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The mechanism of the Ctt CS; reaction has been investigated using density functional and coupled cluster
calculations. The lowest energy route on the potential energy surface corresponds to the insertion product
SCuCS via the formation of intermediate coordination complexgs:and 1%cs, which all lie below the

energy of the reactants. Another path corresponding to the formation of a €yclilompound;?ssleads to

the same insertion product, but it involves a higher energy barrier (34.7 kcal/mol vs 26.9 kcal/mol with
respect to the reactants at the CCSD(T) level). The dissociation of the insertion product SCuCS into the CuS
and CS fragments is found to be endothermic by 43 kcal/mol (CCSD(T) level). Our results are related to
experimental data obtained in low-temperature rare gas matrixes and in the gas phase.

1. Introduction CS and OCS (refs 13 and 14 and references therein). The cross

The chemistry of transition metal atoms with heterocumulene ;ectlons for CuS and CuCS formation were consistent with

molecules, such as GOCS,, and OCS, which are potential initial activation of the neutral reactants by insertion of the metal

sources of ¢chemistry (the chemistry of catalyzed formation IOonn;r;t?[htehc?re(fiiallj(\)/\llq:rlfowz)srrglgc])exwwk_a gi g]r:elr;?:tilgti]etm
of compounds containing one carbon atom, such as methane Ofulfidesﬁ P
methanol), plays an important role in different areas of chemistry )

. ; . . ; Work in our research group is focused on the reactivity of
and biology! Besides C@chemistry, considerable attention has ” > 4
been focused on sulfur-containing transition metal complexes transition metal atoms with GDCS;, and OCS, both experi-

as model compounds of active sites of enzymes and catalyticmema"y' by matrix isolation infrared spectroscopy, and theo-

. I o
metal surfacesin order to resolve problems, such as catalyst reucally,lthro?hgh D';T de ab |n|:!o mftZOép;' In “g.ht Of.
poisoning, hydrodesulfurization, or synthesis of novel electronic our previous theoretical comparative study on vanadium inser-

R : ; .
materials® The first reaction of a copper complex with ©8as t'r?n mt(cj) C(f},hCSg, an_d OC‘?’ hou:;dmam g(_)al IS to fomplete_ h
reported in 1937, but the beginning of the GSchemistry the study of the reactions of the 3d transition metal series wit

actually dates back to 1966, when Baird and Wilkirfson heterocumulenes and elucidate their insertion processes into the

synthesizedransRhCI(CS)(PPY, and Pt(PP§,(CS;) from CX bonds (X= O and S). This study was performed to explore

phosphine complexes and £Since then, Cghas been proved the reactivity o_f copper atoms with G&nd to cha_racterize the_
to be a very reactive molecule toward transition metals and to products and intermediates. We present the different possible

undergo a great variety of reactions, such as coordination,rOUtgs. from the Cu+ CS entrance channel, the relatlve.
insertion, dimerization, or disproportionatiéfi:® However, stab_|I|t|es of the adduc_ts and |ns_ert|on products and the reaction
fundamental studies of the basic properties of transition metal PaTriers between the intermediates. Our results are compared

sulfides and of binary complexes of £8ave been developed to experlmental data from matrix isolation and gas-phase
experiments.
slowly.

The first matrix isolation spectroscopic study on NigS
complexes, witm = 1-3, appeared in 197¥Later, Andrews
et al. studied reactions of laser-ablated atoms reactions with CS  The ground state of the Cu atom has &34&° electronic
by matrix isolation infrared spectroscopy and DFT calculations configuration. Because the unpaired electron is on s type orbital,
and results have been reported on bofban cobalt, nickel,  when interacting with CS(1=*) a closed-shell molecule, this
and coppet! and on vanadiun In the case of copper, the |eads to ar?A’ electronic state o€ symmetry. In our work,
carbon-bondeg’c and the cyclioj?sscomplexes were formed  we have explored the potential energy of #Aé state in detail.
on annealing the argon matrix, whereas the inserted SCUCSThe species on théA" surface, which does not correlate to
molecule was formed on photolysis, but (€8CS) cations ground-state reactants, have also been considered but were
were also produced. Very recently, guided ion beam mass always found much higher in energy (more than 30 kcal/mol)
spectrometry studies appeared in the literature on the reactionghan the corresponding species on#hésurface, and they will
of first-row transition metal with the sulfur-transfer reagents not be discussed in the present paper.

