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The homolytic dissociation of the important vulcanization accelerator tetramethylthiuram disulfide (TMTD)
has been studied by ab initio calculations according to the G3X(MP2) and G3X(MP2)-RAD theories.
Homolytic cleavage of the SS bond requires a low enthalpy of 150.0 kd*nvahereas 268.0 kJ mol

is needed for the dissociation of one of the-&€ single bonds. To cleave one of the SS bonds of the
corresponding trisulfide (TMTT) requires 191.1 kJ moMe;NCS;" is a particularly stable sulfur radical

as reflected in the low-SH bond dissociation enthalpy of the corresponding acidN@=S)SH (301.7

kJ molY). Me;NCSs (?B,) is ao radical characterized by the unpaired spin density shared equally between
the two sulfur atoms and by a 4-center (N{L8elocalizedr system. The ESR-tensors of the radicals
Me,NCSy (n = 1—3) have been calculated. Both TMTD and the mentioned radicals form stable chelate
complexes with a Lfi cation, which here serves as a model for the zinc ions used in accelerated rubber
vulcanization. Although the binding energy of the complex [Li(TMTDIg larger than that of the isomeric
species [Li(SCNMey);] " (12), the dissociation enthalpy of TMTD as a ligand is smaller (125.5 kJthol

than that of free TMTD. In other words, the homolytic dissociation of the SS bonds of TMTD is facilitated
by the presence of [tiions. The sulfurization of TMTD in the presence of'lib give the paramagnetic
complex [LiI(SCNMe,),] " is strongly exothermic. These results suggest that TMTD reacts with naked
zinc ions as well as with the surface atoms of solid zinc oxide particles in an analogous manner producing
highly reactive complexes, which probably initiate the crosslinking process during vulcanization reactions
of natural or synthetic rubber accelerated by TMTD/ZnO.

Introduction ing macromolecules. Tetramethylthiuram disulfide (TMTD) is
one of the most important accelerators for this type of
The global annual production of rubber is approximately 17 yylcanization:
million tons. To turn a natural or synthetic polyolefin (“rubber”)
into a useful elastomer, sulfur vulcanization is usually performed TMTD: Me,N—C—S—S—C—NMe,
to generate sulfidic and disulfidic cross-links between neighbor ! !

t Technische UniversitaBerlin. TMTD is usually applied together with zinc oxideand the
* National University of Singapore. function of the latter in this context has recently been studied
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extensively? The formation of zinc thiolate complexes has been level ab initio calculations according to the G3X(MP2) and
postulated, which are believed to add more sulfur atoms either G3X(MP2)-RAD theories. In addition, the influence of a metal
from each other by disproportionation or from added elemental cation on the dissociation was investigated using lithium ions
sulfur. These polysulfido complexes are assumed to attack theas a probe and as a model ion for the impact of zinc cations
polyolefin of natural or synthetic rubbers, eventually resulting during rubber vulcanization accelerated by the TMTD/ZnO
in crosslinking between the polymeric chain molecdles. system. The zinc ions on the surface of solid ZnO particles have
The thermal behavior of pure TMTD has repeatedly been an atomic charge much smaller th&@. Their interaction with
studied by several groups. Free radicals have been detected bffMTD and other substrates can therefore be modeled by a singly
electron spin resonance (ESR) spectroscopy when TMTD wascharged ion such as Li
heated to 136150 °C.*~6 The intriguing question is which of
the covalent bonds of TMTD was broken homolytically. A
triplet signal atg = 2.05 with a peak separation of ca. 15 G

was observed after heating of TMTD followed by cooling to  The structures and energies of TMTD and its various derivatives
room temperature. This signal was assigned to the thiuram were examined using G3X(MP2) thedihis composite method
radical MeNCS".4 If TMTD was heated followed by quenching  corresponds effectively to QCISD(T)/G3XL/B3LYP/6-31G(2df,p)
to —56 °C, a singlet was observed@t= 2.02 and was assigned  energy calculations together with zero-point vibrational and isogyric
to a persulfenyl radical M&ICS".5 In addition, a weak signal corrections. The G3X(MP2) theory represents a modification of
atg = 2.006 was recorded after heating TMTD for 120 min to the G3(MP2)° theory with three important changes: (1) B3LYP/
145°C; this signal was assigned to an unknown carbon raglical. 6-31G(2df,p) geometry, (2) B3LYP/6-31G(2df,p) zero-point energy,
However, all of these assignments have so far not been and (3) addition of a polarization function to the G3Large basis
substantiated by any theoretical calculations, and even theset for the second-row atoms at the Hartree-Fock level. All three

: A . _ features are particularly important for the proper description of
structures of the various MNCS;" species except fon = 2 sulfur-containing species. Harmonic fundamental vibrations were

Computational Methods

are unknown. “The structure ?f the radical MES was calculated at the B3LYP/6-31G(2df,p) level to characterize station-
investigated by “MNDO RHF-CI” calculations reported in 1992. 4y noints as equilibrium structures, with all frequencies real, and
A planar GNCS; skeleton was predicted with two identicat-S transition states, with one imaginary frequency. Selected reactions

bonds 161 pm in lengthBy thermolysis of the related tetra-  were also examined by the G3X(MP2)-RAD thedtwyhich was
isopropyl-thiuramdisulfide, the radic®rLNCS,* was generated  designed to provide a better theoretical treatment for free radicals.
which was detected by a single line@t= 2.015 in the ESR RHF was used for closed-shell species, and the UHF formalism
spectrum when the precursor molecule, dissolved in decalin, was employed for the open-shell systems, except for certain G3X-
was heated to temperatures above@3% From the temperature ngPZ_)—RAD Ica_lculatlons. For al(; |nv_est|gﬁted Specl'es’ ad chag_gel
dependence of the ESR signal intensity, the dissociation enthalpyd©nSity analysis was performed using the natural bond orbita
of (PLNCS), was calculated as 104 2 kJ mofL. For the (NBO) app_roach based on the B3LYP/6-31G(2df,p) wavefunction.

