavefunctions in conjunction with polarized double- and triple-zeta basis sets. Geometries, vibrational
frequencies, infrared intensities, internal force fields, and charge distributions are discussed. For the Au and Hg
systems, the calculated data are in very good agreement with experimental data. For the complexes [TI(CO),]** and
[TI(CN),]*, the calculations predict metal-C force constants comparable to those in the respective Hg species. The
dissociation of these complexes into T1* and CO* or CN is computed to be endothermic by about 60 kcal mol ! for
[TI(CN),]* and exothermic by more than 200 kcal mol ™! for [TI(CO),]*", with a barrier of 15-20 kcal mol™! (UBPS6)

in the latter case.

Introduction

In the last few years, the interest in homoleptic transition metal
carbonyl cations has increased dramatically with the synthesis
of new highly charged species. These include the trication
[Ir(CO)¢**,! the dications [M(CO) *" (M = Fe,>* Ru,* Os*),
[M(CO),J'* (M=Pd, Pt),’ [Pdy(CO),J*",* and [Hg,(CO),J""
(m=1, 2),° and the monocations [Cu(CO),]" (m=1-4),3
[Ag(CO), " (m=14)"° and [Au(CO),]* (m=1-3).%" The
work on homoleptic carbonyl cations of electron-rich metals
has been reviewed recently.!'*?

Several series of homoleptic transition metal carbonyl cat-
ions may be distinguished: (a) octahedral hexacarbonyl d® ions
[M(CO)* which have been characterized experimentally
(M =Mn, Re, Fe, Ru, Os, Ir)"*!" and theoretically;**" (b)
square planar tetracarbonyl d® ions [M(CO),]" including the
dications '8 [Pd(CO),J** and [Pt(CO),]*" as well as the monoca-
tions ®® [Rh(CO),]" and [Ir(CO),]*; (c) the d'° ions [M(CO),]*
which are known %" for M = Cu, Ag (m = 1-4) and M = Au
(m=1-3). [Hg(CO),J*" is the only corresponding Group 12
species that has been characterized.>"

We have established that density functional calculations of
vibrational spectra are reliable for neutral transition metal car-
bonyls,?® carbonyl hydrides,?! charged octahedral hexacarbo-
nyls [M(CO)4]","* and charged square planar tetracarbonyls.'®
The calculated symmetry force fields for the different carbonyl
complexes have been discussed elsewhere in some detail.

In this paper, we present geometries, harmonic frequencies,
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IR intensities, and force constants for the d'° carbonyl cations
[M(CO),]* M =Au, Hg, Tl; n=1 to 3, respectively) and the
isoelectronic cyanide complexes [M(CN),]" (M = Au, Hg, TI;
n=—1to 1, respectively). Both [Au(CN),]” and [Hg(CN),] are
well known, and the vibrational spectra of several [Au(CN),]”
salts and neutral [Hg(CN),] have been extensively investigated
from the 1950’s to the 1970’s.2” The homologous [TI(CN),]*
cation has been observed in aqueous solution as a hydrated,
probably octahedral [TI(CN),(OH,),]* species.”® Previous the-
oretical work has focused on the bonding in [Hg(CN),] and
[TI(CN),]*,” and on the structures, energetics and vibrational
spectra of the homologous [Ag(CX),]" and [Au(CX),]" (X =N,
O; n=—1, +1, respectively) compounds.** Calculations on the
13C chemical shifts have also been done,*! but the vibrational
spectra of the Hg and Tl complexes and the force constants of
all systems considered have not yet been studied theoretically in
the published literature.

The discussion of the present results will emphasize system-
atic trends within the two series of isoelectronic and isostruc-
tural molecules, particularly with regard to the force constants
which provide detailed information on the bonding in these
complexes. In addition, we address the thermodynamic and
kinetic stability of the yet unknown [T1(CO),]*" cation.

