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Intermolecular charge-transfer (CT) complexes between a wide range of carbonyl compounds and iodine
monochloride were spectroscopically studied in the UVÈvisible region. Equilibrium constants and Gibbs energy
changes of 1 : 1 charge transfer complexes were determined in solution. The ICl basicity scale in of theCCl4 CCl4
set of carbonyl derivatives included in this study is well correlated with the basicity scale in the same solvent. AbI2
initio calculations at HF/LANL2DZ* and MP2(full)/LANL2DZ* were carried out in order to clarify the structures
of these CT complexes. Two di†erent conformations, depending on the characteristics of the substituents, may be
found. In one of them the ICl moiety lies in the plane of the carbonyl group, in the other the ICl subunit is
perpendicular to the C2O group. The perpendicular complexes are favored by bulky substituents for which the
HOMO has a clear p-character. Both kinds of complexes can be spectroscopically distinguished since they present
the CT absorption at di†erent wavelengths. In both kinds of complexes the carbonylÈICl interaction is essentially
electrostatic. The substituent e†ects were analyzed through the use of the TaftÈTopsom model. Experimental data
in solution and theoretical estimates were found to follow a good linear relationship.

Introduction

The chemistry of the carbonyl group plays an essential role in
organic synthesis, as a pivotal functional group useful in a
number of transformations.1h3 Many workers have focused
their attention on this group in order to study its basicity. As
a consequence di†erent basicity scales with respect to several
Lewis acids4h8 have been reported in the literature. Part of
this interest is justiÐed because the amide group, as a part of
the carbonyl family, is the essential structural unit of peptides
and proteins9 and the knowledge of its structural and ther-
modynamic proprieties10 is useful, not only in order to reach
a better understanding of these biological materials but, also,
for the purpose of designing peptidomimetics.11h13

Halogens and interhalogens XY form donorÈacceptorX2complexes, and BÉ É ÉXY, with a wide range of LewisBÉ É ÉX2bases B.14h16 These charge transfer (CT) complexes, Ðrst pro-
posed by Mulliken,17 are now recognized to play a key role in
many chemical and biological processes. Consequently, many
studies in spectral, thermodynamic, and other aspects, have
been reported in the literature,4,5,18 but only a few of them
include a theoretical analysis of the results.

Related to this, a great deal of work was devoted to the
electrical properties of materials obtained by binding molecu-
lar iodine to compounds having sulfur, selenium or oxygen
electron-donor atoms.4,19h21 This has encouraged us to study
the interaction of iodine-containing systems with carbonyl19
and thiocarbonyl22 compounds both experimentally and com-
putationally. In order to establish some generalizations about
the nature of the intermolecular interaction determining the
complex structures, we will extend our previous studies on

complexes19 to similar complexes involving ICl,carbonylÈI2by measuring the corresponding equilibrium constants and
Gibbs energies, by means of UV-visible spectroscopic tech-
niques.

The set of carbonyl compounds chosen for this study
excludes those which have substituents, such as the amino
group, that can form hydrogen bonds with the ICl, because of
their insolubility in which is the solvent used in theCCl4present case. Aromatic ketones are also absent because the
aromatic ring introduces an extra basic site in the molecule
and this will make the analysis of the basicity trends much
more complicated. The only exception is PhCON(CH3)2 ,
which has been included for the sake of experimental compari-
son between the basicity toward ICl and I2 .

Very recently, Legon23 published an interesting paper in
which some generalizations on the charge transfer and
binding strength of BÉ É ÉICl complexes, determined by rota-
tional spectroscopy and involving small bases, are discussed.
Nevertheless, to the best of our knowledge a systematic quan-
titative determination of basicity of aliphatic ketones and N-
substituted amides towards iodine monochloride, and in
particular, a direct comparison between experimental and
theoretical results, has not been carried out before. It should
be mentioned, however, that the IR spectra of some of the
complexes investigated here were reported by Berthelot et
al.24 in 1985.

In what follows, we compare our experimental results
regarding the binding energies of these ICl complexes with the
corresponding theoretical estimates. We analyze the structure
of the carbonylÈICl complexes as well as the substituent
e†ects on the ICl binding energies by means of the TaftÈ
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Fig. 1 UVÈvisible spectra of the complex(CH3O)(N(CH3)2)COÈICl
(7) ; the ICl concentration was kept constant at 0.012 mol L~1 while
the carbonyl concentration was varied : 1, 0 ; 2, 0.008 ; 3, 0.015 ; 4,
0.024 ; 5, 0.030 ; 6, 0.046 ; 7, 0.061 ; 8, 0.077 ; 9, 0.092 mol L~1.

Topsom model.25 We shall also compare the carbonyl iodine
monochloride interaction with that of molecular iodine.

Experimental
All the compounds studied in this work are commercially
available or had been previously prepared and puriÐed by us,
following the methods described in the literature.26,27 Iodine
monochloride is a commercially available product from
Aldrich and was used without further puriÐcation.

Although heptane is frequently used for these kinds of
studies as it is nonpolar and presents small solvation contri-
butions, the low absorption coefficient of iodine monochloride
raises a serious problem because the majority of the com-
pounds considered herein have a low solubility in heptane.
Thus, of spectrograde quality was used. As we shallCCl4show later, the values obtained in can be easily con-CCl4verted to those in heptane, using the relationship proposed by
El Ghomari.28

A Cary 219 spectrophotometer was employed to determine
the equilibrium constants for the association between carb-
onyl compounds and ICl in solution. These measurements
were carried out using 1 cm matched quartz cells, kept at
25.0^ 0.1 ¡C. As the use of as a solvent makes it difficultCCl4to work below 300 nm, all measurements were carried out
over the range 340È500 nm, which corresponds to the absorp-
tion from free and bound ICl. Spectral studies in this region
after mixing the donor and acceptor solutions, allow the mon-
itoring of the formation of the complex. Furthermore, the
single isobestic point located between the bands of free and
associated ICl in the UV-visible spectrum (see Fig. 1) indicates
that the CT complexes formed obey a 1 : 1 steochiometry as
shown by Berthelot et al.24 The calculations of the equi-
librium constants, were performed by using DragoÏsKc ,
method.29 For systems which present a small value of theKcsimpliÐcations reported in the literature30,31 were applied.

Computational details
The equilibrium geometries of carbonylÈICl complexes have
been optimized using ab initio methods implemented in the
GAUSSIAN 98 series of programs.32 All the calculations were

carried out using a LANL2DZ* basis set which includes the
e†ective core potential (ECP) proposed by Hay and Wadt33,34
for all atoms except those of the Ðrst row (C, N, O). This
implies that for iodine the mass-velocity and Darwin rela-
tivistic e†ects are incorporated in the ECP used. The
LANL2DZ basis set corresponds to a Dunning/Huzinaga full
double-m basis (D95)35 for Ðrst row elements and to the afore-
mentioned ECP34 plus double-m basis for chlorine and iodine
atoms. This basis set was augmented with a set of d polar-
ization functions (LANL2DZ*) with the following expo-
nents :36,37 ThisaC\ aO \ aN \ 0.8 ; aCl\ 0.75 aI \ 0.29.
basis set is deemed suitable for the systems studied in this
work. On the other hand these ECP calculations have been
recently shown22,38 to yield reasonably good results for I2complexes with pyridine and thiocarbonyl20 derivatives. It
must be noted however that although the ECP used takes into
account the two most important relativistic e†ects, spinÈorbit
coupling (SOC) is not included in the model. Nevertheless,
since the ground states of the systems under consideration are
always of singlet multiplicity, these SOC corrections will be
zero at Ðrst order. It must be mentioned, however, that the 3%
state of the ICl molecule its strongly split by SOC, so that, in
principle, a SOC coupling between this triplet state and the
ground singlet state could be appreciable and perhaps a little
larger when the CT complex is formed. However, since the
energy gap between these two states is of the order of 3.4 eV
we can safely assume that this interaction must be rather
small. The good agreement between our theoretical estimates,
where this interaction has been neglected, and the experimen-
tal values seem to conÐrm that our guess is reasonably
correct. Geometry optimizations were initially performed at
the HF/LANL2DZ level and then reