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Abstract: Intermolecular charge-transfer (CT) spectra of several complexes between thiocarbonyl compounds
and molecular iodine were studied in the BVisible region. Equilibrium constants and Gibbs energy changes

of 1:1 charge-transfer complexes were determined in solution. Two different kinds of complexes were detected,
those which present the CT band in the 300 nm region and those which absorb around 350 nm. Ab initio
calculations at HF/LANL2DZ* and MP2(full)/LANL2DZ*//[LANL2DZ* were carried out to clarify their
structure. Complexes with the CT band around 300 nm correspond to those where the molecule of iodine lies
in the same plane of the=€S group, while in those absorbing in the 350 nm region thadiety is almost
perpendicular to that plane. These perpendicular complexes are formed when the substituents around the
thiocarbonyl group are voluminous, due to steric hindrance and to the different nature of the HOMO. In both
kinds of complexes, the thiocarborsibdine interaction is essentially electrostatic. The substituent effects
were analyzed by TaftTopsom’s model. Experimental data in solution and theoretical estimates were found
to follow a good linear relationship. The gas-phase basicity of the set of thiocarbonyl compounds investigated
toward proton is linearly correlated with their basicity toward molecular iodine in solution. This finding strongly
supports previous conclusions regarding the relationship between gas-phase and solution reactivity data.

Introduction atom are expected to be pronounced since its ionization potential
is relatively small and sulfuriodine charge-transfer complexes
have been shown to possess promising electrical propé&tfies.

In previous papet§1®we have investigated the interaction
between proton and a large set of thiocarbonyl compounds from
both the experimental and theoretical points of view. Recéftly,
we have carried out a study in which we have examined sulfur
{S(sP)} and nitrogen{N(sp?) and N(sp)} bases and found a
series of good linear relationships between the structural effects
on the Gibbs energy changes for reaction 1 in solution, and the
Gibbs energy changes for reaction 2 in the gas phase.

Many decades ago Mullikénpredicted the structure of
complexes between aromatic and oxygenated compounds with
iodine. In his prediction, based on the spectroscopic studies of
Benesi and Hildebrantl,benzene and mesitylene form 1:1
complexes of considerable stability with iodine. Nowadays it
is well established that iodine yields 1:1 molecular complexes
with a variety of oxygen, nitrogen, sulfur containing mole-
cules?~19 and many crystal structures have been repéttét
for these kinds of complexes. The donating properties of sulfur
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in the molecule. This well-known fact is at the very basis of 15
the seminal studies on charge transfer by Hildebtasaid .
Mulliken.! Therefore, to avoid the need of unraveling the
contributions from the &S group and the aromatic systemsto |
the thermodynamics and spectra of the adducts, we decided not
to include these compounds in our study. We first investigated —
the equilibrium geometries using the AM1 method as imple- ——
mented in the AMPAC package of progratfsSeveral orienta- *]
tions of iodine molecule with respect to thiocarbonyl compounds
were examined. Two stable configurations were obtained. The
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three atoms S- -I--I are aligned almost collinear for configuration R
I while the molecular axis of iodine is perpendicular to the C 05 \\
S bond for configuration Il. The geometry optimization indicates
that configuration Il is the most stable leading to the homolytic
break of the +I bond. However, this semiempirical method 0 ' ' e ce,
usually overestimates the bond activatiéh¥ so the stability 0 2 4 6 g TETaI0
of complexes of type Il, where the-l1 bond is broken, is
probably exaggerated at the AM1 level. Actually, as we shall
show later, ab initio calculations predict that configuration | is
systematically the most stable one. This result is in good \\
agreement with X-ray diffraction studies of several cyclic
thiocarbonyt-iodine compound&!-14a2+23 Hence, ab initio —
calculations have been carried out to clarify the complex T
structure of the thiocarbonyiodine supermolecule, in which %% T
geometry optimization was performed at the SCF and MP2
levels. The set of thiocarbonyl derivatives considered in this
work was restricted to those compounds whose size permits an ? ; i . s CulC% 1o
ab initio approach, including electron correlation effects. Even
with this restriction, the set is large enough to guarantee that Figure 1. Application of the Job’s method to (a) dimethylthioacet-
the most significant substituent effects would be taken into @mide-l2 complex, (b) thetramethylthioured, complex, and (c)
account, so we can be confident that the trends found for the [Nioacetamidel, complex, showing that in all cases the 1:1 complex
complexation energies will be general. is dominant. Optical abundanc_e ata _flxed V\_/avelength in the_ region of
the charge-transfer bands for highly dilute mixtures of the various bases
and b in (n-C7Hy6 solutions). In each series of experiments, the total
initial concentration of the reagent€, + C°y) is kept constant.