Computational details

The quantum chemical calculations were carried out at three
different levels of theory, ie gradient corrected DFT,’*
MP2,* and CCSD(T).* For the DFT calculations, gradient
corrections for exchange and for correlation were taken from
the work of Becke®* and Perdew,*® respectively (usually
abbreviated as BP or BP86). Two basis sets were employed,
labelled ECP1 and ECP2. For Au and Hg both use a quasi-
relativistic effective core potential (ECP) at the transition metal
together with the corresponding (8s7p5d)/[6s5p3d] valence
basis set.’® Tl is described by the recently published analogous
21 valence-electron ECP together with a (11s11p8d)/[6s6p4d]
valence basis set.” For carbon, nitrogen and oxygen, ECPI
employs the 6-31G(d) basis,*® whereas ECP2 uses a Dunning
(10s6p)/[5s3p] triple-zeta basis*® supplemented by two sets of d
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Table 1 Experimental and calculated bond lengths (in A) for [Au(CN),]™, [Hg(CN),], [TI(CN),]*, [Au(CO),]*, [Hg(CO),]** and [TI(CO),]**

[Au(CN),]” [Hg(CN),] [TICN),]

Au-C C-N Heg C C-N TI-C CN
Exp. 2.019(12)¢ 1.106(14)* 2.015(3)¢ 1.137(3)¢ ¢

1.979(12)® 1.167(16)*

1.982(19)¢ 1.12327)¢
BPS6/ECP2 2.002 1.173 2.023 1.166 2.045 1.168
MP2/ECP2 1.992 1.176 2.009 1.171 2,013 1.175
CCSD(T)/ECP2 2.012 1.169 2.024 1.164 2.028 1.166

[Au(CO),]* [Hg(CO),1** [TI(CO),*

Au-C Cco Hg C Cco TI-C Cco
Exp. 2.083(10) 1.104(12)”
BPSG/ECP2 1.990 1.128 2.116 1.120 2.244 1121
MP2/ECP2 1.994 1.127 2.109 1.124 2.175 1.128
CCSD(T)/ECP2 2.016 1.122 2.130 1.116 2.203 1.117

“Ref. 45(a), average values for [LysH][Au(CN),]. Specific values: Au—C' 2.022(12) A, Au—C? 2.015(12) A; C'-N' 1.100(14) A, C2-N? 1.112(14) A.
b Ref. 45(b), values for [2,7-bis(methylseleno)-1,6-dithiapyrene]dicyanogold. ¢ Ref. 45(c), values for [Au{(Ph,PCH,),AsPh},][Au(CN),]. ¢ Ref. 46,
values corrected for thermal motion are: Hg—C 2.019(3) A, C-N 1.160(3) A. ¢ Ref. 28(c) gives a value of 2.11(2) A; for trans-[TI(CN),(OH,),]* in
aqueous solution, obtained from large-angle X-ray scattering.” Ref. 5(b), values for [Hg(CO),][Sb,F ;..
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Fig.1 CX bond lengths (in A) versus total charge n for [M(CO),]" and
[M(CN),]"* (X =N, O, respectively).

polarization functions.*® Spherical d functions were used
throughout.

The DFT and MP2 calculations were done with the GAUS-
SIAN94 and GAUSSIANYS program systems,**> whereas the
CCSD(T) calculations were carried out with the program ACES
I1.** Molecular geometries were optimized within the constraint
of D,, point group symmetry using analytic energy gradients.
Second derivatives were obtained by numerical differentiation
of the analytic energy gradients with GAUSSIAN94 and ACES
IT and analytically with GAUSSIANOS for the BP86 calcula-
tions, which also provides Raman intensities at this level of
theory. The force field transformations into internal and sym-
metry coordinates were performed with the program INTDER . *
All force constants are given in mdyn A~! for stretches and
stretch—stretch interactions, and mdyn A rad~2 for bends and
bend-bend interactions.

Results

General aspects

Throughout this paper, we report BP§6/ECP2, MP2/ECP2, and
CCSD(T)/ECP2 data which are available for all complexes and
should generally be more reliable than the respective ECP1 data
due to the use of a larger basis set. To keep the Tables in this
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Fig.2 MC bond lengths (in A) versus total charge n for [M(CO),]" and
[M(CN),J" 2.

paper as short as possible, all ECPI1 results were put into the
Supplementary Material (Tables S1-S4), and only the ECP2
results are discussed. In addition, the Supplementary Material
documents the BP86/ECP2 results for Raman intensities, iso-
topic shifts, and symmetry force constants (Tables S5-S8).

In the case of transition metal carbonyl and cyanide com-
plexes, only the anharmonic frequencies are generally available
from experiment. Since anharmonicity effects normally lower
the vibrational frequencies (e.g by 27 cm™! for free CO), the
computed harmonic frequencies and the associate force con-
stants should tend to be higher than the observed frequencies
and the effective force constants derived therefrom. However, as
the overall agreement between experimental (anharmonic) and
calculated (harmonic) frequencies has generally been quite
good in our previous studies'®**?! without correcting for
anharmonicity effects, we expect a similar accuracy herein.

Molecular geometries

Table 1 lists the calculated bond lengths for the linear dicyanide
complexes and dicarbonyl ions at BP86/ECP2, MP2/ECP2, and
CCSD(T)/ECP2 together with the available experimental data.
Fig. 1 and 2 display the calculated bond lengths from Table 1.
The calculated bond lengths on all levels are in good agree-
ment with the experimental data from several X-ray structural
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Table 2 Vibrational frequencies (in cm ') for [Au(CN),] ", [Hg(CN),] and [TI(CN),]*

Exp. v, BPS6 MP2 CCSD(T)
(solution) ECP2 Av ECP2 Av ECP2 Av

[Au(CN),]”
SR [CN] 2161 2155 —6 2103 —58 2183 +22
SRS IMC] 446 428 ~18 444 -2 47 ~19
S5, [CN] 2142 2139 —3 2089 -53 2169 +27
PR IMC] 426 407 ~19 416 -10 402 ~24
oo [SMCN] 301 283 ~18 297 —4 292 -9
3 [SMCN] 410 411 +1 407 -3 397 ~13
n [6CMC] 125 77 —48 73 -5 7 —53

[Hg(CN),]
SR [CN] 2197 2209 +12 2129 —68 2224 +27
SRS IMC] 412 417 +5 445 +33 435 +23
S5, [CN] 2197 2209 +12 2127 -70 221 +24
PR IMC] 442 451 +9 469 +27 458 +16
o, v [SMCN] 276 233 —43 241 -35 238 -38
3 [SMCN] 341 344 +3 332 -9 327 ~14
n [6CMC] 74 70 69

[TI(CN),]*
SR [CN] 2187 2192 +5 2094 —93 2205 +18
SRS IMC] 390 388 -2 449 +59 436 +46
S5, [CN] 2199 2197 —2 2093 ~106 2204 +5
PR IMC] 3454 475 509 497
m Vs [SMCN] 194 199 195
3 [SMCN] 293 291 286
n [6CMC] 65 64 63

“ Solution values for K[Au(CN),], ref. 24. IR data from 1-methyl-2-pyrrolidone solution; Raman data from aqueous solution.  Ref. 23, 26, 27 for
[Hg(CN),]. IR values from solid state (mineral oil mull); Raman values from aqueous solution. ¢ Ref. 28(¢) for [TI(CN),]*. IR and Raman data in
aqueous solution, bands attributed to trans-[TI(CN),(OH,),]". ¢ Assignment inconsistent with present theoretical results.

analyses of [Au(CN),]” salts,** the neutron diffraction data for
[Hg(CN),],* and the X-ray data for [Hg(CO),J*".*® For the
[Au(CN),]” ion, many experimental crystal structures with
different counter cations are known in the literature. For
comparison with our calculated results, we have chosen some
of the newer data including large cations which should distort
the anion only to a small extent (see Table 1).** In the experi-
mental structure determination of [Hg(CO),]*", secondary
contacts with the [Sb,F,;]” counter anion have been observed,
which may be the reason for the deviation of ca. 0.03 A between
the experimental and calculated Hg—C bond length.>

Within the three levels of theory, some interesting trends can
be observed (see Fig. 1 and 2): in five out of six cases, MP2/
ECP2 gives the shortest M—C bond and the longest C—X bond,
while CCSD(T)/ECP2 always yields the shortest C—X bond
lengths. The MP2 and CCSD(T) values show parallel trends for
both series, whereas the BP86 bond lengths vary more strongly.
For the [M(CN),]” series, the increase of the M—C bond lengths
is much smaller than for the [M(CO),]" series, such that the
M-C bond is of comparable length in [TI(CN),]" and
[Hg(CN),], but much longer in [TI(CO),]** than in [Hg(CO),]**.

Vibrational frequencies

For linear [M(CX),]", the vibrational representation reduces as
follows:

Ty=2%," +2%, + 1, + 211,

Table 2 contains the calculated vibrational frequencies for the
linear dicyanide complexes together with the available experi-
mental data.

Both [Au(CN),]” and [Hg(CN),] are long known and their
vibrational spectra have been assigned.?** The assignment of
fundamentals for [Au(CN),]” follows the work of Willner'®
with the experimental values for K[Au(CN),] in solution taken
from the work of Chadwick and Frankiss** We assign the

1 24a

weak shoulder at 410 cm™' in the infrared to v,*** which is
supported by the calculated low intensity (see Table 4 below). In
general, our calculated BP86/ECP2 frequencies are in good
agreement with the experimental data except for v,. Similar to
the highly charged carbonyl cations,'>*" the experimental value
for this C—-M—C bending vibration is much higher than the cal-
culated value, probably due to counter ion or solid state effects.