; o . . NBO atomic charges of small molecules have recently been
corresponding methyl derivative (TMTD), this entity was

. . . demonstrated to agree well with experimental values obtained from
roughly estimated (not determined) as 130 kJThbIThe radical X-ray diffraction data-® Unless otherwise noted, relative energies

'PRLNCS," was also generated from the corresponding disulfide reported in the text correspond to the G3X(MPZ) 505 values.
(dissolved in acetonitrile) by laser flash photolysis, and an The same holds for the reaction enthalpies and Gibbs energies. Al
absorption band at 580 nm was assigned fo it. reported structural parameters correspond to the B3LYP/6-31G-

Depending on the nature and the concentration of the- Me (2df,p) level. The electronic transition energies of radahd its
NCSr radicals, the vulcanization of rubber accelerated by isopropyl analogue were calculated using the time-dependent DFT
TMTD may take place by either an anionic or a radical (TD-DFT) method* at the B3LYP/6-31G(2df,p) level. The DFT
mechanism or by both. Under equilibrium conditions, the caI(_:uIatlons of ESRy-tensors based on the gauc_he-lncludlng atomic
concentration of radicals depends on the various dissociationg‘r;:ts?tlj f(l?r:?t%fa?%%%?gr:v;zrcekgggleZdwOXItl L(‘;Lne% ?;Cmf}fggam
enthalples_of TMTD, which are not known accurately. To were performed using th6AUSSIANDZ! and MOLPRO 2002
address this question, we have calculated the structures of th

. . i . rograms.
radicals MeNCS; (n = 1—4) and studied the various homolytic ep g
dissociation reactions of TMTD and of the related trisulfide

; ; ; ; ; ivhe (9) Curtiss, L. A.; Redfern, P. C.; Raghavachari, K.; Pople, J.&£hem.
(tetramethylthiuram trisulfide, TMTT) for the first time by high Phys.2001. 114, 108,

(10) Curtiss, L. A.; Redfern, P. C.; Raghavachari, K.; Rassolov, V.; Pople,

(1) Hoffmann, W.Vulcanization and Vulcanizing AgentslacLaren: J. A.J. Chem. Phys1999 110, 4703.
London, 1967. (11) Henry, D. J.; Sullivan, M. B.; Radom, 1. Chem. Phy2003 118
(2) For recent reviews, see: (a) Nieuwenhuizen, PApbl. Catal. A 4849.

2001, 207, 55. (b) Heideman, G.; Datta, R. N.; Noordermeer, J. W. M. (12) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
Rubber Chem. Techna2004 77, 512. (c) Heideman, G.; Datta, R. N.; 899.

Noordermeer, J. W. M.; van Baarle, B.Appl. Polym. ScR005 95, 1388. (13) Messerschmidt, M.; Wagner, A.; Wong, M. W.; Luger,JP Am.

(3) (@) Nieuwenhuizen, P. J.; Ehlers, A. V.; Hofstraat, J. W.; Janse, S. Chem. Soc2002 124, 732.
R.; Nielen, M. W. F.; Reedijk, J.; Baerends, E.€hem Eur. J1998 4, (14) Casida, M. E.; Jamorski, C.; Casida, K. C.; Salahub, 03. Rhem.
1816. (b) Nieuwenhuizen, P. J.; Ehlers, A. W.; Haasnoot, J. G.; Janse, S.Phys.1998 108 4439.
R.; Reedijk, J.; Baerends, E.J. Am. Chem. Sod.999 121, 163. (15) (a) Schreckenbach, G.; Ziegler, I.. Phys. Chem. A997 101,

(4) Degtyarev, L. S.; Ganyuk, L. N\Vysokomol. Soediri964 1, 31. 3388. (b) Patchkovskii, S.; Ziegler, T. Phys. Chem. 2001, 105 549Q

(5) Coleman, M. M.; Shelton, J. R.; Koenig, J.Rubber Chem. Technol. (c) van Lenthe, E.; van der Avoird, A.; Wormer, P. E.J5.Chem. Phys.
1973 46, 957. 1997 107, 2488.

(6) For a critical discussion of the earlier ESR spectroscopic work, see  (16) (a) te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonseca Guerra,
ref 5. C.; van Gisbergen, S. J. A.; Snijders, J. G.; ZieglerJTComput. Chem.

(7) Plyusnin, V. F.; Kusnetzova, E. P.; Bogdanchikov, G. A.; Grivin, V. 2001 22, 931 (b) Fonseca Guerra, C.; Snijders, J. G.; te Velde, G.;
P.; Kirichenko, V. N.; Larionov, S. VJ. Photochem. Photobiol. A: Chem.  Baerends, E. Jrheor. Chem. Accl998 99, 391 (c) ADF2005.01 SCM.
1992 68, 299. Theoretical Chemistry, Vriie Universiteit, Amsterdam, The Netherlands,

(8) Nichols, P. J.; Grant, M. VAust. J. Chem1983 36, 1379. http://www.scm.com.
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FIGURE 1. Optimized geometries [B3LYP/6-31G(2df,p)] of the two conformers of TMTD (bond lengths in picometers). X-ray structural parameters

are given in parentheses.