Experimental Section

Compounds studied in this work were available commercially or
had been previously prepared according to the liter&turall the stoichiometry of the thiocarbonyl, complexes investigated was
compounds were re-purified immediately prior to use. Under experi- determined, by means of the Job’s mettfaaf continuous variation
mental conditions these materials do not undergo any extraneous(see Figure 1), to be 1:1. Furthermore, the single isobestic point located
reactions. This is not surprising, inasmuch as most of them, in particular between free and complexed iodine bands in the UV spectra is an
polymerization, mostly originate in the ene-thiol forms, absent in this additional indication that we are dealing with 1:1 complexes. The
work. Solvents of spectrograde quality were also purified. Since the spectrophotometric measurements were carried out using 1 cm matched
aim of this work is the study of charge-transfer complexes in the absencequartz cells with the cell holders thermostated at’@5 It should be
of ionization processes, we have used poorly ionizing solvents and noted that we used very dilute solutions and similar concentrations for
carefully checked the absence qf lin the solutions. A Cary 219  the thiocarbonyl compound and molecular iodine to form almost
spectrophotometer was used to determine the equilibrium constants forexclusively the 1:1 complex. The formation of the complex can be
the association between the thiocarbonyl compoundszndblution easily detected by the appearance of a new band, the charge transfer
by means of UV-visible spectroscopy. Although it is well established  (CT) band, which increases in intensity with the concentration of the
that iodine forms 1:1 molecular complexes with thioamides in soldtion,  complex¢2? It must be mentioned that in all our measurements the

(18) Dewar, M. J. SJ. Am. Chem. S0d985 107, 3902, first sample does not contain iodine. It can also be detected by the

(19) Alcaniy M.; M6, O.; Yaiez, M.; Abboud, J-L. M.; Elguero, Them. displacement of the iodine bai@ln all cases under investigation, the
Phys. Lett199Q 172, 471. Y ' ’ ’ charge-transfer band appears between 300 and 360 nm. The isobestic

(20) Esseffar, M.; El Mouhtadi, M.; Ligez, V.; Ydiez, M.J. Mol. Struct. points are obtained (a) between the visible band,cdnd its blue-
(THEOCHEM)1992 255, 393. shifted band when the concentration efwas kept constant and (b)
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between the donor band and the charge-transfer band when the donofor I, complexes with pyridine. The basis set superposition error (BSSE)

concentration was kept fixed. The solvent chosen for this study is
n-heptane or dichloromethane when the product is insoluble in the first
one. In general, for families of structurally related compounds, the Gibbs
energy changeaG°x(soln), for reaction 1, determined in two different
solvents, are linearly correlaté®l.For the thiocarbonyl compounds

which affects these binding energies was estimated using the counter-
poise method of Boys and Bernafdi.The harmonic vibrational
frequencies were determined by numerical second derivatives techniques
at the HF/LANL2DZ* level to confirm that the optimized structures
found correspond to real minima of the potential energy surface and

included in this study, the equation which relates the two sets of values to evaluate the zero-point energy (ZPE) corrections, thermal corrections,

IS

AG°,(C/H;o = —0.13+ 0.88AG°,(CH,CI,) 3
with n =5, r = 0.999, and s.é= 0.08 kcal mof?.

Then, in this way all data can be linked to the same solvent (
C7H16). The procedure used for calculating the equilibrium constants,
K., for reaction 1, is Drago’s methdd.For the case of smakK,, the
simplifications of this method reported in the literatiif@ have been
used.

Computational Details

As mentioned before, two possible configurations (I and Il) of the
complexes under investigation were considered in this work. In
configuration I, the three atoms S- -I- -1 are almost collinear; while in
the second configuration the moiety approaches perpendicularly to
the C=S bond. Ab initio calculations were carried out using the
Gaussian-94 series of prografg-or all compounds included in this
study the geometry optimizations were performed at SCF and MP2-
(full) levels. All these calculations have been carried out using a
LANL2DZ basis set which includes an effective core potential (ECP)
for all atoms except those of the first row. The ECP used is that
proposed by Hay and Waétwhich for iodine incorporates the mass
velocity and Darwin relativistic effects. The LANL2DZ basis set
corresponds to a Dunning/Huzinaga full douBlbasis (D95 for first-
row elements and to an effective core potefiiplus doubleZ basis

for iodine atoms. This basis set was augmented by one set of six d

polarization functions (LANL2DZ*) with the following expo-
nents®’-3° ac = 0.80,0n = 0.80,00 = 0.80,05 = 0.65,0¢ = 0.75,

and entropy values. The ZPE corrections were scaled by the empirical
factor 0.893. To get more information on the net atomic charges and
electronic charge density, the study was completed with two different
electron population techniques: the natural bond orbital (N8O)
analysis and topological analysis of electron charge density and its
Laplacian using the atoms in molecules theory of Bader and co-
workers#? All these population analyses have been carried out on the
MP2 density to take into account the electron correlation effects.

Results and Discussion

The total energies as well as the scaled ZPE and entropy
values for the two configurations considered, namely | and I,
are reported in Table 1. It can be seen that, in contrast with the
AML1 results mentioned above, the type | configurations are
systematically more stable than the type Il configurations,
although the latter are also local minima of the potential energy
surface. Hence, in what follows we shall restrict our discussion
to the iodine complexes of type I.