Within the three levels of theory employed, the BP86 results
show the best agreement with the experimental data. At MP2/
ECP2, v, and v, are calculated much too low (=58 and —53
cm™!, respectively), most probably due to the overestimated
C-N bond length. At CCSD(T)/ECP2, both values are too high
by +22 and +27 cm ™!, respectively. For the other vibrations, the
differences between the three levels are not very large (Table 2).
The experimental splitting of v, and v; (19 cm™) is slightly
higher than computed: BP86 gives 16 cm™', whereas MP2 and
CCSD(T) give 14 cm ™.

The assignment of the vibrational frequencies of [Hg(CN),]
follows the work of Jones.** At BP86/ECP2, the deviations
are somewhat higher than for [Au(CN),]” with +12 cm™" for v,
and v;. Analogous to [Au(CN),]”, v, and v; are calculated much
too low at MP2/ECP2 and too high at CCSD(T)/ECP2 (Table
2). The splitting between v, and v, is small (i.e. less than 1 cm™
experimentally* and at BP86/ECP2, 2 cm ™' at MP2/ECP2 and
3 cm ™! at CCSD(T)/ECP2).

Table 2 also lists the calculated vibrational frequencies for
[TI(CN),]*. The BP86 values for both CN stretching frequen-
cies (v, v;) and for the symmetric TIC stretching frequency (v,)
are in excellent agreement with the available experimental
values for trans-[TI(CN),(OH,),]";® however, for the anti-
symmetric TI-C stretching frequency (v,), there is such a large
discrepancy that we suspect a misassignment.?®* The BP86 data
are generally quite close to the CCSD(T) data and may thus
serve as predictions for the remaining bands.

Table 3 contains the vibrational frequencies for the
[M(CO),]" series together with the experimental data for the Au
and Hg compounds.
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Table 3 Vibrational frequencies (in cm ') for [Au(CO),]*, [Hg(CO),J** and [TI(CO),**

Exp. v, BPS6 MP2 CCSD(T)
(soid) ECP2 Av ECP2 Av ECP2 Av
[Au(CO),]"
50w [CO] 2254 2238 ~16 2220 —34 2280 +26
5T IMC] 400 405 +5 398 -2 378 -2
5w [CO] 2217 2197 -20 2190 -27 2250 +33
v IMC] 354 359 +5 344 -10 331 -23
I, Ve [SMCO] 312 298 —14 318 +6 310 -2
I, Ve [SMCO] 406 397 -9 401 -5 391 ~15
I, v [sCMC] 105 59 —46 54 -5l 53 -52
[Hg(CO),J**
S [CO] 2281 2287 +6 2214 —67 2306 +25
e IMC] 320 333 320
A [CO] 2278 2283 +5 2214 —64 2303 +25
v IMC] 349 362 349
I, v [SMCO] 277 289 285
I, Ve [SMCO] 335 341 +6 336 +1 328 -7
I, v [sCMC] 64 58 56
[TI(CO),I**
A [CO] 2264 2138 2279
e IMC] 253 327 305
A [CO] 2266 2140 2279
v IMC] 327 381 358
I, v [SMCO] 271 287 283
I, Ve [SMCO] 312 325 318
I, v [sCMC] 60 60 58

“ Ref. 10(b); values for solid [Au(CO),][Sb,F,]. * Ref. 5(b); values for solid [Hg(CO),][Sb,F;;],.
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Fig. 3 Average CX stretching frequencies (in cm™") versus total charge
n for [M(CO),]" and [M(CN),]" 2 (X = N, O, respectively).

Both [Au(CO),]" and [Hg(CO),]** have been synthesized as
their respective [Sb,F,,]” salts and the vibrational spectra of the
solids have been assigned.’®'® For [Au(CO),]", complete
experimental vibrational data are available, whereas for
[Hg(CO),)** only the two C—O bands have been assigned; there
are three medium IR bands at 335cm™!, 325cm 'and 311 cm™
which may be assigned to v, and v (see Table 4 below), but
which may also originate from the [Sb,F,;]” counter anion.%®
Analogous to other solid state spectra and as for [Au(CN),],
the deviation for the C~-M-C bending vibration v, is rather large
in [Au(CO),]*. In an overall comparison, the BP86/ECP2
results are closest to the available experimental data (Table 3). It
should be noted, however, that this assessment neglects anhar-
monicity effects (see above). If such effects were taken into
account for the CO stretching modes (ca. —27 cm™! as in free
CO), CCSD(T)/ECP2 would be superior to BP86/ECP2 while
the errors for MP2/ECP2 would increase still further (Table 3).

