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The thiolate complexes [Zn([15]aneN4)(S–CH2–C6H5)]ClO4

(1) ([15]aneN4 = 1,4,8,12-tetraazacyclopentadecane) and
[Zn(i-[14]aneN4)(S–CH2–C6H5)]ClO4 (2) (i-[14]aneN4 =
1,4,7,11-tetraazacyclotetradecane) have been reacted with
carbon disulfide. The trithiocarbonate complexes
[Zn([15]aneN4){S–C(S)–S–CH2–C6H5}]ClO4 {1a, monoclinic,
space group P21/n, Z = 8, a = 13.2338(1) Å, b = 12.9251(2) Å,
c = 30.1669(4) Å, β = 101.463(1)°, V = 5057.1(1) Å3} and [Zn(i-
[14]aneN4){S–C(S)–S–CH2–C6H5}]ClO4 {2a, orthorhombic,
space group P212121, Z = 8, a = 9.9936(1) Å, b = 22.1261(4) Å,
c = 22.3192(4) Å, V = 4935.2(1) Å3} were obtained. The reac-
tion of 1 with CS2 is second order with a rate constant of k =
(57.6±2.4)×10–3 M–1·s–1 at 25 °C. The experimentally deter-

Introduction

Carbonic anhydrase (CA) is a ubiquitous zinc enzyme
that accelerates the reversible hydration of CO2 by a factor
of up to 107 when compared with the uncatalyzed reac-
tion.[2–4] This enzymatic process is very important in all liv-
ing organisms for the exchange of CO2 with the atmo-
sphere. (Detailed references to the numerous studies con-
cerning the catalytic mechanism are given elsewhere.[2,5])
The rate-determining step of the reaction is the nucleophilic
attack of a zinc-bound hydroxide ligand on carbon dioxide.
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mined Eyring activation barrier is ∆Hexp
‡ = 65.3±0.7 kJ·mol–1

(∆Sexp
‡ = –49.9±2.5 J·mol–1·K–1) and a free energy of acti-

vation of ∆G‡ = 80.2±1.5 kJ·mol–1 at 25 °C. To discriminate
between an associative and a dissociative mechanism the
barriers for both processes were calculated using density
functional theory at the C-PCM(B98/G3MP2Large)//B3LYP/
6-311+G(d) level. The associative mechanism is clearly fa-
vored with a difference in free energies of activation of
δ∆G‡ � 80 kJ·mol–1. Its calculated barrier ∆Gtheor

‡ =
114.3 kJ·mol–1 is in reasonable agreement with the experi-
mental value.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

From quantum mechanical calculations it has been con-
cluded that the reaction proceeds via a four-center transi-
tion structure (see Scheme 1).[6,7]

Recent studies of Kesselmeier et al. have shown that CA
is also implicated in the fixation of COS, a sulfur-contain-
ing heterocumulene that occurs as a trace gas in the atmo-
sphere.[8] This process is performed by many organisms,
such as higher plants,[9] algae,[10] lichens,[11] and even by
components of the soil.[12] This interconversion has been
reproduced experimentally by reacting an established CA
model, [TpPh,MeZnOH], with COS.[13] In the course of the
reaction, CO2 is released and the sulfur-analog complex
TpPh,MeZnSH is obtained. In addition, this complex is also
formed by reacting TpPh,MeZnOH with CS2. In this case,
COS is produced instead of CO2, which in turn is capable
of reacting with the zinc hydroxide complex to yield CO2.
This type of reaction, the fixation of sulfur-containing het-
erocumulenes by CA model compounds, has also been
studied by us using computational methods.[5,14] In analogy
to the fixation of CO2, it has been found for all the studied
systems that the insertion of the heterocumulene into the
Zn–O bond via a four-center transition structure is the rate-
determining step of the reaction.[5,6,14]

These studies show that the reaction of natural carbonic
anhydrase is likely to result in the formation of a sulfur-
analog enzyme with a hydrosulfide instead of a hydroxide
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Scheme 1. Insertion of carbon dioxide into the Zn–S bond of CA.

ligand. Since this reaction is exothermic, natural CA would
become inactivated in this ‘sulfurated state’.[5] Kesselmeier
et al. have pointed out, though, that in the case of lichens,
atmospheric sulfur compounds are the only available source
of sulfur.[11] Apparently, the fixation of sulfur-containing
compounds by CA is not a side reaction but rather essential
for some organisms. This gives rise to the question of how
CA can dispose of the sulfur in order to be reactivated.
In a preceding theoretical study of a CA model system, a
nucleophilic reaction of the Zn–SH moiety with CO2 has
been proposed for regeneration of the active catalyst.[5]

However, until now this theory has not been supported by
any experimental investigations.