The stationary points on the potential energy surface (PES)
+ Corresponding author. E-mail: y.hannachi@Ipcm.u-bordeaux.fr.  \yere |ocated using the B3LYP method of density functional
T UnlversneBordeaL_Jx I 20-22 N

* Moscow State University. theory: For carbon and sulfur we used the 6-313(2d)
$HAS, Budapest. basis set? whereas for Cu, we used the (14,9,5)/[8,5,3] all-
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Figure 1. Optimized geometries of the various stationary points located o
on the Cut+ CS; ?A’ potential energy surface (distances in angstroms,
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electron basis set of Scies, Horn, and Ahlrichs (SHA3 This
later basis set was supplemented with two polarization p
function®® and a diffuse d functiof® The harmonic vibration -10.0-
frequencies have been calculated at the same level in order toFigure 3. Schematic reaction path of copper atoms with, G®
characterize the stationary points as minima or transition statesCCSD(T) level of calculations.

(TS), to estimate the zero-point energy correction (ZPE) and to
generate the force constants needed for intrinsic reaction
coordinate (IRC) analysis. The IRC procediirevas used to
follow the minimum energy path from a transition state to the
corresponding local minimum with a step size of 0.1 &fu

TABLE 1: Total Energies (au), ZPE, and Relative Energies
(kcal/mol) of the Different Stationary Points Calculated in
the Reaction Cu+ CS, — CuS + CS

B3LYP/6-31H-G(2d+-SHA CCSD(T)/6-313G(3df)

bohr. element or total relative total relative
For each stationary point, we carried out single-point CCSD- molecule energy  ZPE energy energy energy
—1640.48929 —1639.30360

(T) energy calculatiorf§2° using the standard 6-3315(3df) Cu
basis set® The CCSD(T) energies were corrected for ZPE guSZJfDC‘”g)Z
contributions as obtained from B3LYP calculations. The cor- 1
relation treatment in the coupled cluster calculations involved ;2.4(C,,) —2475.05169 3.96 —3.3
all valence electrons. Stability tests were always carried out in 7%s(Cs —2475.05255 4.17 —3.6
order to ensure that the lowest energy solution in the SCF SCUCS C..) —2475.04859 4.10 —1.2
procedure has been found. The metaand binding energies Ny ;_ggg%g%g égg :zggi'gizgg

were calc_ulated re!atlve to th_at of the ground-state reactants.c g cs  —2474.97506 2.42 43.3 —2472.73281  41.7
The atomic populations (atomic charges, electron configuration, 1. (c,,) —2475.05215 4.08 —3.5 —2472.80172 0.1
etc) were derived from natural bond orbital (NBO) anal§sis  ts1 —2475.04525 3.81 0.6 —2472.80220 —0.5
carried out for the relevant structures at the B3LYP level. All ts2

—2475.04913 3.93 —1.7 —2472.80415 —1.6
calculations have been performed using the Gaussian98 pro-{S3 —2475.00313 3.35 26.6 —2472.75788  26.9
gram3?

—834.55764 4.28
—2475.04693 4.28 0
—2475.05826 4.39 —7.0

—833.49857
—2472.80217 0
—2472.80709 —3.0
—2472.81039 —55
—2472.80357 —1.0
—2472.80401 -—1.3

ts4 —2474.98712 2.92 36.2 —2472.74467 34.7

zero-point energy corrections (ZPE), relative energies of the
reactants, products, intermediate species, and transition structures

The optimized stationary points are shown in Figure 1. are collected in Table 1, and the corresponding harmonic
Figures 2 and 3 report the schematic reaction mechanismvibrational frequencies and infrared intensities are listed in
computed at the B3LYP and CCSD(T) levels. The total energies, Table 2.