Fig. 3 compares the calculated average C-X (X =0, N)
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vibrational frequencies at the three levels employed in this study
for the linear dicarbonyl ions and dicyanide complexes. Obvi-
ously the CCSD(T) values are consistently higher than the
BP86 values, but show the same trends. On the other hand, the
MP2 frequencies are always much lower and look less system-
atic, especially for the CO complexes. We conclude from these
comparisons (Tables 2, 3 and Fig. 3) that both BP86 and
CCSD(T) describe these molecules well, whereas MP2 has
severe difficulties, particularly with the highly charged cations.

Infrared intensities

Table 4 contains the calculated infrared intensities for the linear
dicarbonyl ions and dicyanide complexes together with the
available spectroscopic data for the Au and Hg systems.

The calculated intensities nicely reproduce the trends found
experimentally for the Au and Hg systems with the exception of
[Au(CO),]" (see below). The highest absolute IR intensities are
calculated for the monocations [Au(CO),]" and [TI(CN),]*. The
trend towards lower IR intensities for highly charged cations
has also been found for the hexacarbonyl and tetracarbonyl
series.!>® For each molecule, the calculated infrared intensities
at the three levels are very similar. The main difference between
the cyanide and CO complexes can be seen for v, and vg: for all
cyanide complexes and also [Au(CO),]*, v, is much stronger
than vs, whereas for the highly charged [Hg(CO),** and
[TI(CO),)** this trend is opposite with the calculated intensities
for v, close to zero.

For [Au(CO),]*, the experimental IR intensities for v, and v
are quite sensitive to the medium where the spectra are taken:
solid [Au(CO),][Sb,F,,]' v, at 354 cm ™! (w) and v, at 406 cm ™!
(m); solid [Au(CO),][UF* v, at 349 cm™! (m) and v at 398
cm™! (m) with nearly equal intensity; in HSO,F solution,'® v, at
352 cm™! (w) and no band around 406 cm™!. In view of these
conflicting experimental data, a conclusive assessment is only
possible with the help of isotopic shifts: the assignment of v, at
354 cm™! and vg at 406 cm ™! is strongly supported by the excel-
lent agreement between the observed* and calculated isotopic
shifts (see Table S6).
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Table 4 Experimental relative and calculated infrared intensities (in km mol™") for [Au(CN),]", [Hg(CN),], [TI(CN),]*, [Au(CO),]*, [Hg(CO),**

and [T1(CO),*"*
Exp.’ BP86 MP2 CCSD(T)  Exp:* BP86 MP2 CCSD(T)
[Au(CN),]” [Au(CO),"
55w [CX] s 753 237 36.5 s 499.7 256.1 3327
RS 1V (s) m 15.6 11.0 16.3 wi 495 57.4 445
m, v [PMCX] sh 03 0.0 0.1 m¢ 10.1 54 9.3
II, v, [6CMC] m,bd 35.3 35.3 36.5 W 0.5 0.7 0.5
[Hg(CN),] [Hg(CO),**
R (o' vs 503 78.8 57.1 m 15.6 6.6 27
RS 1V (s) s 434 44.1 472 0.9 0.0 0.0
m, v [PMCX] m 0.2 0.9 0.8 m 211 10.6 14.6
II, v, [6CMC] 23.8 27.9 28.0 3.1 2.7 2.2
[TUCN),]* [TI(CO),P**
R (o' 319.0 340.3 320.3 26.0 143.0 33.8
RS 1V (s) 268 352 355 3.5 0.0 0.4
0, v  [PMCX] 1.1 25 3.1 29.1 14.6 20.1
II, v, [6CMC] 10.1 15.7 14.8 8.2 5.8 5.1

“ All calculated data were obtained from the ECP2 calculations; X = O or N, respectively. ® Ref. 24 for [Au(CN),] ; ref. 26 for [Hg(CN),]. ¢ Ref. 10(b)

for [Au(CO),]"; ref. 5(b) for [Hg(CO),]**. ¢ See the text.

Table 5 Internal force constants F,, for [Au(CN),]”, [Hg(CN),] and [TI(CN),]"*

[Au(CN),]” [Heg(CN),] [TI(CN),]*

Exp? BPS6 MP2  CCSD(T) Exp.: BPS6 MP2  CCSD(T) BP86 MP2  CCSD(T)
Fen 17.64 £ 0.18 1702 1604  17.34 18.07+0.2 1774 1624 17.82 1743 1550  17.39
Fuc 2.78 £0.03 2.49 2.67 247 2.59 +0.03 2.69 3.03 2.88 2.66 3.37 3.16
Feonen  0.03%0.18 0.02 0.00 0.02 00£02  —001  —0.02 0.00 -0.01  —0.01 0.00
Fucme 0416 +0.025 0.43 0.50 0.45 0.12+0.02  0.10 0.20 0.19 —024  —004  —0.05
Fenntc 0.3+0.15 0.20 0.11 0.05 005+0.15 —0.02 —0.07 —0.11 —0.09 —0.13 —0.14
Fexte 0.0 £0.15 0.02 0.04 0.03 00+0.15 0.0l 0.02 0.02 —0.03  —0.03 —0.03
F, 0.56 0.47 0.45 0.52 0.43 0.41 0.43 0.42 0.39
Fyy -0.10  —0.09  —0.09 -0.06  —0.05  —0.05 —0.04 —0.04  —0.04
-0.02 —001 —0.01 -0.01 0.00 0.00 -0.01 0.00 0.00
0.25 0.26 0.26 0.16 0.17 0.17 0.12 0.12 0.11

a

“ All calculated data were obtained from the ECP2 calculations. For the notation of force constants see ref. 23, p. 117 ff. See text for units. * Ref. 23,
25. ¢ Ref. 23, 27; for both molecules the force constants are calculated from the harmonic CN frequencies and observed other frequencies.

Table 6 Internal force constants Fy,, for [Au(CO),]", [Hg(CO),]*" and [TI(CO),]*"“

[Au(CO),I" [Hg(CO),I* [TI(CO),J**
Exp. BP86 MP2 CCSD(T)  Exp. BP86 MP2 CCSD(T) BP86 MP2 CCSD(T)
Feo 20.1 £0.1¢  19.46 19.16 20.23 20.984 20.49 19.16 20.77 20.17 17.88 20.33
Fye 2.16 £0.03 2.24 2.13 1.93 1.68 1.82 1.68 1.26 1.88 1.65
Feoco 0.15%0.1 0.05 0.00 0.03 0.00 —0.02 0.00 0.00 —0.03 0.00
Fyeme 0.54 £0.03 0.57 0.59 0.51 0.06 0.07 0.06 -0.17 —0.06 —0.07
Feomc 0.45£0.2 0.30 0.20 0.13 —0.04 —0.03 —0.10 —0.12 0.02 —0.08
Feome 00+02 —0.10 —0.06 —0.07 —0.02 0.00 —0.01 —0.04 —0.06 —0.02
Fy 0.77 £ 0.09 0.31 0.25 0.24 0.32 0.23 0.22 0.26 0.25 0.23
Fy —0.015+0.015 —0.09 —0.08 —0.08 —0.04 —0.03 —0.03 —0.02 —0.02 —0.02
0.015£0.02 —0.01 —0.01 —0.01 —0.01 0.00 0.00 0.00 0.00 0.00

0.268 £ 0.02 0.26 0.29 0.28

a

0.23 0.24 0.24 0.22 0.24 0.24

“ All calculated data were obtained from the ECP2 calculations. For the notation of force constants see ref. 23, p. 117 fI. See text for units. b Ref. 10(b).
¢ The experimental value obtained with the Cotton-Kraihanzel method is 20.18 mdyn A™!, ref. 10(b). ¢ Ref. 5(b); obtained with the Cotton—

Kraihanzel method.

Force constants

Tables 5 and 6 contain the calculated internal force constants
for the linear dicarbonyl ions and dicyanide complexes together
with the available experimental data for the Au and Hg systems.

The corresponding symmetry force constants are only given

in the Supplementary Material. Symmetry coordinates have
been taken from ref. 23 and are also given in ref. 22. For sym-
metry reasons, there is no coupling between the four stretching
vibrations (v;—v,) and the three bending vibrations (vs—vs).