2 (Cyp,%By)

3(Cs, °A)

4(Cy,%A)

FIGURE 2. Optimized geometries [B3LYP/6-31G(2df,p)] of the radicals,M€S; with n = 1—3 (bond lengths in picometers). Molecular symmetry

and electronic state are given in parentheses.

Results and Discussion

In Figure 1, the calculated structure of the TMTD molecule
(2) is shown. In addition, the bond lengths determined by X-ray
diffraction on single crystals at 138 K are given. Solid TMTD

crystallizes as two allotropes: a low-temperature phase of

laare relatively short (133:2134.7 pm) compared to a typical
C—N single bond length (146 pm). This indicates the delocal-
ization of thesx electrons in the NCS frameworks.

Previous authors have discussed the possibilities that either
the S-S bond or one of the €S single bonds of TMTD breaks
on heating, which would give either two M¥CS,® radicals

unknown structure _beloyv 133 K a_nd a monoclinic high- (2) or the species M&ICS (3) together with MeNCSy* (4).5
temperature phase in which the two independent molecules ofThe cqiculated structures of these radicals are shown in Figure

the asymmetric unit are of, symmetry!® The most stable
calculated structure is also €, symmetry with bond lengths
that agree within 3 pm with the experimental values. However,
there exists a rotational isomer dfthat is less stable by 13.9
kJ molt (AH®,9¢) (14). The main difference betwednandla
concerns the two torsional angles—8—S—S, which are
—177.3 in 1 compared to 9.5and 155.0 in 1a, which is of

Cy, symmetry. The torsional angles-G—S—C are 88.7in 1
and 78.3 in la It is worth noting that the CN bonds thand

(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, Jr., J. A.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A.; Cammi, J., R;;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D,
Raghavachari, K.; Foresman, J. B., Ortiz, J. V.; Cui Q.; Baboul, A. G;
Clifford S.; Cioslowski, J., Stefanov, B. B.; Liu, G.; Liashenko, A. Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A_;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
Gaussian, Inc.: Wallingford, CT, 2004.

(18) Werner, H.-J.; Knowles, RIOLPRO 2002University of Birming-
ham: Birmingham, 2002.

(19) Wang, Y.; Liao, J. HActa Crystallogr., Sect. B989 45, 65.
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2. Itis interesting to note that the structural unigNCS, (n =
1-3) of all of these species are either exactly plarear4) or
nearly planar 1). Expectedly, the most dramatic structural
changes on dissociation of TMTD take place at the GSt
and in particular with the bond lengths. Whereas in TMTD there
are two regular &S double bonds (165.0 pm) and twe-G
single bonds (184.0 pm), radicadhas just one very short€S
bond of length 161.0 pm. In addition, the-@®l bond length
has decreased from 134.7 pmlito 131.0 pm in3. Evidently,
the it electron system o8 extends from sulfur to nitrogen. In
contrast, radica? has two identical €S bonds (170.0 pm) and
a relatively short &N bond (133.5 pm). Structurally, the
persulfenyl radicah resembles the parent compouhd

As seen in the spin density plots in Figure 3, all three radicals
correspond to a type of radical. For radica? (B, ground
state), the unpaired spin density is located almost exclusively
in the two sulfur atoms. Essentially, the SOMO is a linear
combination of the two sulfur lone pair orbitals. The resonance
hybrid of 2 clearly indicates the delocalization of theorbitals
over the 4-center NGSramework as well as the delocalization
of the spin density:

S

CHj CH3 S CH3 CHj
\ / \ // \ \
N— C\\ - N— c\ - + N—C - N C\
CH3 S CHg S, CHg3 S_ CH3 Se
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FIGURE 3. Spin density plots [UB3LYP/6-31G(2df,p)] of the WCS; radicals2—4 (n = 1-3).

Specie has a large dipole moment of 4.92 D as expected equally shared between the two sulfur atoms, we can safely
from the contributing dipolar resonance forms. For comparison, assign the observed triplet sightd MesNCS;* (2). On the other
the parent radical HGShas a smaller dipole moment of 1.49 hand, the calculateg-tensor of3 appears to match well with
D at the same level of theory. Note that thype radical {Ay) the ESR signal previously assigned to an “unknown carbon
corresponds to an excited state with a relative enthalpy of 71.3radical’® (see Introduction). We have computed alsogtensor
kJ molL. The stability of this radical is readily reflected in the of radicallPLNCSy, which has a definitive ESR spectrinm
S—H bond dissociation enthalpy of the corresponding acig-Me this case, the calculated value gf= 2.015 is in perfect
NC(=S)SH. The calculated value of 301.7 kJ mis the agreement with the observed valge= 2.015). The magnitude
lowest among various known sulfur-containing compounds as of the computed-value is very close to that calculated for the
the following examples demonstrate: 381.68) 365.7 (CH- methyl analogu@ (g = 2.017). This is not unexpected as both
SH), 349.4 (GHsSH), 330.5 (HOSH), and 318.0 (HSSH) kJ radicals have similar electronic structures. It thus appears that
mol~1.20 The stabilizing effect of the dimethylamino group in the experimentag-value of MeNCS;* (2.02) is somewhat high
radical2 can be estimated by the following isodesmic reaction: and may require re-examination.