In this work, we report on a reaction of the CS2 with a
zinc thiolate complex. We are fully aware that this may seem
to be a large stretch of the subject. Nevertheless, the results
are of value for the understanding of the reaction principles
of a zinc-bound sulfur nucleophile with heterocumulenes in
general. It is worth noting that a similar reaction has not
previously been reported in the literature; even the available
structural models for the sulfur-analog CA, e.g.
TpPh,MeZnSH,[15] do not react with heterocumulenes. In the
past, numerous computational studies have examined the
fixation of heterocumulenes by zinc hydroxide complexes,
but only one addresses zinc hydrosulfides and the mecha-
nism of their heterocumulene reactions.[5] The results pre-
sented in this work are the first steps in elucidating the
mode of heterocumulene fixation by sulfur-analog CA
models. Investigations concerning the reactions of COS and
CO2 will be published soon.

Results

Heterocumulene Insertions

The starting materials, thiolate complexes 1 and 2 (see
Scheme 2), are examples of a series of 24 novel zinc thiolate
complexes.[1] The progress of the CS2 insertion reaction can
easily be monitored by the appearance of a yellow color
from the formation of the trithiocarbonates. When reacting
the neat substances with CS2, only a very slow reaction was
observed. This is not surprising, since the thiolates are vir-
tually insoluble in CS2. The reaction is obviously not pos-
sible while the complex cations are fixed in the crystal lat-
tice. In contrast to this, the reaction proceeds quite fast
when the starting materials are dissolved.
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Scheme 2. Thiolate complexes 1 and 2.

Structures

Compounds 1a (Figure 1) and 2a (Figure 2) precipitated
from concentrated dichloromethane solutions upon ad-
dition of a large excess of CS2. Yellow crystals were ob-
tained that were subjected to an X-ray crystallographic
structure determination. The configuration of the four N
atoms in the trithiocarbonates is the same as that found for
the corresponding thiolates.[1] One of the N-bound hydro-
gens is found on the thiolate side of the ligand and three
are located on the opposite side [the so-called (+ – – –)-
configuration[16,17]]. For both compounds, the crystal lat-
tices comprise two independent molecules with differences
in conformation and bond lengths. In the case of 1a, these

Figure 1. Molecular structures of the trithiocarbonate complex cat-
ion of 1a.
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two molecules are enantiomers because of the configuration
of the nitrogen donors, which does not match the symmetry
of the ligand, as was found for 2a. However, the structural
parameters of all trithiocarbonate moieties show very little
variation and the Zn–S distances of both 1a and 2a are
almost identical (Table 1).

Figure 2. Molecular structures of the trithiocarbonate complex cat-
ion of 2a.

Table 1. Selected bond lengths [Å] and angles [°] for 1a and 2a
(atom numbers of 2a are given in parentheses where they are dif-
ferent from 1a).

Value 1a (A) 1a (B) 2a (A) 2a (B)

Zn–S1 2.373(1) 2.363(1) 2.373(1) 2.353(1)
Zn–N1 2.153(4) 2.187(4) 2.101(4) 2.110(4)
Zn–N2 2.188(3) 2.117(4) 2.144(3) 2.176(4)
Zn–N3 2.117(3) 2.209(3) 2.106(4) 2.149(4)
Zn–N4 2.169(3) 2.110(3) 2.149(4) 2.185(4)
C12(C11)–S1 1.723(3) 1.720(4) 1.722(4) 1.708(4)
C12(C11)–S2 1.639(4) 1.640(4) 1.658(4) 1.652(5)
C12(C11)–S3 1.750(3) 1.756(3) 1.739(4) 1.755(5)
S3–C13(C12) 1.806(4) 1.816(4) 1.813(5) 1.823(6)
Zn–S1–C12(C11) 107.3(1) 108.6(1) 112.5(2) 109.9(2)
S1–C12(C11)–S2 126.8(2) 128.0(2) 130.3(3) 128.1(3)
S1–C12(C11)–S3 108.4(2) 108.2(2) 108.2(2) 108.9(3)
S2–C12(C11)–S2 124.8(2) 134.8(2) 121.4(2) 123.0(3)
C12(C13)–S3–C13(C12) 105.6(2) 105.7(2) 105.3(2) 106.1(3)