Structures and UV spectra. The MP2(full)/LanL2DZ*
optimized molecular structures of the complexes under inves-
tigation are depicted in Figure 2. The majority of the compounds
considered here present several minima in the potential energy
surface which correspond to different conformations. However,
Figure 2 contains only the most stable one and lists some critical
bond lengths and angles at the MP2(full)/LANL2DZ* level. A
discussion of the geometries of thiocarbonigldine complexes
is not the aim of this study; however, a brief analysis of selected

anday = 0.29. This basis set is deemed suitable for the systems studiedP@rameters should be made. Because the iodine molecule

in this work. Even though the effective core potential used takes into
account the two most important relativistic effects, sganbit interac-

interacts with the thiocarbonyl group, the determination of the
C=S bond length and all parameters around it is particularly

tions are not included in the model. Nevertheless, since the groundimportant to characterize the complex. We will restrict the
states of the systems under consideration are always of singletfollowing comments to selected geometries of configuration |I.

multiplicity, these spir-orbit corrections will be zero at first order.
Optimizations were carried out at the RHF SCF level as well as at the
MP2(full) level to include the electron correlation effects. The binding
energies were evaluated at the MP2(full)/LANL2DZ* level. These ECP
calculations were recently shotfrto yield reasonably good results
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Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
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Pittsburgh, PA, 1995.
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Chem 1988 92, 4875.
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889.
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H. J. Chem. Physl197Q 53, 2823.
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M. S.; DeFrees, D. J.; Pople, J. A. Chem. Phys1982 77, 3654.
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As discussed previously in the literature, in all cases, twC
bond length at the MP2(full)/LANL2DZ* level, in neutral
thiocarbonyl compounds, varies within very narrow limits: from
1.617 A when R1= R2 = H to 1.654 A when R%= t-Bu and
R2 = N(CHj3),. Upon complexation with molecular iodine, there

is a 0.01 A elongation of this bond, which indicates that the
C=S bond length is difficult to perturl. The G=S stretching
frequencies for the isolated thiocarbonyl compounds and for
their complexes with iodine molecule are presented in Table 2.
One of the most striking characteristics of the infrared spectra
of thiocarbonyl compoundgis the fact that the €S stretching
mode appears very often coupled with other vibrational modes,
which makes the band assignment difficult. In these cases, we
have reported two frequencies corresponding to those modes
where the contribution of the=€S stretching displacement is
significant. To the best of our knowledge, experiments<
stretching frequencies are only knot#rior a very limited set

of thiocarbonyl compounds, so that for the systems included in
our study this information is only available for thioformaldehyde

(41) Boys, S. F.; Bernardi, iMol. Phys.197Q 19, 553.

(42) (a) Bader, R. F. W.; EssgH. J. Chem. Phys1984 80, 1943. (b)
Bader, R. F. W.; MacDougall, P. J.; Lau, C. D. HAm. Chem. S0d984
106, 1594. (c) Bader, R. F. WAtoms in molecules. A quantum Theory
Oxford University Press: New York, 1990.

(43) Molina, M. T.; Ydiez, M.; Mg, O.; Notario, R.; Abboud, J.-L. M.
In The Chemistry of Functional Groups. Suppl. A3: The chemistry of doubl-
bonded functional group$atai, S., Rappoport, Z., Eds.; John Wiley and
Sons: New York 1997.
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Table 1. Total Energies (hartrees), Zero-Point Energies (ZPE, kca/mol), and Entropy V&uzs (ol K1) of Thiocarbonyl and
Thiocarbonyt-1, Complexes

syst? R1 R2 HF/LANL2DZ* ZPP S MP2(full)/LANL2DZ*
1 H H —48.91238 15.05 56.366 —49.15667
1l —71.25454 15.86 96.987 —71.70042
121 —71.19052 16.88 87.746 —71.66255
2 H NH> —103.98106 26.40 63.294 —104.38507
21 —126.32584 27.19 101.881 —126.93425
221 —126.28284 28.04 93.540 —126.91220
3 NH: NH2 —159.04142 36.96 68.984 —159.60404
31 —181.38713 37.50 108.028 —182.15366
32l —181.34219 37.23 102.696 —182.13504
4 NHCH, NHCH; —235.95056 59.18 74.870 —236.76075
41, —258.29703 59.79 112.860 —259.31250
421 —258.25656 60.08 103.543 —259.29775
5 CHs NH> —143.02815 43.20 72.925 —143.56052
51 —165.37364 43.97 112.179 —166.11134
52l —165.32862 44.66 100.760 —166.08725
6 H N(CHz)2 —182.04814 60.55 79.697 —182.71205
61, —204.39412 61.27 117.409 —205.26205
6 2l —204.36463 61.94 103.811 —205.24963
7 OCH; SCHs —211.79804 53.98 84.924 —212.59912
71 —234.13746 54.41 126.644 —235.14025
72l —234.09554 54.53 112.249 —235.11947
8 CHs CHs —127.00779 49.18 74.928 —127.51006
81, —149.35070 49.76 114.765 —150.05570
82l —149.28172 50.39 103.791 —150.01695
9 Cl N(CHs), —196.17660 55.02 85.813 —196.97925
9l —218.51998 55.57 126.172 —219.52430
92l —218.47115 56.10 116.120 —219.50518
10 CHs N(CHs). —221.08699 77.45 86.164 —221.88251
101, —243.43228 78.11 125.094 —244.43229
102l —243.39814 78.71 114.602 —244.42258
11 OCH; N(CHs)2 —295.96897 80.66 92.086 —296.93248
111 —318.31299 81.24 124118 —319.48056
1121 —318.27615 81.82 124.589 —319.46577
12 N(CHs)2 N(CHs)2 —315.15281 105.04 95.877 —316.24246
121, —337.49818 105.77 133.084 —338.79455
12 21 —337.46914 106.55 125.797 —338.78813
13 t-Bu N(CHs)2 —338.18243 128.68 103.563 —339.38091
131, —360.52652 129.32 140.468 —361.93103
1321 —360.49152 130.12 130.881 —361.91785