3. Results and Discussion
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TABLE 2: Calculated Vibrational Frequencies (cm™*) and The most stable species at the B3LYP level is tjie
IR Intensities (km/mol) of the Different Species Identified on complex, bound by 7.0 kcal/mol with respect to the reactants
gwgaztc;(t)?]ntlal Energy Surface of the Cu+ CS, —~ CuS+ CS (see Table 1). The next most stable species igthecomplex,
. - - which is, however, very close in energy to th&scompound.
Species frequency (IR intensity) Theses species lie 3.7 and 3.4 kcal/mol higher in energy than
s (Co) 65(0), 208(1), 333(94), 375(0), 624(53), 1467(539) the n's complex. The SCuCS insertion product is 5.8 kcal/mol

n%ss(Cz)  149(0), 186(0), 260(0), 367(77), 636(118), 1172(318) |ess stable than thels complex. The picture is somewhat
7es(C) 73(4), 205(8), 344(11), 427(105), 607(275), 1264(395) changed at the CCSD(T) level which gives thes complex

gﬁgcs Ce) 53%(7124’1;3 1(1). 290(6). 313(15), 322(2), 437(3), 1389(613) as the lowest energy isomer, bound by 5.5 kcal/mol with respect
CS 1297(87) to the ground-state reactants. The next most stable species is
CS(D-n)  398(3), 398(3), 667(0), 1531(689) then's complex lying 2.5 kcal/mol higher in energy. The SCuCS

1 (Cz) 50i(2), 187(13), 354(10), 434(118), 612(268), 1267(370) insertion product and thg%.s complex are 4.2 and 4.5 kcal/
ts1 383i(242), 86(2), 113(14), 370(2), 629(18), 1470(432) 5| higher in energy than the absolute minimum. Tfes

ts2 93i(2), 223(6), 294(0), 319(212), 624(148), 1288(326) . . . " . .
ts3 365i(66), 141(5), 185(6), 311(1), 395(15), 1307(432) complex is a very “fluxional” molecule since the barrier for
ts4 198i(20), 67(2), 190(1), 375(18), 390(11), 1022(281) the CS bond exchange through tjfe complex is only 0.1 (1.1)
kcal/mol at the B3LYP (CCSD(T)) level. This is in line with
a. Assessment of the Computational MethodsThe experi-  the very low computed vibrational frequency (73 cincorre-
mental bond strength in the copper sulfide molecule, which has sponding to the SCCu bending motion, see Table 2).
a 2I1 ground state, is 64.6 kcal/m&.On the basis of the c. Reaction Mechanism At the initial step of the reaction,

experimental heats of formation of the copper (80.7 kcal/mol) the copper atom binds to the sulfur atom of carbon disulfide
and sulfur atoms (66.2 kcal/maotj,AH¢ for CuS is 82.3 kcal/ molecule without any entrance barrier (see Figures 2 and 3).
mol. With this value and experimentalH; for Cu, C$ (28.0 The n's complex is more stable by 7 kcal/mol (B3LYP) and 3
kcal/mol), and CS (67.0 kcal/mot},the Cu+ CS, — CuS+ kcal/mol (CCSD(T)) than the ground state of the reactants, and
CS reaction is found to be endothermic by 40.6 kcal/mol. The has a planar geometry. The CuS bond length in this complex is
calculated value depends on how the thermochemistry for the2.316 A, about 0.3 A larger than in CuS diatomic, which is
Cu+ S— CuS and Cg— CS + S reactions is reproduced. essentially a single borld. The NBO analysis shows that, in
For the first reaction, the B3LYP and CCSD(T) values-a2.0 comparison with separate reactants, the atomic charge on Cu
and —59.6 kcal/mol, respectively, which are close to the atom increases up t¢0.16, whereas the atomic charge on S
theoretical values obtained by Bauschlicher andtMgin the atom, to which Cu is attached, decreases@®0¢e (it is —0.20e
range of 57.461.6 kcal/mol}®> but underestimate the experi- in free CS). The electronic configuration of Cu atom in the
mental value by 2.6 and 5 kcal/mol, respectively. The calculated 7's complex is 4s(0.89)3d(9.93), which means that the electronic
reaction energies for GS~ CS+ S are 105.3 (B3LYP) and  configuration of this complex correlates directly to that of
101.3 (CCSD(T)) kcal/mol and compare well with the experi- ground-state reactants. From th& complex, there are two
mental value of 105.2 kcal/mol. The combination of the possible ways for the insertion of Cu atoms into the CS bond
thermochemistry of the two above reactions gives the reaction of CS,. The first one goes through the formation of th&s
energy for Cit+ CS, — CS+ CuS. The B3LYP method gives  complex, whereas the second one proceeds througfsa
43.3 kcal/mol while CCSD(T) is in a slightly better agreement coordination compound.