NMR Spectra

For the NMR spectroscopic investigations, chloroform
solutions of 1 and 2 containing an equimolar amount and
a 10-fold excess of CS2 were analyzed. In these solutions,
complexes 1a and 2a exist in a dynamic equilibrium with 1
and 2, respectively (see Scheme 4). This causes all carbon
atoms, particularly the trithiocarbonate carbons, to exhibit
an increased line width in the 13C spectra. Thus, their detec-
tion requires a large number of scans (�10.000) in order to
reduce the signal-to-noise ratio.
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Table 2 shows that upon addition of a 10-fold molar ex-
cess of CS2 compound 1 is converted nearly completely to
the trithiocarbonate 1a, whereas the turnover is only two
thirds for 2a under the same conditions. This renders the
reaction of 1 to 1a suitable for the investigation of subse-
quent reactions and for determination of the thermal pa-
rameters of the insertion. Furthermore, it is worth noting
that small changes of the macrocyclic ligand can have a
dramatic effect on the reactivity of the thiolate, even though
the structural parameters of the substrates and the products
are nearly identical.

Table 2. Turnover of thiolates to trithiocarbonates in chloroform
solutions containing different amounts of CS2 (derived from 1H
NMR spectroscopic data).

Mol. equiv. of CS2 1a [%] 2a [%]

1 50 19
10 �98 67

The 13C NMR spectrum of 1a shows 12 methylene sig-
nals. This indicates that the molecule has an asymmetric
structure in a chloroform solution. It is most probable that
the (+ – – –)-configuration is adopted, analogous with the
solid-state structure. In contrast to the thiolate complex 1,[1]

the NMR spectra of 1a do not provide any evidence for the
presence of a second configurational isomer. As mentioned
above, the zinc() ion of 1a is chiral in nature due to the
asymmetric configuration of the macrocyclic ligand. Thus,
the benzyl protons of 1a are in a diastereotopic environ-
ment. Nevertheless, the increased multiplicity of the corre-
sponding NMR signals found for 1[1] was not observed in
the 1H NMR spectrum of 1a. This is a result of the spacer
function of the trithiocarbonate moiety. The benzyl protons
of 1a are located at a much larger distance from the zinc
atom than in complex 1. The influence of the center of chi-
rality is thus reduced to a minimum.

Solid-State NMR Spectroscopy

While the thiolate complexes 1 and 2 do not have any
spectral intensity in the range 230–240 ppm, the 13C NMR
spectra of the insertion products show strong signals in this
spectral region. These lines show the formation of a thio-
carbonyl group and thus corroborate the proposed struc-
ture of the trithiocarbonate moiety. Interestingly, both the
thiocarbonyl line of 1a and the line of the quaternary aro-
matic carbon C14 exhibit a splitting into an asymmetric
doublet. These splittings reflect the conformational poly-
morphism of 1a, which obviously is not as pronounced in
2a. A splitting of the corresponding lines could not be ob-
served in this case. (For graphical representations of all
spectra and peak assignments see the Supporting Infor-
mation.)

Raman Spectroscopy

Complexes 1 and 1a have also been investigated using
Raman spectroscopy. Two strong signals at 507 and
1032 cm–1 appear in the spectra of the reaction product 1a.
These are because of the symmetric (SCS) and the (C=S)
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Scheme 3. Reaction of the trithiocarbonate complex 1a with electrophiles (only cations shown).

vibration, respectively, which correspond to the trithiocar-
bonate moiety of 1a. At the same time, a signal at
1223 cm–1 decreases in intensity. Raman monitoring of the
reaction has shown that the formation of 1a occurs in a
clean reaction. Currently, we have no evidence for the for-
mation of any intermediates or side products. (For a graphi-
cal representation of the spectra and a more detailed dis-
cussion see Supporting Information.)

Reactions of Complex 1a

Similar to the thiolates, the trithiocarbonate complexes
possess nucleophilic properties, as was found when reacting
compound 1a with electrophiles (see Scheme 3). Methyl io-
dide was added to a concentrated solution of 1 with a 10-
fold excess of CS2. As mentioned above, under these condi-
tions the equilibrium is almost completely shifted to the
insertion product 1a. However, the reaction product of 1
with methyl iodide, which is benzyl methyl sulfide, was iso-
lated in approx. 20% yield. Obviously, the thiolate 1 reacts
several times faster than the trithiocarbonate 1a, most likely
because of the higher nucleophilicity of the thiolate sulfur
in 1. The quenching reaction with acetyl chloride results in
the formation of the corresponding acetyl-substituted ben-
zyltrithiocarbonate. The products were isolated and iden-
tified by their NMR spectra, which were known from au-
thentic samples prepared for this purpose (see Exp. Sect.).