The homolytic dissociation energies of the S bond and of

Me;N + HCS,”— Me,NCS,” + CH, one of the G-S single bonds of differ considerably, and the

AHC 5= —159.0 kJ mor @ former process is clearly favored:

This computed radical stabilization energy is substantially (Me;NCS,), (1) —~ 2Me;)NCS;’ (2) )
larger than those calculated for carbon radicals (XTH As o 1 — 1
in the case oR, the spin density of radical resides mainly in AH?505=155.1 kI mol™  AG®;45=100.3 kJ mol
the two terminal sulfur atoms. On the other hand, the unpaired .
electron spin ir8 is located in both the carbon and sulfur atoms (M&NCS,), (1) —Me;NCS (3) + Me,NCS;" (4) 3)
Figure 3).
( '?he ES)Rg-tensors of radical2—4 were investigated by the AH®595 = 266.4 kJ mol* AG®595=206.3 kJ mol*
DFT-GIAO method at the BLYP/TZ2P level. The calculated
isotropic g-values are 2.017, 2.001, and 2.017 for,MES;", The low S-S bond dissociation enthalpy is attributed to the
Me:NCS, and MeNCSy*, respectively. Both radical®d and4 remarkable stability of the M&ICS;® radical. To provide more
are predicted to have similartensor values. However, based definitive estimates of the various bond dissociation enthalpies
on the molecular symmetry and the fact that the spin density is of 1, the structures and energies of specless were also
examined by the G3X(MP2)-RAD method, which yields more
(20) (a) Luo, Y.-RHandbook of Bond Dissociation Energies in Organic  reliable predictions of thermochemical data of free radiééls.

Chemistry CRC Press: Boca Raton, FRP03 (b) Cabral, de Couto, P.; As can be seen from the data in Table 1. the computed
Costa, Cabral, B. J.; Martinho, Simoes, J.Ghem. Phys. Let2006 421, ' P

504.
(21) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio (22) Ganez-Balderas, R.; Coote, M. L.; Henry, D. J.; Radom].LPhys.
Molecular Theory Wiley: New York, 1986 p 348. Chem. A2004 108 2874.
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TABLE 1. Calculated Reaction Enthalpies AH2gs kJ mol=1)
Using the G3X(MP2) and G3X(MP2)-RAD Methods

reaction in equation G3X(MP2) G3X(MP2)-RAD
2 155.1 150.0
3 266.4 268.0
4 111.3 117.8
6 267.0 265.2
7 111.9 115.3

Steudel, et al.

and MeNCS;*. The overall reaction is therefore as follows and
no carbon radical is formed:

(Me,NCS)), (1) — Me,N" (5) + CS, + Me,NCS,’ (2)  (6)
AH®,0=267.0 kI mol'  AG®,5= 173.4 kJ mol*

On the basis of our calculated energies, the reported formation
of a carbon radical by thermal dissociation of TMTD at 245

dissociation enthalpies obtained by both methods agree withinis unlikely.

5 kJ moi L. This result is perhaps not surprising as all radicals
2—4 do not have a significant spin contamination in their UHF-
based wavefunctions<(&*> = 0.77 in all cases). Hence, our

best theoretical estimate of the lowest dissociation enthalpy of Me,NCS,” (2) — Me,N’ (5) + CS,

TMTD is 150.0 kJ mot?, in perfect agreement with the value
of 151 kJ mof? reported by BlokR® who investigated the
isotopic exchange between TMTD anglt8ing radioactivé®s.
In this context, it is interesting to note that TMTD triggers
radical polymerization reactions of styrene and of methyl
2-methylacrylate already at 7@€C.24

The calculated dissociation enthalpiesldre in agreement
with literature data on the homolytic dissociation of similar
compoundg® We have also investigated the homolytic dis-
sociation of related tetra-isopropylthiuram disulfide at the
B3LYP/6-31G(d) level. The calculated bond dissociation en-
thalpy to form two'PLNCS; radicals is 40 kJ mof smaller
than the corresponding value of TMTD. On the basis of this
difference and the G3X(MP2)-RAD value of TMTD, we
estimate the dissociation enthalpy (?tNCS,), to be 110 kJ
mol~1, in excellent accord with the experimental value of 104
+ 2 kJ molL. This lends further support to the assignment of
the ESR spectrum of a sulfur radical with= 2.01% to the
thiuram radicalPLNCS*. The lower S-S bond dissociation
enthalpy suggests th&rnNCS;* is significantly more stable than
the methyl analogu2. We have also examined the electronic
spectrum of PLNCSy*. A strong absorption at 545 nm is
calculated, in good accord with the experimental value of 580
nm.” A similar excitation energy of 550 nm is predicted for
radical 2.

From the above data, it follows that the disproportionation
or “self-sulfuration” of radicaPR is thermodynamically unfavor-
able:

2Me,NCS;’ (2) — Me,NCS (3) + Me,NCS; (4) @)

AH®,0=111.3kI mol*  AG°,e= 120.5 kJ mol*

The dissociation of one of the-€N bonds ofl with formation
of another radical) has also been discussed in the literature:

(Me,NCS)), (1) — Me,N" (5) + Me,NC,S, (6) (%)

However, radicab is not a stable equilibrium structure. Upon
geometry optimization, it spontaneously dissociates intg CS

(23) Blokh, G. A.Rubber Chem. Technadl958 31, 1035.

(24) Ferrington, T. E.; Tobolsky, A. VJ. Am. Chem. Sod 955 77,
4510.

(25) (a) Benson, S. WChem. Re. 1978 78, 23. (b) Griller, D.; Simoes,
J. A. M.; Wayner, D. D. M. InSulfur-Centered Reack Intermediates in
Chemistry and BiologyChatgillialoglu, C., Asmus, K.-D., Eds.; Plenum
Press: New York, 1990; p. 37.
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The homolytic dissociation of radic@lis less endothermic
than the homolysis of the SS bond of TMTD:

@)
AH® e =111.9 kI mol*  AG®,5s = 73.2 kI mol*

Therefore, at temperatures high enough to initiate the reaction
in eq 2, the latter reaction will also take place. However, since
the concentration of radic& will always be very small, the
concentration of MgN* will be even smaller unless the €8
allowed to escape, in which case M is continuously
produced.