with a value of 41.7 kcal/mol, but this is due to a better In the case ofy’cs complex formation, the system has to
cancellation of errors. The predicted energies can be considerecbverpass a barrier of 7.6 kcal/mol at the B3LYP level, which is
satisfactory taking into account that the experimental CuS bond reqyced to 2.5 kcal/mol with the coupled cluster method. The
strength is not very accurately known. reaction goes through the transition state called ts1 (see Figures

The calculated CS bond lengths in the diatomic molecule and 1-3). In they%.s compound, the CuS and CuC bond distances
in CS; are quite close to the experimental values. The bond are 2.51 and 1.98 A, respectively. The NBO charge on the Cu
lengths obtained at the B3LYP level are 1.535 and 1.558 A, atom increases to about0.5e. The charge transfer mainly
respectively, which are in line with the corresponding experi- comes from the 4s orbital, as the Cu electronic configuration is
mental values (1.535 and 1.556 &)*>The nice agreement also  4s(0.65)3d(9.83). The barrier height on the second route is
holds for the calculated vibrational frequencies. The calculated smaller: it is equal to 5.3 kcal/mol at the B3LYP level and
(experimental) values are 1297 (1295¢jnfor CS and 1531,  only 1.4 kcal/mol at the CCSD(T) level. The transition state
667, and 398 (1535, 658, and 397 cinfor C$.33% The (ts2) for this path lies 1.7 (1.6) kcal/mol below the reactants at
situation is a bit less favorable for the CuS molecule. The the B3LYP (CCSD(T)) level. The NBO charge on the Cu atom
calculated bond length and harmonic vibrational frequency are in the 52ss species is also abott0.5%, and the Cu electronic
2.103 A and 397 cmt, which should be compared to the configuration is 4s(0.52)3d(9.83).

experimental values of 2.051 A and 415 ¢hi#® Further transformation of thg2cs complex to SCUCS goes
Although the harmonic vibrational frequencies and structural through the transition state called ts3 with an energy barrier of
parameters of the above species are well reproduced at thez.2 (B3LYP) and 27.6 kcal/mol (CCSD(T)). A similar picture
B3LYP level, we expect the CCSD(T) method to provide more s found for then2ss complex, but with a much larger energy
reliable relative energies for the titled reaction (see also ref 19). parrier. The transition state ts4 lies above #gs complex by
b. Minima. Among the different possible coordination 39.5 and 40.2 kcal/mol at B3LYP and CCSD(T) levels,

modest3 three minima, namely, thgls (Cs, 2A’), n%cs (Cs, respectively. In the insertion product, the Cu charge is almost
2A"), and#?ss (Ca,, 2A1), have been located on the GuCS, +0.7e. This species can be considered as a strongly bounded
potential energy surface (see Figure 1). Tijle (Cy,, A1) complex between CusS, a fairly polar molecule, and CS which

structure is a first-order saddle point corresponding to the CS is sensibly polarized. The dissociation of the insertion product
bond exchange in thg?cs complex. The CS insertion product SCuCS into CuSk CS is barrierless. As it can be easily seen
SCUCS C.., 2IT) has also been located on the PES. in Figures 2 and 3, the products C4SCS are 44.5 and 43.0