Mechanism of CS2 Insertion

The possible reaction mechanisms for the insertion of
CS2 into the Zn–S bond are outlined in Scheme 4. An at-
tack of the zinc-bound thiolate on the carbon disulfide
should result in clean second-order kinetic behavior of the
reaction (path A). We assume that this is the preferred
mechanism in a nonpolar solvent. An attack of the free
thiolate (path B) should be much faster than the prelimi-
nary dissociation of the complex and result in clean first-
order kinetics. Nevertheless, one could possibly observe sec-
ond-order kinetics because of the perturbation effects or in
the case where the dissociation step is unexpectedly not
much slower than the CS2 reaction. Thus, both mechanisms
cannot be distinguished simply by comparing the order of
their reaction kinetics. It is highly improbable, though, that
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the actual rate constants and activation barriers of both
reaction modes are identical. Hence, we determined the ac-
tivation barrier of this reaction and compared it with the
calculated value for both of the possible pathways.

Scheme 4. Possible mechanisms for the formation of the trithiocar-
bonate complexes 1a and 2a.

Kinetic Study

Since the insertion product 1a absorbs at 434 nm the re-
action progress could be monitored using electronic spec-
troscopy. At room temperature, the reaction proceeds on a
time scale of minutes. Thus it was convenient to measure
the rate constants at temperatures between 10 and 35 °C.

Because the reaction is an equilibrium reaction, the ob-
tained data are a superposition of forward and backward
reactions. In order to determine only the kinetic parameters
of the insertion reaction, the perturbation effect of the back
reaction must be eliminated. This was achieved by reacting
1 with CS2 under pseudo first-order conditions. Only the
data collected immediately after the start of the reaction
were employed for the calculation of the rate constants.

A solution of 1 (0.05 ) was treated with a 20-fold excess
of carbon disulfide. Under these conditions, the equilibrium
is virtually completely shifted to the side of the insertion
product. This was verified by NMR spectroscopy. The loga-
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Figure 3. Structures and energy profile of the fixation of CS2 by 1, calculated at the C-PCM(B98/G3MP2Large)//B3LYP/6-311+G(d)
level of theory. ∆G values are given in kJ·mol–1.

rithmic plots employed for the calculation of the rate con-
stants show only a very small variation from linearity with
standard deviations of less than 1%. This emphasizes the
clean pseudo first-order kinetic behavior of the observed
reaction and proves that the perturbation effect of the back
reaction is insignificant. Thus, the obtained kinetic and
thermal parameters reliably represent the second-order in-
sertion reaction. Analysis of a data set of 21 rate constants
according to the Eyring theory resulted in ∆H‡ =
65.3±0.7 kJ·mol–1 and ∆S‡ = –49.9±2.5 J·mol–1·K–1. The
resulting free energy of activation at 25 °C is ∆G‡ =
80.2±1.5 kJ·mol–1.

Quantum Mechanical Calculations

The geometries of the starting material (E), the transition
structure (TS), and the product (P) of the associative
mechanism were optimized at the B3LYP/6-311+G(d) level
of theory (Figure 3). For both E and P the X-ray structures
of 1 and 1a, respectively, served as starting points. The
effect of the solvent chloroform on the reaction has been
incorporated through the C-PCM model by B98/
G3MP2Large single point calculations using the previously
optimized B3LYP gas phase geometries. (For more detailed
information see Computational Details.)

For the associative mechanism, the free energy of acti-
vation was calculated to be ∆G‡ = 114.3 kJ·mol–1. For com-
parison with the experimental results, the enthalpy of acti-
vation was computed to be ∆H‡ = 60.7 kJ·mol–1. The over-
all reaction is slightly endergonic (∆RG = 17.2 kJ·mol–1).

For the dissociative mechanism a lower limit for the acti-
vation energy was estimated by calculating the energy re-
quired for the dissociation of 1 according to Equation (1)
at the same level of theory. The initial dissociation of E
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requires ∆G = 191.8 kJ·mol–1 and the barrier is thus quite
substantial. Upon reaction with CS2 the energy decreases
slightly to ∆G = 165.4 kJ·mol–1.

[Zn([15]aneN4)(C7H7)]+ h [Zn([15]aneN4)]2+ + (C7H7)– (1)

Discussion

The main issue we want to address in this work is the
question of whether insertion of CS2 proceeds via an asso-
ciative mechanism or via a dissociative mechanism involv-
ing free thiolate. Preceding work has shown that the inser-
tion of heterocumulenes into Zn–X (X = O, S) bonds usu-
ally involves a four-center transition structure.[5–7,13,14,18]

For this type of reaction, this structure generally represents
the rate-determining step. For the reaction we investigated,
we thus proposed a mechanism that features a similar four-
center transition structure, TS. In addition, it is highly im-
probable that the missing reaction step, the rearrangement
(i.e. bond rotation) that leads to the reaction product P,
involves an intermediate with a higher energy than the in-
sertion step. No such example has been reported in the lit-
erature. Hence, we conclude that the free energy of the tran-
sition structure TS constitutes the actual reaction barrier
and is thus comparable to the experimental value. There-
fore, the different mechanisms can be distinguished by di-
rectly comparing the barriers and by comparison with the
experimentally determined value.