2], designates complexes of type I, while 2I designates complexes of typZRE have been scaled by the empirical factor 0.893.

Table 2. Harmonic G=S Stretching Frequenciegcm ™) for observed that according to our calculations in thioacetone the

'émocaltrbonyICDlen\:adees tag‘é't:hﬁ Colrrgsplorédg\g t;l]'hlc&carb(_alwll Eact contribution of the &S stretch to the band that appears at 993
omplexes, Calculated al evel Scale € empirical Factor 1 o .

0_891'0 y P cm1is not negligible, although experimentally only the band

at 1269 cm' is reported. Consistently with the small elongation

syst R1 R2 thiocarbonyl thiocarborf of the G=S linkage mentioned above, in all iodine complexes
1 H H 1050 (1059 1045 the G=S stretching band appears shifted to lower frequency
2 H NH, 835 825 values, although this red shifting is systematically small. The
2 NEZCHQ “EZCHZ 1(7)%_1131 12%71_1141 only exception to this general rule is compoundvery likely
5 CHs NH, 698-942 694-933 due to the coupling between the=G and the &S stretching
6 H N(CHs). 956 943 modes. The same behavior was found in the case of the
7 OCHs SChy 616-936° 624-1078 interaction of these compounds with"# The R1CR2 bond
8 CH, CHs 993-1268 (1269)  991-1263 angle opens also slightly upon complexation. Looking at the
1?) gIH H(CH3)2 or8 975 I—1 bond length, it is on average about 2.758 A, i.e., slightly
3 (CH3). 626-841 622-837 .
11  OCHs N(CHs), 629-1028 619-1020 longer than the+l qhst_ance (2.694 A) cglcul_ated at_the same
12 N(CHz) N(CHz), 944-1078 9371080 level for the free iodine molecule which is in fairly good
13  tBu N(CHs), 1003-1030 agreement with the experimental value (2.6%)AThe average

aThe C=S stretching mode appears very often coupled with other distance Sl is about 3_._129 A, which is less than the sum of
vibrational modes. In these cases, we have reported two frequencieshe van der Waals radii of S and | (4.0 A). The angle formed
corresponding to those modes where the contribution of e C by the b moiety with the G=S bond is in the 88111° range
StTfﬁtChlngl désplacemem o:St Slgnlflfiaiﬁ/fﬁ'ues tak%'? fft_om rflgf;;f'c and rather similar to the HSC angle found in the corresponding
¢ €se Dands correspona to an out-or-pnase compination O : :
stretching displacement$Experimental values are given in parenthe- protonated SpeCIéé’V_Vhere the _pro_ton is covalently bond(_ed to
ses. the sulfur atom. This clearly indicates that, although in the
thiocarbonyt-iodine complexes the interaction between both
and thioacetone. In both cases the agreement between our

estimates and the experimental véflis excellent. It can be (45) Douglas, B.; McDaniel, D. H.; Alexander, JConcepts and Models
of Inorganic Chemistry2nd ed.; John Wiley & Sons: New York, 1983; p
(44) Clouthier, D. J.; Moule, D. CTop. Curr. Chem1989 150, 167. 80.
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an 12) (13)
Figure 2. MP2(full)/LANL2DZ* optimized geometries of thiocarbonyl, complexes. Bond lengths in A and bond angles in degrees.

subunits is rather weak, the iodine molecule also interacts reveals the existence of a bond critical point between the iodine
preferentially with the lone pairs of the sulfur atom. Thd 1-- atom and the hydrogen atom of the amino group, showing that
S arrangement is essentially linear with an angle close t6 180 in complexes involving amino derivatives there is a NH
(see Figure 1). It must be mentioned that, for the cases whereintramolecular hydrogen bond, which enhances the stability of
the substituents are amino groups, the iodine molecule ap-complexe2, 3, 4, and5. This behavior is the opposite to that
proaches the side of the substituent, favoring probably the found when the reference acid is a proton, where the proton
interaction between the iodine atom, attached to the sulfur atom,approaches the opposite side of the Nioup, to avoid the
and one of the hydrogen atoms of Wklibstituent. In fact, the  repulsion with the amino hydrogens, and because the nitrogen
I- - -H(NH,) distance in these cases, calculated at MP2(full)/ lone pair of the substituent is already engaged in a conjugation
LANL2DZ*level, is on average about 2.80 A, which is shorter interaction with the thiocarbonyt systemt® It is worth noting