2714 J. Phys. Chem. A, Vol. 107, No. 15, 2003 Dobrogorskaya et al.

higher than SCuCS at the B3LYP and CCSD(T) levels, TABLE 3: Comparison of Calculated and Observed
respectively. Vibrational Frequencies and '3C and 3“S Isotopic Frequency

. . . Shifts (cm™?) for Different Species
In our previous study on the S CO2 reaction, the transition ifts ( ) ! pec

states connecting the?oo and they?co complexes as well as ~ assignment v v(caled) - Av Av  assignment
the one connecting theoo complex and the products (ScB (obsd, ref 11) (obsd) (this work) (obsd) (calcd) (this work)
CO) were located® All our attempts to locate the transition ggugg ’ 11?587%55 1389 ﬁé' g-g 43,9  SCuCs
PP 2 ; ucCs site . -8, 8.

_srtﬁtedpon?z_ctmg_sito i fcts con\/ter?:ta'sd+eghta'srtto ts_lt_or tot tfz. 5 11874 1264 36171 41,7 rcs

e direct dissociation o h¢2$ 0 uS transition state e 1142.4 1267 3484 41,7 plcm
could not be located either. This is also the case of the direct S » 1133.9 32.8,4.3
atom abstraction reaction. We checked the possibility of the #%s 1081.9 1172 33.6,5.8 37,6 7%s
formation of a?s complex through a direct side on attack of ~ 7’sssite 1079.7 33.8,5.9

the Cu atom. Constrained geometry optimization with fixed  aThis species is predicted to be a first-order saddle point (see Table
Cu—X distances (X is a midpoint of one CS bond) went to the 2); however, one cannot exclude the possibility that it corresponds to
n's complex leading to the conclusion that an entrance channela local minimum in the argon matrix.
to the?cs complex does not exist.

d. Alternative Exit Channels. Experimental studies on the 0 theycs complex since it is predicted to be more stable and
gas-phase reactions of Cwith CS; reveal the importance of ~ With comparable calculated dipole moment (2.2 Difégs and
the (CuSy + CS and S+ [Cu,C,SJ'** (the square brackets 2.0 D for then_lc at the B3LYP Ievel)._The band observed at
means that the connectivity of the Cu, C, and S atoms was not1187.4 cm* with a 36.1 cm* (**C) shift and 7.1 cm* (*/S)
defined but that the signal was assigned to the copper thiocar-Shift has not been assigned. The observed isotopic shift fits well
bony! cation on the basis of energetic bases). Although we arethe calculated ones for thécs complex (41, 7 cm?), and thus
concerned with neutral species in this work, we also investigate We propose to assign the 1187.4 ¢nto the °cs complex.
other channels beside the C#SCS exit channel. In principle, ~ The absorption band at 1133 ch also not assigned, has
the insertion product SCUCS could lead to+SCuCS or to isotopic shifts close to that ofigsscomplex. This species might
SCuC + S by the cleavage of the terminal bonds. Our be due to an additional Cu atom oméss complex bonded
calculations indicate that the Ck CS, — SEP) + CuCS BA") either on _the Cu or the C side of the complex. The last group
is endothermic by 78.1 and 81.4 kcal/mol at the B3LYP and ©f bands in Table 3 corresponds to thi&s complex.
CCSD(T) levels, and the Ct+ CS; — SEP) + SCuC £2) It is worth noting that the agreement between theory and
reaction is even more endothermic (160.4 and 163.1 kcal/mol €xperiment is less satisfactory for the coordination species as
at the B3LYP and CCSD(T) levels, respectivel§)n addition, opposed to the insertion product. This suggests that a specific
The Cu+ CS — S, (32 + CuC ¢2°) is found to be interaction with the host matrix might occur in the case of the
endothermic by 122.9 (B3LYP) and 124.0 kcal/mol (CCSD- coordination complexes. Alternatively, this can be due to the
(T), whereas the energy of the Gu CS, — C (P) + CuS participation of a second Cu atom in the bonding pattern. The
(?A;) reaction is about 10 kcal/mol higher (136.0 kcal/mol at Cu dimer is strongly bonded (46.4 kcal/mi8las compared to
the B3LYP and 133.2 kcal/mol at the CCSD(T) level). From Other first-row transition metal dimers. Thyés complex which
these results one can clearly conclude that the €S is the has a strong calculated IR absorption at 1467 ‘thas not been