From the calculations it is evident that the associative
mechanism is favored by approximately 80 kJ·mol–1 (∆G‡ =
114.3 kJ·mol–1 for path A compared with ∆G‡ �
190 kJ·mol–1 for path B). Obviously, the entropy gain ac-
companying dissociation is not large enough to counterbal-
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ance the unfavorable reaction enthalpy. Furthermore, the
calculated barrier of path A (∆G‡ = 114.3 kJ·mol–1) is in
reasonable agreement, although somewhat larger, with the
experimental value (∆G‡ = 80.2 kJ. mol–1).

In addition, we would like to emphasize the good agree-
ment of the values for the enthalpy of activation (∆H‡) ob-
tained experimentally and theoretically. The correlation
(∆Hexp

‡ = 65.3±0.7 kJ·mol–1 versus ∆Htheor
‡ =

60.7 kJ·mol–1) is striking, with a difference of only
5 kJ·mol–1. Naturally, a very good agreement is therefore
also obtained for the activation energy (Ea) according to
the Arrhenius equation. The experimentally determined
value is Ea(exp) = 67.8±0.8 kJ·mol–1 compared to a com-
puted value of Ea(theor) = 63.2 kJ·mol–1. (Admittedly, it is
also possible that we benefit from some kind of fortuitous
error cancellation here. However, with respect to the error
margins of the computation this is not of significance con-
cerning the overall conclusions of this work.)

The data presented above provides strong evidence that
the insertion of CS2 proceeds via an associative mechanism
and that a dissociative mechanism is very unlikely under
the chosen experimental conditions. Moreover, the applied
technique of using gas-phase geometries and deriving ener-
gies from single-point C-PCM calculations can only yield
results of restricted accuracy. We thus assume that the devi-
ations of the calculated energies from experimental data are
mainly caused by these deficiencies in the treatment of sol-
vent effects.

Conclusions
The chemistry of the LnZn–XR motif (X = O, S; R = H,

alkyl, aryl; Ln: 3 or 4 nitrogen donors) is highly relevant to
biosystems. The heterocumulene reactions of these systems
follow two basic principles: First, the nucleophilic attack of
the zinc-bound heteroatom is facilitated by the polarizing
effect of the Zn–X linkage on the heterocumulene. Second, the
zinc() ion is able to accept a variety of coordination num-
bers and geometries and thus even severely distorted transi-
tion structures are possible. For these reasons, nucleophilic
anions in zinc complexes can attack the heterocumulene in
a zinc-bound state rather than acting as free (dissociated)
anions. We would like to point out that in several studies
an associative (zinc-bound) mechanism was invariantly
found for heterocumulene reactions of widely different ex-
amples of LnZn–XR complexes: for sterically unsaturated
species such as [(py)nZn–OH]+ and [(im)nZn–OH]+ (n = 1–
3) with CO2;[18] for several species resembling the ‘classic’
CA motif [N3Zn–OH]+ with CO2,[6,7,19] COS,[5] and
CS2;[13,14] and for sterically demanding zinc thiolates with
CS2 (this work). Thus, we conclude that the principle of
heterocumulene fixation involving a four-center transition
structure is generally applicable and largely independent of
the nature of the heterocumulene and the nucleophilic li-
gand (XR).

Currently, these investigations are being extended to
other heterocumulene substrates, namely COS and CO2. In
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this case, the elucidation of molecular structures of the
products is much more difficult due to the fact that it is
apparently not possible to obtain a standard NMR spectro-
scopic or an X-ray structural analysis. Thus, additional
spectroscopic investigations are required, namely solid-state
NMR and Raman spectroscopy. In the present work, these
methods were applied for calibration purposes and appear
to be of great value for determining structural details. A
report on this continued study will be available soon.

Experimental Section
General: All reagents used were of analytical purity. NMR spectra
were recorded using a Bruker AC 250 or AC 400 spectrometer,
respectively, at a temperature of 30 °C. IR data was collected from
the neat substances using a Nicolet Avatar 320 FT-IR spectrometer.
Elemental analysis was performed using a Heraeus Vario EL III
system. Melting points were determined with a Büchi Melting
Point B545 apparatus and are uncorrected. Raman measurements
were performed on a LabRam HR inverse spectrometer (Jobin
Yvon) with an excitation wavelength of 532 nm (Nd:YAG laser). A
100× objective was used to focus the laser beam on the sample.
With a 300 lines/mm grating and a CCD detector, a spectral resolu-
tion of 5 cm–1 was reached. The accumulation time was between
30 and 120 s.