than the sum of the van der Waals radii of H and |1 (3.18 A). A that the intramolecular hydrogen bond appears between the
topological analysis of the charge density of these complexesiodine that points to the sulfur atom, and not the terminal one
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Figure 4. UV spectrum of the ((Ck)sC)(N(CHs)2)CS—1, complex
Figure 3. UV spectrum of the (CB)(NH2)CS—I, complex @). The (13). The CT band appears around 350 nm when increasing the
CT band appears around 300 nm, when increasing the concentrationconcentration of4 (1) 0 mol/L; (2) 0.768x 104 mol/L; (3) 1.569x
of Izx (1) 0 moliL; (2) 0.300x 10* mol/L; (3) 0.452 x 10°* 104 mol/L; (4) 2.379 x 107* mol/L; (5) 4.033 x 107* mol/L;
mol/L; (4) 0.540x 10~* mol/L; (5) 0.659x 10~* mol/L; (6) 0.790x (6) 6.414 x 107% mol/L; (7) 9.629x 104 mol/L; and (8) 1.130x

10*mol/L; (7) 0.865x 10~ mol/L; (8) 0.971x 10~* mol/L; and (9) 10-3mol/L. In all cases the concentration of the thiocarbonyl compound
1.400x 10~* mol/L. In all cases the concentration of the thiocarbonyl \as 1.15x 105 mol/L.
compound was 4.3 18 mol/L.

absorption is due to a planar complex, while the shoulder
observed at 350 nm is due to the presence of some amount of
perpendicular complexes.
Two factors seem to be responsible for the fact that
voluminous substituents yield preferentially perpendicular com-
| are close to © for the molecules where the substituents are plexes: the steric hindrance which prevents an in-plane approach
of the L molecule to the sulfur atom and the nature of the highest

not voluminous and close to 9@r the molecules which present ; X .
- i occupied molecular orbital (HOMO). As can be easily deduced
bulky substituents (this is the case for compoufdsl?2, and from Figure 2, in complexed, 12, and 13 the in-plane

13). It is interesting to mention that those complexes where the . : . : -
I> subunit lies in the plane of the=€S bond present the charge interaction of the 4 moiety with the sqlfur atom WQUId bring | .
transfer (CT) band at 294302 nm (see Figure 3), while for very close to the substituents, leading to significant repulsive
those in which thez molecule is almost perpendicular to that interactions. On the other ha.nd' since we are dealing with
plane, the CT appears at significantly longer (3260 nm) charge-transfer complexes, it is reasonable to assume that the
wavelengths (see Figure 4). A similar behavior was found by characteristics O.f the H.OMO havg some relevance since the
Boual§” for complexes of tertiary thioamides with iodine, in Charge-transfer interaction must involved _the HOMO of th.e
the sense that compounds with bulky substituents (Complexesthlocarbonyl system and the lowest unoccupied molecular orbital

11 to 18) (see Table 3) present the CT band in the 350 nm (LUMO) of the I, subunit. An inspection of the HOMO and

region, whereas those with nonbulky substituents (complexes.the HOMO-1 of the parent compound, thioformaldehyde,

. : . indicates that the HOMO is located in the plane of the molecule
1 to 10) absorb at 305 nm. Similarly, the complexes involving : ’
substituted derivatives df*-imidazoline-2-thiones preséfithe while the HOMO-1 has a clear-character. Furthermore, the*
CT band at ca. 350 nm when the sulfur is sterically crowded =< 9 92P between these two orbitals (at the MP2/LANL2DZ)

on both sides, while the main CT peak is observed at ca. 300'° quite large (.1'9 eV.)..Hence,. one may expect for th'°f°”‘?'
nm when only one side of the sulfur atom is crowded. According aldehyde the_ in-plane interaction 1o he str_ongly favored, in
to our results these two situations correspond to two different agreement .W'th. th? most stable conf_or_manon fou_nd for the
stereoisomers. When the in-plane interaction is favored the CT corresponding iodine complex. A similar analysis of the

band should appear around 300 nm., while when aperpendicuIarChar"j‘CterIStICS of the HOMO and HOMO-1 for (NMEP

complex is formed the CT band should be observed in the 350 (complex1?2) indicates that the energy gap between both orbitals

nm region. This seems to confirm the assumption of Laurence IrseI:tritztlggglitr;(ij:(r:sger(soé% :Xc)i’ tr?gtchK/ﬁ% 'ggg;%rglg’néhe"
49 ; i ’

et al.;¥in the sense that for methimazole complex, the 302 nm while the HOMO-1 corresponds to the orbital lying in the=C

(46) Devillanova, A. F.; Verani, Gl. Heterocycl. Chenml979 16, 945. S plane. Hence in this case, a perpendicular interaction is clearly

Ei;g 2323&2’1 VX-JPgEe;hessci)% Ugé‘;ﬁ{ﬁ“%?g;g“"gé%kgg? 1984. favored. To ratify this in a more systematic way we have

(49) Laurence, C.; El Ghomari, M. J.; Le Questel, J.-I.; Berthelot, M.; €Stimated, at the CIS/LANL2DZ* level of theory, the § S
Mokhlisse, R.J. Chem. Soc., Perkin Trans.1®98§ 1545. transition energies for several complexes of each kind, namely

as hypothesized by Verani et “lfor imidazolidine-iodine
complexes. Similar interactions were reported by Laurence and
co-worker4® for the complex of methimazole and molecular
iodine.