For [Au(CN),]” and [Hg(CN),], the internal stretching force
constants and coupling elements have been derived from the
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Table 7 Atomic charges from natural population analysis“

Compound qm qc qx dct 4x  qc— 4x
[Au(CN),]” 0.30 -0.14 —0.50 —0.65 0.36
[Hg(CN),] 1.11 -0.25 —0.30 —0.55 0.05
[TI(CN),]* 1.62 -0.24 -0.07 -0.31 —0.18
[Au(CO),]* 0.49 0.48 —0.23 0.25 0.72
[Hg(CO),** 1.28 0.47 =0.11 0.36 0.57
[TI(CO),** 1.84 0.55 0.03 0.58 0.53

“ BP86/ECP2 values in units of e. M = Au, Hg, or Tl, and X =N or O,
respectively. Free CO: gc 0.46, g —0.46, gc — qo 0.92. Free CN™: ¢
—0.27, g5 —0.73, gc — g 0.46.
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Fig.4 CX stretching force constants (in mdyn A" versus total charge
n for [M(CO),]" and [M(CN),]" 2 (X = N, O, respectively).

vibrational spectra of isotopic species.”***" The agreement
between the experimental and calculated force constants is
satisfactory both for the diagonal and non-diagonal elements.
Especially for the non-diagonal coupling elements, BP86 shows
the smallest deviations from the experimental values (Table 5).

For [Au(CO),]", the agreement between the experimental and
calculated force constants is reasonable for all values except Fj.
The overestimation of Fj is a direct consequence of the over-
estimation of v, (see above). For [Hg(CO),]**, no experimental
force constants are available except the C-O stretching force
constant obtained with the Cotton-Kraihanzel method.5**
The value of 20.98 mdyn A! is the highest C-O stretching
force constant obtained for a transition metal carbonyl complex
so far and nearly approaches the value for HCO* (21.3 mdyn
A—l).ls

Charge distributions

Table 7 presents atomic charges obtained from a natural popu-
lation analysis (NPA)* at the BP86/ECP2 level. For both series,
the NPA charges behave quite regularly. The charges at carbon
are almost constant within each series, whereas oxygen and the
metal lose electron density with increasing total charge n. Inter-
estingly, NPA predicts a reversal of CN polarity in [TI(CN),]*
relative to [Hg(CN),]. For the carbonyl series, the calculated
partial charges at carbon and oxygen show the same trends as in
the [M(CO)¢]" and [M(CO),]" series: **'® for the member with
the highest calculated C-O stretching force constant, ie.
[Pt(CO)¢]**, [Au(CO),J**, and [Hg(CO),**, the calculated NPA
charge at oxygen is still negative, and it becomes positive for the
next member of each series.

Discussion

In this section, we discuss the variation of the calculated data
within the two series [M(CO),]" (3 molecules, total charge n
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between 1 and 3) and [M(CN),]" 2 (3 molecules, total charge
n — 2 between —1 and 1). Fig. 4 shows the change in the C-O
and C-N stretching force constants Fo and Fy as a function
of n (Tables 5 and 6). Fig. 5 displays the analogous M—C force
constants Fyc.

Fco and Fy increase from M = Au to M = Hg and decrease
again to M = Tl. As discussed previously,"® the upper limit for
the C-O stretching force constants should be given by HCO*
(21.36 mdyn A~' at BP86/ECP2) where, according to the
Dewar—Chatt-Duncanson model,*® no 7 backdonation is
present. An inverse trend can be seen in the C-O and C-N
bond lengths which have the lowest values in each series for the
Hg compound (Fig. 1). The trends in Fig. 4 resemble those in
Fig. 3, as expected.

The calculated M—C force constants decrease gradually for
the [M(CO),]" series with increasing total charge n, consistent
with the calculated M—C bond lengths (see Fig. 2 and 5) which
increase from [Au(CO),]* to [Hg(CO),]** and [TI(CO),]**.
However, the trends for the M—C stretching force constants are
not entirely uniform (Fig. 5) since the BP86 curve crosses the
(almost parallel) MP2 and CCSD(T) curves. This leads to the
situation that the M—C force constants for [Hg(CO),]** and
[TI(CO),)*" are nearly equal at CCSD(T), while Fyc is signifi-
cantly smaller for [T1(CO),]*" at BP86. In the [M(CN),]" series,
there are again some similar differences: the M—C stretching
force constant increases in the series M = Au < Hg < Tl for
CCSD(T) while it reaches a maximum at M = Hg for BP86
(with M = Tl only slightly lower).

Concerning the coupling force constants (Tables 5 and 6),
those involving adjacent bonds (Fycme and Fexe OF Feoc)
are sizeable for [Au(CN),]” and [Au(CO),]*, but become signifi-
cantly smaller for the Hg and Tl complexes. This may reflect
decreasing m backdonation which is at least partly responsible
for these interactions. The coupling force constants for non-
adjacent bonds (Fenye and Feome) and for different linear
bends (F,g, F,,) are rather small for all complexes considered.