[Zn([15]aneN4){S–C(S)–SCH2C6H5}]ClO4 (1a): Complex 1
(250 mg) was dissolved in a minimal amount (ca. 0.5 mL) of dichlo-
romethane. CS2 (2 mL) was then added to this soulution. The mix-
ture immediately turned yellow. After a short time, yellow crystals
formed, which were separated and washed with a small amount of
CS2. Yield: 85%. M.p. = 112–113 °C. C19H33N4S3ClO4Zn (578.49):
calcd. C 39.45, H 5.75, Cl 6.13, N 9.68, S 16.63; found C 39.27, H
5.92, Cl 6.27, N 9.69, S 16.63. IR: ν̃ = 3252 (m), 2925 (m), 2864
(m), 1071 (vs), 1024 (vs), 821 (s), 706 (s), 620 (s) cm–1. NMR: 25 mg
of 1 in 0.4 mL chloroform with a 10-fold molar excess of CS2, con-
tains virtually exclusively complex 1a and only traces of 1. 1H
NMR (400 MHz, CDCl3): δ = 1.75–1.95 (range of multiplets, 7 H),
2.63–3.83 (range of multiplets, 21 H), 4.44 (s, 2 H, Ar-CH2), 7.21–
7.30 (multiplet, 5 H, Ar-H) ppm. 13C NMR (100 MHz, CDCl3,
13911 scans): δ = 24.8, 27.9, 28.1, 46.2, 47.1, 48.3, 49.8, 51.4, 52.3,
52.4, 53.8, 54.0, 127.3, 128.5, 129.2, 135.8, 239.0 ppm.

[Zn(i-[14]aneN4){S–C(S)–SCH2C6H5}]ClO4 (2a): The preparation
was carried out similarly to that for 1a. Yield: 81%. No
melting point detectable; decomposition at 115–120 °C yields the
thiolate complex 2. C18H31N4S3ClO4Zn (564.47): calcd. C 38.30, H
5.54, Cl 6.28, N 9.96, S 17.04; found C 38.19, H 5.43, Cl 6.27, N
9.96, S 16.89. IR: ν̃ = 3260 (m), 3165 (w), 2919 (m), 2866 (m), 1080
(s), 1076 (vs), 1033 (vs), 975 (s), 930 (s), 812 (s), 716 (m), 621
(vs) cm–1. NMR: 25 mg of 2 in 0.4 mL chloroform with a 10-fold
molar excess of CS2, contains approx. 67% of complex 2a and 33%
of 2. 1H NMR (400 MHz, CDCl3): δ = 1.8–3.4 (range of mul-
tiplets), 4.48 (s, Ar-CH2), 7.25–7.36 (multiplet, Ar-H) ppm. 13C
NMR (100 MHz, CDCl3): δ = 27.9, 45.8, 47.7, 49.1, 50.2, 51.9,
128.0, 128.5, 129.1, 135.8, 238.9 ppm.

Crystal Structure Determination

The intensity data was collected on a Nonius Kappa CCD dif-
fractometer, using graphite-monochromated Mo-Kα radiation.
Data was corrected for Lorentz and polarization effects, but not
for absorption effects.[20,21] The structures were solved by direct
methods (SHELXS[22]) and refined by full-matrix least-squares
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techniques against Fo

2 (SHELXL-97[23]). The hydrogen atoms of
the amine groups were located by difference Fourier synthesis and
refined isotropically. All other hydrogen atoms were included at
calculated positions with fixed thermal parameters. All non-hydro-
gen atoms were refined anisotropically.[23] XP (SIEMENS Analyti-
cal X-ray Instruments, Inc.) was used for structure representations.
The drawings in the paper were generated using the program
PLATON.[24]

Crystal Data for 1a:[25] C19H33N4S3Zn·ClO4, Mr = 578.49 g·mol–1,
yellow prism, size 0.03×0.03×0.02 mm, monoclinic, space group
P21/n, a = 13.2338(1), b = 12.9251(2), c = 30.1669(4) Å, β =
101.463(1)°, V = 5057.1(1) Å3, T = –90 °C, Z = 8, ρ(calcd.) =
1.520 g·cm–3, µ(Mo-Kα) = 13.58 cm–1, F(000) = 2416, 20403 reflec-
tions in h(–17/17), k(–16/15), l(–39/39), measured in the range 1.84°
� Θ � 27.49°, completeness Θmax = 98.5%, 11426 independent
reflections, Rint = 0.049, 6885 reflections with Fo � 4(Fo), 608 pa-
rameters, R1obs = 0.049, wR2obs = 0.103, R1all = 0.1065, wR2all =
0.119, GOOF = 1.014, largest difference peak and hole: 0.676/
–0.583 e·Å–3.