It must be mentioned also that the torsion anglesO&S- - -
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Table 3. Experimental Values of Equilibrium Constants; and N(sp), and N(sB) bases’ 20 This difference is mostly due to

AG? (solny~* for Thiocarbonyt-1, Complexes (im-CiHis the fact that the electron demand is vastly larger in the case of
Solutions at 28bc C) wheredGB(g) Is the Gas-Phase Basicity of protonation

the Corresponding Thiocarbonyl Compounds ) . .
P 9 y P To rationalize and analyze the substituent effects on the

syst. R1 R2  Ke(L-mol™) AG’u(soln) OGB(gF' basicity of thiocarbonyl compounds toward iodine, we have
1 H H adopted the TaftTopsom’s modéP which decomposes sub-
2 H NH, stituent effects in fieldg), polarizability @), and resonance
2 “EZCHZ “EZCHZ (zfggt ?(()J“)i :g:géi 8:83 :ig:g (or) effects. In a pre_vio_us pagéron the _basicity o_f carbonyl

(1.2 x 109 compounds toward iodine, the electronic saturation effect has

5 CHs NH, 4860+100 —5.06+0.02 —8.2 been shown. The same observation has been made in the case
6 H N(CHg), 1570+ 38 -4.39+0.02 -12.7 of the gas-phase protonation of thiocarbonyl derivativels.
7 OCH; SCH;  3.0+:0.1 —0.65+0.03  —2.7 we consider molecules which do not present a large steric effect
8 CHs CH, 110.0£9.0  —2.87+0.08' —64 and probably electronic saturation effect, we can assume that
9 cl N(CHs), 14.54+15 —1.60+ 0.10 - : . o

10 CHs N(CHs), 1790+ 90 —4.46+ 005 —18.4 the substituent parametets for XCSY are given byo =

11 OCHs  N(CHs), 155412 —3.01+008 -104 a(X) + o(Y). The treatment oAG°, (soln) by means of the

12 N(CHg)2 N(CHs), (1.2)115 124())3?: —5.404+0.10 —22.8 Taft—=Topsom model leads to eq 6:

.UX

13 tBu N(CHy), 415+18 —3.59+0.04 N AG®,(soln)=(—3.4+0.4)+ (8.4+ O.B)ZOF -

14 t-Bu t-Bu 480+ 0.90 —0.90+0.20 —6.9

15 t-Bu N(CHs), 372+ 17 ~3.53+0.10 - (1.9+ 0.8)20(x + 4.4+ 0.3)20R (6)

16 N(C:Hs), N(CHz), 129404+ 585 —5.64+.20 -

17 N(CHs)2 N(C2Hk), 13570+ 744 —5.67+0.10 - ; — = 1

18 i-l(Dr ) N((CHs)z) 1274 40 2611006 ) with n =9, r = 0.992, and s.d= 0.29 kcal mot1.

The quality of this correlation is only fair, possibly as a
2 Defined in the text® In kcal mol™. ¢ Uncertainties are about (6-1 consequence of the limitations inherent to the hypothesis of strict
?'-:2) kCﬁ'me’fl- ¢ Estimated from thiocamphor valugln kcal/mol. additivity of electronic effects and the weak hydrogen-bonding
rom ref 15. interactions discussed above. It shows that, for thiocarbonyl
compounds, the field effect is dominant on basicity toward
iodine because thiocarbonyl compounds present sizable dipole
momentst> The resonance effect contribution to the Gibbs

1, 2, 4,6, 11, 12, and13. Although from the accuracy of the
CIS method a quantitative agreement with the experimental

excitation energy cannot be expected, the CIS estimatesener changes is half the field contribution because thiocar-

reproduce the experimental trends, in the sense thatithe S bon ?X'od'neg'nteract'on is weak. so the effects on the charae

S transition energies for the perpendicular complexes are ~. yrlodine | lon IS weak, So th 9
distribution are small and the polarization of both subsystems

redicted to be systematically about 25 nm larger than those. . 2 )
1Por the nonperper?dicular oneg 9 is relatively weak. This is not the case when the reference acid

Relative Stability. The experimental values obtained for the Ibs a proton, ¥vhe|reﬂ:> Ot.gf];'fld laln_d treso?_ant terms ari_donti@atnt
equilibrium constants associated with the different complexes ecause not only the 1oripole Interactions are signiticant bu

investigated are presented in Table 3. The values@f(soln) also the polarization of the thiocarbonyl system by the attaching
were obtained by means of eq 4: proton is sizably larger than that found when the reference acid

is lo.
o - _ The net charge transferred to theauhit, obtained by a NBO

AGT,(soln)= ~RTIn K, ) analysis, varies in the range (0:18.18) e when the substituent
is NH, or N(CHg). In the other cases, the charge transferred is
relatively weak, (0.080.1) e. This indicates that there is a rough
correlation between the amount of charge transferred and the
stability of the complex, since those substituents which increase

o _ _ the donor ability of the thiocarbonyl group lead to the most
O(AGp(soln)] = ~RTo(In KJ = ~RT(OKJ/K; (5) stable complexes (see Table 4).