The thermal decomposition df has been reported to yield
eventually Cg, tetramethylthiurea (TMTU), and elemental
sulfur® This reaction is predicted to be slightly endothermic
but exergonic if all species are gaseous:

(Me,NCS)), (1) — CS, + (Me,N),CS+/;S; (8)

AH®,0=2.7kImol"  AG®,5s= —35.2 k mol*

However, other studies did not demonstrate TMTU as a
product of the thermal TMTD decomposition, but instead the
formation of tetramethylthiuram monosulfide (MMCS),S
(TMTM) was observed?® The radicals MgN*, 2, and4 as well
as tetramethylthiuram polysulfides are believed to be intermedi-
ates in these reactions. In this context we have calculated the
hitherto unknown structure of MBICSy" to find out whether it
is a cyclic or a chain-like species. The results are shown in
Figure 4. Three isomers were obtaine] {a, and 7b). The
two conformers’ and7adiffer mainly by their torsional angles.
The global minimum structur@ has all non-hydrogen atoms
practically in one plane. Dipole moment and NBO atomic
charges are given in Table 2. The relative enthalpy’ afs
11.3 kJ mot?. In this conformer, the sulfur atoms S3 and S4
are out of the plane defined by the N&gBoup (torsion angles:
N—-C—-S—-S—32.3, S—~C—S-S 149.9, C—S—S—S —59.1°).

The third isomer Tb) was obtained when we tried to construct
a cyclic structure with a five-membered £i8eterocycle. This
species with a relative enthalpy of 62.6 kJ mols of C,
symmetry with one rather long SS bond of 270.0 pm connecting
the two disulfide groups. Therefore, radiddl may be denoted

as MeNC(S)2". The spin density plots of the three isomers are
shown in Figure 5. Essentially, and 7a are r radicals with
unpaired spin densities located in the terminal SS moiety. On
the other hand,/b is better described as a radical. The
predicted isotropig-tensor values o7, 7a, and7b are 2.024,
2.029, and 2.011, respectively. These EpRalues may be used

to differentiate these species from the related radizaid.

(26) Kruger, F. W. H.; McGill, W. JJ. Appl. Polym. Scil1991 42,
2669.
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Ta (C1)

FIGURE 4. Optimized geometries [B3LYP/6-31G(2df,p)] of the isomeric MES, radicals7, 7a, and 7b (bond lengths in picometers) and

numbering of sulfur atoms.

TABLE 2. Atomic Charges (NBO) of the Donor Atoms and Dipole
Moments ¢ (in Debye) of Species %4, 7, 7a, and 7B

species N S1 S2 S3 S4  u
TMTD (1) -0.44 -0.12 +0.17 +0.17 -0.12 0.95
Me;NCS (3) -0.45 -0.02 4.44
Me:NCS(2) —-0.42 -0.04 -0.04 4.92
Me:NCSs*(4) —0.43 +0.06 +0.24 -0.21 6.03
MezNCSy (7) —-0.43 -0.12 +0.15 +0.20 -0.16 5.28
Me:NCSy (7a) -0.43 +0.06 +0.16 +0.09 -0.13 4.51
MeNC(Sy)z (7b)  —0.41 +0.26 —0.23 +0.26 —0.23 7.73

aB3LYP/6-31G(2df,p) level® For atom labeling, see Figures 1, 2, and
4,

The formation of4 and7 by sulfuration of2 with elemental

substituents MENC(=S) aretransto each other. It is not known
whether the reaction in eq 11 proceeds via the intermediate
formation of radicals, e.g., as in egs 2, 12, and 13:

Me,NCS," (2) + Me,NCS;’ (4) —

TMTT (13)

AH®,0s=—195.9 kI mol*  AG°,0s= —135.9 kJ mol*

It is remarkable that the-SS bond dissociation enthalpy of
TMTT (195.9 kJ mot?) is larger than that of TMTD (150.0 kJ
mol~Y), whereas normally disulfide bonds are thermally more
stable than the tri- and tetrasulfide chains of organic polysul-
fides?528

Impact of Metal Cations on the Dissociation of TMTD

sulfur is slightly endothermic and endergonic, and the corre- and TMTT. The various radicals as well as TMTD itself contain
sponding equilibria are on the left side at moderate temperaturesseveral donor atoms with lone electron pairs, and these are

Me,NCS," (2) +Y,S; — Me,NCS;" (4) (9)
AHC 0= 41.6 kI Mol  AG°,05=40.1 kJ mol*
Me,NCS," (2) +,S; — Me,NCS; (7) (10)

AH 0= 9.3kImol'  AG®,e5= 16.8 kJ mol*

By recombination reactions between radica)s4, and 7,

expected to interact with the positively charged metal atoms of
zinc oxide or zinc complexes added to a rubber vulcanization
mixture as essential ingredients (“activators”). The NBO atomic
charges ofl—4 (Table 2) together with the well-known

polarizability values indicate that the terminal sulfur atoms are
likely to be the preferred sites for any cation coordination, while
the planar coordinated nitrogen atoms are of lower Lewis
basicity despite their higher negative charge. In fact, for initial
structures with a L ion directly linked to the nitrogen atoms

of radicals2 and4, the Li* ion moved to the sulfur atoms on

various tetramethylthiuram polysulfides (TMTP) can be formed. geometry optimization. This finding is in line with the structures
Thus, one possible reaction sequence for the formation of TMTP of several metal complexes containing TMTD as a bidentate

on heating of TMTD isl — 2 — 4 — 7 — TMTP. However,
the disproportionation of the disulfide TMTD into the mono-
sulfide (TMTM) and the trisulfide (TMTT) has also been
discussed in the literatufé:

2R,S, (TMTD)— R,S (TMTM) + R,S, (TMTT); R =
Me,NC(=S) (11)

AHC 0= 6.5kImol'  AG®,g5=9.5 kI mol*

TMTD (1) + Me,NCS;" (2) — TMTM + Me,NCS; (4)(

12)
AH®,e=47.3kImol*  AG®,q5= 45.1 kJ mol*

The trisulfide molecule TMTT is o€, symmetry with normal
geometrical parameterglds = 205.3 pm,tcsss= 85.4). The

(27) Geyser, M.; McGill, W. JJ. Appl. Polym. Sci1995 55, 215.

chelate ligand linked to a metal atom by the thione sulfur
atoms?® e.g., in [Znk(TMTD)] %% and [Hgh(TMTD)].31 On the
other hand, certain organometallic complexes react with TMTD
or the corresponding ethyl derivative at 20 with cleavage of
the S-S bond and oxidative addition of the thiocarbamato units
to the metal atoms. This holds true for [MeAuRPhielding
[MeAu(S;CNMey)2]32 and for [ CpCr(CO}} ;] yielding [CpCr-
(COX(S,CNEp)]. 3

To study the influence of a metal cation on the SS bond
dissociation energy of TMTD, we have used the smaller lithium

(28) Steudel, RChem. Re. 2002 102, 3905.

(29) Victoriano, L. I.Coord. Chem. Re 200Q 196, 383.

(30) McCleverty, J. A.; Morrison, N. JJ. Chem. Soc., Dalton Trans.
1976 2169.

(31) Beurskens, P. T.; Cras, J. A.; Noordik, J. H.; Spruijt, AJMCryst.
Mol. Struct.1971, 1, 93.

(32) Perevalova, E. G.; Grandberg, K. |.; Dyadchenko, V. P.; Kalinina,
O. N.J. Organomet. Chen1988 352, C37.

(33) Goh, L. Y.; Weng, Z.; Leong, W. K.; Leung, P. Angew. Chem
2001 113 3336;Angew. Chem., Int. EQ®001, 40, 3236
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FIGURE 5. Spin density plots [UB3LYP/6-31G(2df,p)] of the isomeric MECS, radicals7—7b.

10 (Cy) 11 (Cy)

FIGURE 6. Optimized geometries [B3LYP/6-31G(2df,p)] of the cationic lithium complexes [Li(TMTIJ), [L(SCNMey)]** (9), [Li(S.CNMe&y)]+
(10), and [Li(SCNMey)]*" (11) (bond lengths in picometers).

cation as a probe to save computational time and to allow for becomes two- or three-coordinated. The optimized structures
a high level of theory for theoretical investigation. All species of these lithium complexes are shown in Figure 6.
1-4 form stable chelate complexes with afLion, which The structure of [LI(TMTD)} (8) is of C; symmetry and
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TABLE 3. Binding Energies* (kJ mol~?) and Dipole Momentsu® with the sulfur content, the sulfurization di0 by elemental
(Debye) of the Lithium Complexes 8-12, 14, and 15 sulfur to produce the trithiolane derivatitd is exothermic and
complex AHC508 AG®598 u exergonic:
[Li(TMTD)] ** (8) —284.6 —243.6 3.01
[Li(SCNMey)** (9) —166.1 —137.2 6.16 i ot +Y 5 —Lj ot
[Li(S:CNMey)] ** (10) ~182.2 ~150.1 469 [Li(S,CNMe,)]™" (10) +75S; — [Li(S;CNMey)] ™ (11) 14
[Li(SsCNMey)] ™ (11) —253.6 —203.9 2.46
[Li(S2CNMey)2] ** (12) —-314.3 —235.2 4.74 o _ 1 o _ 1
[LiTMTTY] - (1) “oo1e “oeas 317 AH®5gq 19.9 kI mol™  AG®,q4 13.7 kJ mol
[Li(SsCNMe,)] ™ (15) —409.2 —326.0 1.42
aG3X(MP2) values? B3LYP/6-3G(2df,p) level. This finding is important since only the polysulfidic com-

plexes are assumed to abstract allylic hydrogen atoms from
rubber molecules with the formation of,8. Evidently, the
r]polysulfido complexes are formed spontaneously if elemental
sulfur is added, in contrast to thendothermicsulfuration
reactions of the free radical see eq 9. Using the more reactive

characterized by a seven-membered ring since the metal io

forms a bridge between the two thione sulfur atom4.ofhe

Li—S bond lengths of 234.9 and 237.1 pm are in line with the . # o

data of other Iitﬁiated sulfur-rich compoupn%szowever, there (metastaple)_polymerlc_sulfur Crystex® the eq“'."b””m of

is an additional Li'S contact of 251.7 pm to one of the disulfide the reaction in eq 1_4 will bg Ieven more on the ”th side.

sulfur atoms, and the metal atom may be considered as three- Because of the high stability of the complex [Li(TMTD)]

coordinated. The structural parameters of the TMTD ligand the homolytic dissociation energies of the TMTD ligand with

changed only slightly from those of the free molecule except formation of one free radical and one ligand stabilized radical

for the two torsion angles-SS—C=S (134.3) and S-S—C—N are drastically different from those of free TMTD)(

(—=50.5) on the left side of the molecul8 in Figure 6. A

structure ofC, symmetry with two-coordinated Liis also a [Li(TMTD)] * (8) — [Li(S,CNMe,)]"" (10)

minimum on the potential energy hypersurface of [Li(TMTD)] .