Crystal Data for 2a:[25] C18H31N4S3Zn·ClO4, Mr = 564.47 g·mol–1,
yellow prism, size 0.06×0.05×0.05 mm–3, orthorhombic, space
group P212121, a = 9.9936(1), b = 22.1261(4), c = 22.3192(4) Å, V
= 4935.2(1) Å3, T = –90 °C, Z = 8, ρ(calcd.) = 1.519 g·cm–3, µ(Mo-
Kα) = 13.89 cm–1, F(000) = 2352, 11275 reflections in h(–12/12),
k(–28/28), l(–28/28), measured in the range 1.84° � Θ � 27.49°,
completeness Θmax = 99.7%, 11275 independent reflections, 9902
reflections with Fo � 4(Fo), 591 parameters, R1obs = 0.045, wR2obs

= 0.106, R1all = 0.057, wR2all = 0.113, GOOF = 1.047, Flack-
parameter 0.08(1), largest difference peak and hole: 0.652/–
0.534 e·Å–3.

Solid State NMR Spectroscopy: The 13C solid state NMR spectra
were measured with three different solid state NMR spectrometers,
namely a Bruker AMX 400, a Varian Unity 500, and a Varian
CMX Infinity 600 plus at fields of 9.4, 11.7, and 14 T, respectively.
All spectra were recorded under high power proton decoupling at
ambient temperature. The spectra of 1, 2, and 1a were measured
employing a variable amplitude cross polarization with a contact
time of 1.2 ms. For the insertion product 2a we were not able to
obtain a signal from the suspected thiocarbonyl group with this
technique. We therefore did additional measurements employing
13C 90° pulse excitation on this sample, using a recycle time of
100 s. In this experiment, we were able to reveal the thiocarbonyl
signal (see Supporting Information). While the spectral assignment
of the thiocarbonyl groups is obvious from the prominent chemical
shift, the assignment of the aromatic and aliphatic carbons was
done employing simulations with the NMR predictor program of
ACDlabs.

Reactions of 1a

Methyl Iodide: CS2 (300 µL, 5 mmol) was added to a solution of
1a (251 mg, 0.5 mmol) in chloroform (1 mL). After 30 min. methyl
iodide (310 µL, 5 mmol) was added and the mixture was stirred
overnight. The solvents were removed and the residue was washed
several times with pentane. The combined pentane extracts were
concentrated and chromatographed on 20 cm3 of silica (eluent:
pentane). After the elution of benzyl methyl sulfide (12 mg,
0.087 mmol), which was collected separately, benzyl methyl trithi-
ocarbonate (3) (82 mg, 0.38 mmol, 76%) was obtained as a yellow
oil. The substance was identified by NMR analyses and compared
with data from the literature.[26] 1H NMR (250 MHz, CDCl3): δ =
2.78 (s, 3 H, CH3), 4.66 (s, 2 H, CH2), 7.26–7.41 (m, 5 H,
C6H5) ppm. 13C NMR (62.5 MHz, CDCl3): δ = 20.2, 41.6, 127.8,
128.7, 129.3, 135.1, 224.2 ppm.
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Acetyl Chloride: CS2 (300 µL, 5 mmol) was added to a solution of
1 (251 mg, 0.5 mmol) in chloroform (1 mL). After 30 min. acetyl
chloride (36 µL, 0.5 mmol) was added while stirring. After 20 min
the mixture was subjected to chromatography on 20 cm3 of silica
(eluent: CHCl3). 4 (88 mg, 72%) was isolated and identified by 1H
and 13C NMR spectra.