Table 4 presents the corresponding complexation enthalpy
values calculated at the MP2(full)/LANL2DZ* level, after
including the thermal corrections for the translational, rotational,
and vibrational degrees of freedom and the t&RV) at 298.2
K. Table 4 gives also the corresponding entropies, calculated
at the HartreeFock level, and the Gibbs energy changes
corresponding to the different complex formations. Here also,
the variation range is very narrow (5.4 kcal myl These

Uncertainties omMAG°jz(soln) were estimated by the standard
classical method appropriate to these cases. Differentiation of
eg 4 under constarit (experimental conditions) leads to eq 5

wherein §[(AG°x(soln)] is an estimate of the size of the
uncertainty onAG°z(soln), anddK. is defined as an estimate
of the size of the uncertainty d. In our case we takéK. =

o (standard deviation). Inspection of eq 5 shows that the
uncertainty onAG°(soln) is not determined byK. alone but
rather by the ratio K¢)/K¢, which as shown in Table 3 is
practically constant throughout the series of complexes consid-

er?I'(:{e equilibrium constants reported in Table 3 are the averageresuns' as vyell as the experimental ones, re flect the fact that

of at least three independent measurements. All solution da'[athe substitution affect_s rr_loderately t_he ba5|c_|ty of thiocarbonyl

were determined at 28C. From these results it.is clear that, in comp_ounds toward |0d|r_1e, at variance .Wlth the gas-pha_se
: ’ basicity toward proton. It is also worth noting that the BSSE is

zﬂbggti ees;tstggnsilék()jgguitrl]otrr]]isO\tvo?k Z%ifggtnbr?r)]/ Zzﬁm()forigit always sizably large and therefore cannot be neglected. Similar
9 P findings were recently reported by Ammal efafor complexes

variation of thiocarbonyl compounds basicity towasdActu- . . :
ally, data in Table 3 show that, for the same set of compounds, of I> with ether and diethyl sulfide.
the range of substituent effects on the Gibbs energies of (50) Taft, R. W.; Topsom, R. DProg. Phys. Org. Chenl987, 16, 1.

association with iodine in solution, about 5 kcal/mol, is 48(3%f“ihe”e“f’ G.; Rafig, C.; Abboud, J.-L. M. Org. Chem1983

significantly smaller than that for gas-phase protonation (ca. (52) Ammal, S. S. C.; Ananthavel, S. P.; Chandrasekahar, J.; Venu-
20 kcal/mol)!® Similar behavior has been reported for Sfsp  vanalingam; Hegde, M. £hem. Phys. Letfl996 248 153.
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Table 4. Calculated Values oAH°;, TAS);, andAG®), at the
MP2(full)/LANL2DZ* Level
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those inherent to the quantum mechanical method used) from
the error in the estimated ZPE, which must be much smaller

syst. R1 R2  AH°p(calcp® TASp(calc} AGCp(calcy? than that affecting the entropy.
1 H H —4.53 (-6.13f —6.41 1.88 Figure 5 shows that there is a reasonably good linear
2 H NH, —6.64 (-9.55) —701 0.37 correlation between calculated complexation enthalpies (gas-
3 NH; NH, —7.22(10.07) —6.88 —-0.27 phase) and experimental free energies in solution:
4 NHCH, NHCH, —8.29 (-11.35) —7.19 -1.10
5 CH NH —7.60 (—10.60 —6.81 —-0.79 o — o
e NG, oo E_lo‘lsg e o0 AG°,(sol) = (3.24 0.8)+ (1.0+ 0.1)AH° ,(calc) (7)
7 OCHs SCH; —3.31(-4.87) —6.08 2.77
8 CHs CHs —5.63 (~7.55) —6.64 1.00 with n = 11,r = 0.949, and s.d= 0.53 kcal mot1.
9 CI N(CHs), —5.52(-7.21)  —6.48 0.96 A closer look shows that although all points can be correlated
ﬂ 823H3 mgg:%z _Z'Zg E_éodg?) _g'g% _02'8542 in a single straight line, two better correlations of different slope,
3)2 —0.490 (7J. - O : i i
12 N(CHs), N(CHy), —7.99 (-11.45)  —7.42 ~0.57 and which obey the equations
13 tBu  N(CHy), —7.14 (-10.30) —7.51 0.37

a Al values are in kcal molt. ® Obtained at the MP2/LANL2DZ*// AG®p(s0l) = (2.8 0.2)+ (1.02:+ 0.02AH" ,(calc) (8)

LANL2DZ* level including both ZPE and BSSE correctiorfs/alues

in parentheses do not include BSSE corrections. with n = 5, r = 0.999, and s.d= 0.10 kcal mot?, for Ry,

R, = N(CHjz),, and
0.0 T T T

/ AG°,(sol)=(5.9+ 1.1)+ (1.4+ 0.2)AH°,(calc) (9)

/ with n=6,r = 0.976,and s.0d=0.33 kcal mof?, for R; and/or
/ R, = N(CHzg),, can be established. Quite interestingly, the
/ second one includes all complexes involvidgdimethyl-

*9 / substituted thiocarbonyl derivatives, while the first one includes
the remaining complexes. Since we are correlating gas-phase
vs solution data, this difference likely points to differences in
the solvation energies when the thiocarbonyl presents bulky
substituents as thé&l-dimethyl groups (steric hindrance to
solvation).