The force constant calculations confirm that [TI(CO),]*" and
[TI(CN),]* are minima on the potential surface, but they pro-
vide no evidence on their thermodynamic and kinetic stability.
To address this question, we have carried out unrestricted
UBPS6/ECP2 calculations for the decomposition of these
complexes.®! As expected, the heterolytic dissociation to singlet
products is strongly endothermic and will therefore not be

[TI(CO),P** —> [TICO)P* + CO
AE=+127.1 kcalmol™* (1)

[TI(CO),P** —> [TI(CO)]* + CO**
AE = +81.4 kcalmol™! (2)
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considered further. The homolytic dissociation into doublet
states (") is exothermic for [TI(CO),]** and endothermic for
[TI(CN),]*:

[TI(CO),J** — [TICO)P* + CO*
AE =—138.4 kcalmol™! (3)

[TI(CN),]* — [TI(CN)]" + CN
AE = +60.0 kcal mol ' (4)

Further homolytic dissociation to T1* (closed-shell s> con-
figuration) is again exothermic for [TI(CO)** and almost
thermoneutral for [TI(CN)]*:

[TICO)* — TI* + CO* AE=—78.1kcalmol!  (5)

[TICN)]* — TI* + CN  AE = +0.3 kcal mol ™! (6)

Similar reaction energies are found at the UBPS86/ECPI,
UCCSD(T)/ECP1, and UCCSD(T)/ECP2 levels.> These
thermochemical data clearly show that [TI(CN),]" is intrinsic-
ally quite stable towards unimolecular decomposition while
[TI(CO),)*" is thermodynamically unstable.

The barrier for the dissociation reaction (3) has been deter-
mined at the unrestricted UBP86/ECP1 and UBP86/ECP2
levels, through reaction coordinate calculations (incrementing
one fixed TI-C distance while optimizing the other coordinates)
and subsequent transition state refinement. The computed bar-
riers at these levels are 16.9 and 18.0 kcal mol ™!, respectively.
The optimized transition structures* are fairly unsymmetrical,
since the two TI-C distances differ by 0.65 and 0.69 A,
respectively. It should be noted, however, that the concerted
dissociation of both TI-C bonds in D, symmetry requires only
slightly more activation since the corresponding stationary
point with two imaginary frequencies lies only about 1.1 kcal
mol ! above the unsymmetrical transition state. Inspection of
the points on the reaction path shows that there is no spin
contamination at the UBP86 level until close to the transition
state (i.e., up to a TI-C elongation of 0.85 A and a concomitant
increase in energy of about 15 kcal mol™"). The spin contamin-
ation at the transition state remains minor (S? around 0.30 with
UBP86%).

The dissociation product [TI(CO)]** of reaction (3) has a
very long TI-C bond (2.822 A at UBP86/ECP1 and 2.863 A at
UBP86/ECP2). Reaction coordinate calculations for (5) indi-
cate that this bond can be broken with very little activation. The
corresponding transition state is thus mechanistically irrelevant
for the overall dissociation process and has therefore not been
located. A shallow minimum for [TI(CO)]** is also found at
UCCSD(T)/ECP1, but not at UCCSD(T)/ECP2, so that it is
uncertain whether this monocoordinated complex exists.

The kinetic stability of [TI(CO),]** is governed by the barrier
for step (3). Our best computed UBP86 value of 18 kcal mol™*
indicates a reasonable intrinsic stability towards unimolecular
decay. On the other hand, this barrier would seem to be rather
small compared to the interaction energies with counter ions
that will occur in a condensed-phase environment.

Conclusions

The DFT-BP86 and CCSD(T) results for the investigated com-
plexes are generally in good agreement with each other and
with the available experimental data (Au and Hg species),
whereas MP2 encounters severe difficulties in the case of the
highly charged cations. The recently observed [TI(CN),]* cation
is predicted to have similar bond lengths and stretching force
constants as the isoelectronic Hg(CN), molecule. Likewise, the
unknown [TI(CO),J*" cation shows some similarities to the
well-characterized [Hg(CO),J*" cation. However, in [TI(CO),]**,

the T1-C bond is computed to be quite long, and the dissociation
to TI" and 2 CO™ is found to be strongly exothermic, with a
relatively small barrier of 15-20 kcal mol ™! (UBP86). Therefore,
[TI(CO),J*" is predicted to exist, but it should be difficult to
observe this cation experimentally.
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