but this isomer &a) is by 10.7 kJ moi?! less stable thaB. +MeNCS) (2) (15)
The small MeNCS radical coordinates to a lithium cation Ao — 257 g kI mol* AG°...= 193.7 kJ mol*

both via the sulfur and the carbon atom resulting in a three- 298 ' 208 '

membered ring. All non-hydrogen atoms of [Li(SCN}le (9) _ N . .

are coplanar, and the molecular symmetrZigFigure 6). The  [LI(TMTD)] ™ (8) — [Li(S;CNMey)]™" (11) + Me,NCS (3)

shortest SH contact is 284.0 pm. The structure of [LiS (16)

CNMey)]** (10) is also ofCs symmetry and characterized by a o 1 o 1

nonplanar four-membered @3 heterocycle. The metal ion is AH%59,=307.4 kI mol™  AG?205 = 245.9 kJ mol

not in the plane of the £NCS, skeleton; the mirror plane is _ N _ N

bisecting the angles 8 and CS. This structure is obviouslya  [Li(TMTD)] " (8) — [Li(SCNMe,)]"" (9) + Me,NCS;’ (4)

compromise between the ion-dipole attraction, which would be (17)

maximum if Li* were in the GNCS; plane and located on the o _ 1 o 1

dipole vector that is identical to the direction of the-B(sp) AH%50= 384.9 kI MOT"  AG?305 = 312.7 kJ mol

bond, and a covalent bond betweer laind the sulfur B lone

pairs, which are perpendicular to theNICS; plane and which ~ However, a more likely thermal reaction 8fis the isomer-
are part of the four-center electron system of the radical. The ization to the bis-chelate compleb2 with a four-coordinated
torsion angles SC—S—Li are + 37.%. The sulfur-rich radical  lithium atom and the TMTD ligand dissociated into two equal

cation [Li(SSCNMey)]** (11) is also of Cs symmetry with all ~ fragments:

non-hydrogen atoms in one plane. Both th/e¥Cand S-S bonds

contract on LT coordination while the €S bond considerably [Li(TMTD)] + (8) — [|_i(52(:N|\/|{:,2)2]+ (12 (18)
expands (by 10.7 pm). Interestingly, the-8 bonds of1—4

become shorter upon complexation witht I(Figures 1, 2, and ~ AHC,g = 125.5 kI mol*  AG®,0s= 108.6 kJ mol*

6). In general, the geometrical features of th&iS coordination

in 8—11 are similar to those calculated for the lithium complexes
of sulfur clusters*

The binding energies of the four complex@s1], i.e. the
energy differences between a lithium cation and the free ligand
on one side and the complex on the other side, are listed in
Table 3. These data demonstrate that the binding energies o
the two-coordinated species [L{SNMe,)]**" are smaller than
that of [LI(TMTD)] *, but these energies increase with the sulfur
Eﬁgﬁggg ttf;]ee l;ggiréilir;?iorﬁi%?naI?xaéémgwwgi\?é-lr%gﬁbere dfor the dissociation of the free ligand at the G3X(MP2) level,
metallacycie As a consequence o?the increase in binding energyshows that the lithium cation facilitates the dissociation of

' TMTD at the sulfur-sulfur bond.

The complex [Li(SCNMey);]t can exist as a tripletl@) or
as a singlet statela). At the G3X(MP2) level12ais 14.0 kJ
mol~! less stable than the triplet ground state. Consequently,
the enthalpy data in eq 18 apply to the triplet spedigsThe

eometry ofl2 is shown in Figure 7. Interestingly, the Li and

he four S atoms are coplanarli@. The fact that the dissociation
of the TMTD ligand in8 to give the dissociated ligands present
in 12requires only 125.5 kJ mol, compared to 155.1 kJ n1dl

(34) (a) Steudel, Y.; Wong, M. W.; Steudel, RBhem. Eur. J2005 11,

1281. (b) Steudel, Y.; Wong, M. W.; Steudel, Rur. J. Inorg. Chem2005 (35) For a study on the thermal reactions of Crystex and other metastable
2514. (c) Wong, M. W.; Steudel, Y.; Steudel, Rorg. Chem.2005 44, sulfur allotropes, see Steudel, R.; Passlack-Stephan, S.; HolAt ABorg.
8908. Allg. Chem.1984 517, 7.
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14 (Cy) 15 (Cy)

FIGURE 7. Optimized geometries [B3LYP/6-31G(2df,p)] of the triplet lithium complexes [}@SMey),]* (12), [Li(S.CNMey)(SsCNMe,)] ™
(13), and [Li(SCNMey)2]* (15) as well as of the singlet species [Li(TMTT)[14) (bond lengths in picometers).

HCo3
(kJ mol 1)
—— 2 Me,NCS,*
150+ ) 22
+155.1
O TMID =f=--=-=— === == =T === === J- .
+Lit| 284.6 +Lit 159.1 +2 Lit| 209.2
-150T .
[Li(S2CNMe)o]* = v
+125.5 -2 [Li(S2CNMeo)]-+
+Lit | +75.4
X o _____
=300 [Li(TMTD)]+

FIGURE 8. Energy level diagram for the homolytic dissociation and complex formation reactions of TMTD with and witHocetions, based
on G3X(MP2) computed reaction enthalpies.

If additional lithium cations are available, compl&may The reaction ofL2 with Sg to the mixed ligand complex [Li-
be cleaved into two identical complexa§: (S.CNMey)(SsCNMey)] ™ (13) in its triplet state is slightly
endothermic:

[Li(TMTD)] * (8) + Li" — 2 [Li(S,CNMe,)]"" (10)  (19) [Li(S,CNMey),] (12) +Y,S, — [Li(S,CNMe,)
AH® 5= T75.4 kI MoT*  AG®,q5= 43.6 kJ mol™* (S,CNMey] ™ (13) (21)

AH® e =15kImol!  AG®,95=5.2 kI mol*
Thus, the overall reaction of TMTD with an excess of lis

strongly exothermic: Attempts to optimize the structure of [LESNMe,)(Ss-
CNMey)]* as a singlet resulted in the novel species [Li-

o o+ (TMTT)]* (14) in which the trisulfide ligand TMTT forms three
TMTD (1) + 2L 2[Li(S,CNMe,)]™ (10) (20) Li—S bonds to the metal cation (Figure 7). This complex is by
AH®,g5= —209.2 kJ mort AG®,55= —200.0 kJ mort 133.1 kJ mot! more stable than the triplet isom#&8:
TMTT + LiT — [Li(TMTT)] © (14) (22)
In Figure 8, the various dissociation reactions of TMTD are 1 1
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As a consequence of the high stability 1, the following We, therefore, expect that the three-coordinated zinc ions on
sulfurization reaction with spin-crossover is exothermic: the surface of bulk ZnO particles facilitate the formation of
radicals from TMTD during the vulcanization of rubber with
[Li(SZCNMez)Z]+ (12 +l/8 S;— [LI(TMTT)] (14 (23) this accelerator system in a similar fashion as the reaction in
eq 20. Since ca. 95% of a typical vulcanization mixture consist
AH®,0=—131.6 kI mol* AG®,0s= —115.4 kJ mol* of rather unpolar materials such as polyolefins and carbon black,
there should be no strong solvent effects. Radical reactions may
The geometries 03 and 14 are shown in Figure 7. These  then play a major role during the vulcanization of rubber with

structures are similar to those of the related complexkand this particular accelerator system. The predicted paramagnetic
11 depicted in Figure 6. Comple¥4 is of Cs symmetry. thiocarbamato zinc complex [Zi{SNMe,)]2t is expected to
Dissociation of the trisulfide TMTT in the presence of 2 equiv be sulfurized by elemental sulfur with formation of the
of Li* is also an exothermic process: analogous polysulfidic trithiolane species, which then can react
. ) - with the polyolefins with crosslinking. These reactions on the
TMTT + 2Li" — [Li(S,CNMe)]"" (10) + surface of ZnO particles are now under investigation and the

[Li(S;CNMe)]™" (12) (24) results will be reported elsewhere. At higher temperatures,
additional redox reactions take place between ZnO and TMTD
AH®,05 = —229.9 kJ mor? AG®,9s=—218.2 kJ mor?t yielding zinc dithiocarbamate, TMTU, elemental sulfur, S
and zinc sulfaté? Possible intermediates of this reaction have
The formation of the paramagnetic lithium complex [LHS  recently been characterizé.
CNMey),] " (15), as shown in eq 25, is a thermodynamically

favorable process. Interestingly, theflibns of 13 and 15 are Conclusions
g())ordmated to four sulfur atoms in a tetrahedral manner (Figure Tetramethylthiuram disulfide (TMTD) and the corresponding

trisulfide TMTT are predicted to dissociate on heating prefer-
Y . i entially with homolytic dissociation of the SS bonds to give
TMTD () + Li" +7,S = [Li(S:CNMey),] ™ (19) (25) radicals theg-tensors of which match some of the reported
o — _ 1 o o _ 1 g-values obtained from ESR spectra. The formed radicals Me
AH®505 = —187.1 kI mMoOI™  AG?505 = —158.5 kJ mol NCS: (n = 1—4) are stabilized by electron delocalization.
Interestingly, the dissociation enthalpy of TMTD is considerably
smaller than that of TMTT, which is rather uncommon in
organosulfur chemistry. The low-S5 bond dissociation en-
thalpy of TMTD (150.0 kJ mal?) is attributed to the remarkable
stability of Me;NCS*, ao radical with the unpaired spin density
shared equally between the two sulfur atoms and a four-centered
delocalized & system. Both the experimental dissociation
N enthalpy and the ESB-tensor value of tetra-isopropyl-thiuram-
disulfide are reproduced well by our calculations. TMTD,
TMTT, and the radicals MANCSy (n = 1-3) are excellent
ligands toward metal cations. The high binding energies of the
complexes [LI(SCNMey),] ™ (n = 2, 3) are responsible for the
unexpected finding that the homolytic dissociation of the SS
bonds of both TMTD and TMTT are facilitated by lithium
cations, especially in the presence of elemental sulfur. Therefore,
we expect spontaneous dissociation of these vulcanization
accelerators also in the presence of zinc ions and, consequently,
also in a rubber vulcanization mixture containing TMTD as an
accelerator and zinc oxide as an activator.

In other words, in the presence of free metal cations and
elemental sulfur, TMTD and the corresponding polysulfides
TMTP are predicted to spontaneously dissociate with the
formation of chelate complexes provided the activation energy
is available. This activation energy is expected to be very low
since the interaction of TMTD and TMTT with a cation starts
with the exothermic coordination to the thione sulfur atoms.

Zinc chloride and tetramethylthiourea form a complex o
composition [ZnC(TMTU),] in which the metal atom is
approximately tetrahedrally coordinated by two chloride anions
and the thione sulfur atoms of two TMTU molecufésln
addition, tetracoordinated zinc complexes with the related anions
RCS 3% and RC% 2 have been prepared, and tetra- and
hexacoordinated zinc complexes with the thiocarbamato anions
MeNCS~ 39 and MeNCS;~ 2 are well-known. It can reasonably
be assumed that the radicéls-4 can function as ligands in
such complexes also. Our preliminary DFT investigations using
zinc ions as a probe support this view.
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