To the best of our knowledge, this is the first direct
comparison of experimental thermodynamic data on the intrinsic
reactivity of thiocarbonyl compounds toward iodine and theo-
retical calculations of substantial level. The quality of these
correlations seems to indicate that the basicity of thiocarbonyl
compounds with regard to molecular iodine is well reproduced
at this level of calculation.

It had been fount 28 that, within families of compounds
having a common basic center, structural effects on the
reactivities toward proton and molecular iodine are similar. Thus,
here again a direct comparison of structural effects on the
reactivities of thiocarbonyl compounds toward these two acids
seemed appropriate. Table 3 includes also the gas-phase
basicities,0GB, of the compounds under investigation, which
can be compared with the experimental valueAGP(soln).
There is no linear relationship between th@°»(soln) anddGB
Figure 5. Correlation between experimental®;; (soln) andAH?; values if we include all compounds studied in this work. On
calculated at the MP2/LANL2DZ* level. the contrary, if we eliminate compounds containing a substituent

It would be of interest to compare our theoretical and amino (whered can interact with one hydrogen of the amino
experimental data. For this purpose we have plotted the 9roup), compounds presenting a large steric effect toward |
experimental free energies vs our calculated enthalpies in Figurend those having a specific interaction in their protonated forms,
5. In principle, it would be desirable to plot experimental free the correlation obtained is satisfactory (see Figure 6). Notice
energies vs calculated free energies, but it must be taken intothat the AG®z(soln) values of CHCSNH,, NH,CSNH,, and
account that the latter are affected by a large error, which cannot(CH2NH)2CS are abnormally high in comparison with the° -
be easily estimated. This is so because for weakly bound (soln) of compounds who have a similar gas-phase basicity. This
systems, such as the thiocarbonld complexes, there are many result is in agreement with a possible specific interaction
vibrational modes of very low frequency, which in turn are very between H(NH) and incoming iodine:
anharmonic. Since our estimations of the vibrational frequencies
are based on a harmonic approximation, the error affecting the
calculated values is very large and so is the error affecting the
estimated value of the entropy. Hence, the calculated values ofwith n =5, r = 0.934, and s.d= 0.44 kcal mot?.

AG®; given in Table 4 must be regarded as a rough estimation  This correlation indicates that, in the absence of interfering
of this thermodynamic magnitude. The error in the calculated effects such as those indicated above, structural effects on the
enthalpies must be much smaller, since it arises only (besidesstability of 1:1 charge-transfer complexation of thiocarbonyl

-9.0 -7.0 -5.0 -3.0

AH?®,, (ab initio0)

AG®,(soln)= (—1.8+ 0.5)+ (0.16+ 0.03GB (10)
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Figure 6. Linear correlation between the experimental value$®@B
(gas-phase protonation processes) Af (soln).

-20.0

derivatives with molecular iodine in solution are similar to
structural effects on their gas-phase basitity.3°
Conclusions

We have examined, experimentally and theoretically, the
process of complexation between molecular iodine and thio-

Esseffar et al.

this process leads to the formation of 1:1 charge-transfer
complexes, which present the CT absorption band either around
300 nm or around 350 nm. Based on ab initio calculations on
their structures we can conclude that the first kind of complexes
correspond to those where the molecule of iodine lies in the
same plane as the=€S group, while the second kind corre-
sponds to those where therhoiety is almost perpendicular to
that plane. From the evidences found in this work and in the
literature, we can also conclude that perpendicular complexes
are formed when the substituents around the thiocarbonyl group
are bulky, because of the steric hindrance and because the nature
of the HOMO changes depending on the nature of the substit-
uents. In both cases, the iodine interacts electrostatically with
the sulfur atom, providing a charge transfer from thiocarbonyl
compound to molecular iodine. In the cases where the substituent
is an amino group, 2l approaches along the side of the
substituent, thus inducing a hydrogen bond interaction.

The Taft-Topsom model indicates that field and resonance
effects are dominant in the stabilization of the iodine
thiocarbonyl complexes. The good correlation between calcu-
lated complexation enthalpies and experimental free energies
seems to indicate that substituent effects on the basicity of
thiocarbonyl compounds with respect todre similar in the
gas phase and in solution. Also importantly, there is a fairly
good linear correlation between free energy changes for the gas-
phase protonation of the thiocarbonyl derivatives under study
and the free energy changes corresponding to their association
with I, in solution, even though in the first kind of process the
interaction is strong, while in the second it is rather weak.
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carbonyl compounds. Experimentally, it has been observed thatJA983268N