least endothermic exit channel for the title reaction in the gas observed in argon but its cationic form the (EBCS) species,
phase. with a higher CS stretch is observed. As noted by Zhou and

Andrews!! higher level of calculation might be required in order

e. Comparison with Experiment. In addition to their
P P to reproduce all the observed IR bands.

experimental study, Zhou and Andrews performed DFT calcula- o
tions on different possible products in the &UCS; reactiont! The fact that the coordination complexes are formed on
The calculations used B3LYP and BP86 functionals together @nn€aling (without or with anegligible activation energy) is
with the 6-311-G* basis set for C and S and the Wachters and COrroborated by our calgula’gons. The mslertlon.product is only
Hay for copper atom. In the case of neutral species, four observed.afte.r photolysis with alconcom!tant d|§appearance of
stationary points have been located. The(2A"), thenZss (Ay), the Coordlnat|on compl_exes. This r_esult is al_so in _good agree-
and therlc (2A,) complexes and the insertion product SCUCS ment Wlth our theoretical study since the insertion product
(2I1). In agreement with our results, thé: complex was found formation needs to overcome an energy barrier of at least 26
to be a first-order saddle point. However, tjfes complex was kcal/mol with respect to the ground-state reactants.

not located.

The IR bands observed in argon matrix by Zhou and Andrews
are reported in Table 3, along with the proposed assignment. The reaction of copper atoms with €% studied using
The identification of the reaction products is rather difficult since  B3LYP and CCSD(T) calculations. Our results indicate that the
only one IR absorption, for a given species, is observed. In all formation of the insertion product SCuCS is slightly exothermic.
cases, this absorption corresponds to the CS stretching vibrationThere is no energy barrier at the entrance channel and the first
In Table 3, the vibrational frequencies are gathered into 4 step of the reaction is the formation of an “end-on” complex
groups. The first one corresponds to the insertion product, for 5s. From this point, two routes are possible to reach the
which an excellent agreement is obtained. The second group,insertion product. The first one goes through the formation of
in the 1140-1190 cnr! range, seems to correspond to tf3es a “side-on” complexn?cs, with a barrier of 26.9 kcal/mol
andnlc complexes. The 1142.4 cthband has been tentatively ~ whereas the second one goes through the formation of a four-
assigned to thg'c complex!! The calculated isotopic shifts fit ~ membered ringy?sscomplex, with a higher energy barrier 34.7
reasonably well the observed ones; however, this species iskcal/mol, with respect to ground-state reactants at the CCSD-
predicted to be a first-order saddle point. One cannot exclude (T) level. It is interesting to note that the coordination complexes
that in the argon matrix th@'c species is a local minimum.  were actually observed in argon matrix after deposition, whereas
However, some set of observed IR absorption has to be assignedhe insertion reaction was obtained only after photolysis in line

4., Conclusion
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with our theoretical results. The decomposition of SCuCS into

J. Phys. Chem. A, Vol. 107, No. 15, 2003715

(19) P@ai, |.; Schubert, G.; Hannachi, Y.; Mascetti JJ.Phys. Chem.

CuS and CS is found endothermic by 43 kcal/mol at CCSD(T) A 2002 106 9551.

level. Further work is in progress on the reactions of copper

atoms with OCS and CQmolecules.
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