Synthesis of 4 (Reference Sample): Benzyl mercaptan (205 mg,
1.65 mmol) was added to a solution of KOH (92.7 mg, 1.65 mmol)
in methanol (10 mL),. After stirring for 30 min at room temp., the
solvent was removed under reduced pressure. The residue was care-
fully dried in a desiccator. The salt was dissolved in dried THF
(5 mL) and an excess of CS2 (0.84 mL, 14 mmol) was added at
0 °C. The temperature was raised to 25 °C after stirring for 60 min.
The reaction mixture was then cooled to –78 °C. Acetyl chloride
(0.178 mL, 2.5 mmol) was added dropwise, whereupon the yellow
solution turned red. After stirring for 20 min the solvent was evapo-
rated. The residue was purified by chromatography on silica (elu-
ent: CHCl3), yielding 107 mg (27%) of a red oil that decomposed
at room temp. within a few weeks. C6H5–CH2–S–C(S)–S–C(O)–
CH3 (C10H10OS3) (242.39): calcd. C 49.55, H 4.16, S 39.20; found
C 50.28, H 4.10, S 39.20. 1H NMR (250 MHz, CDCl3): δ = 2.41
(s, 3 H, CH3), 4.49 (s, 2 H, CH2), 7.28–7.36 (m, 5 H, C6H5) ppm.
13C NMR (62.5 MHz, CDCl3): δ = 29.8, 42.9, 128.0, 128.8, 129.4,
133.8, 189.9, 212.4 ppm.

Kinetics

Experimental Setup: The insertion of CS2 was monitored by UV/
Vis spectroscopy. Complex 1a shows an absorption maximum at
434 nm, whereas the starting complex 1 does not show any absorp-
tion in the visible range at all. Measurements were performed using
a Cary 5000 UV/Vis spectrometer from Varian. For keeping the
temperature constant, a Cary dual cell peltier accessory from Var-
ian was used. 1 cm quartz cuvettes were obtained from Hellma.
During the reaction the mixture was stirred with a magnetic stirrer.
The reaction temperature was determined with a sensor that was
placed directly in the reaction medium.

Measurements: An amount of 2 mL was placed into a cuvette from
a 20 m stock solution (502.4 mg of 1 in 50 mL of chloroform).
After the desired temperature was reached, 48 µL (61 mg,
800 µmol) of CS2 was added and data collection was started. For
the first 60 s, data were collected every second and later every 10 s.
The reactions were monitored until no further alteration of the
absorbance could be detected. For details on the data analysis see
Supporting Information.

Computational Details

Full geometry optimizations, i.e. without constraints, as well as fre-
quency calculations on the stationary points thus obtained were
carried out using the Gaussian03[27] program package. Depending
on the number of imaginary modes all points on the hypersurface
were rigorously characterized as true minima (no imaginary mode)
or transition structures (exactly one).

All optimizations were performed using the hybrid B3LYP[28] den-
sity functional method, which includes the use of a term that ac-
counts for the effect of dynamic electron correlation (Coulomb
hole).[29] Geometries were optimized in the gas phase using the
standard 6-311+G(d) basis set.

To estimate solvent effects, single point calculations in the presence
of a dielectric field, as described by the C-PCM model,[30–32] were
carried out on the gas phase geometries. In this model, the species
of interest are embedded in a cavity of molecular shape surrounded
by a polarizable continuum whose field is described by polarization
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charges distributed on the cavity surface. This procedure is known
to be very good at reproducing experimental hydration energies.[30]

In the framework of the C-PCM model the default UA0 cavities
(based on the united atom topological model) and the dielectric
constant of chloroform (ε = 4.9) were used.

For all single point calculations the B98[33] functional was used.
The G3MP2Large basis set[34] was employed on all atoms except
zinc where the 6-311+G(3df) basis set as implemented in
Gaussian03 was applied. The B98 density functional was chosen
for the calculation of the energies because it has recently been
shown that it outperforms the more popular B3LYP functional,
both for absolute energies and barrier heights, especially for larger
molecules.[35–37] In all these studies the assessment was performed
using single point calculations on some reference geometry, basi-
cally the same approach that we used in this work. We therefore
believe that the use of the well-established B3LYP density func-
tional for the geometry optimizations has only a minor effect on
the calculated energies. This is even more plausible with respect to
the fact that geometry relaxation effects from the dielectric field of
the solvent are completely neglected. The absolute error of B98 on
the G3/05 set is approximately 14 kJ·mol–1,[35] but the relative er-
rors are generally smaller.

All energies were calculated by adding the appropriate thermo-
dynamic corrections [gas phase, B3LYP/6-311+G(d)] to the total
free energy in solution (including electrostatic and nonelectrostatic
terms) obtained from the single point calculations (B98/
G3MP2Large). The gas phase correction values were calculated
with the standard thermodynamic routines in Gaussian03 (with T
= 298.15 K and p = 1 atm) using the frequencies computed at the
B3LYP/6-311+G(d) optimal gas phase geometries.

Supporting Information (see footnote on the first page of this arti-
cle): Details are given on the Raman spectroscopy (including two
spectra), the solid-state NMR spectroscopy (including four spec-
tra), and the analysis of the kinetic data (including two kinetic
plots). The Cartesian coordinates and absolute energies of all calcu-
lated structures are provided.
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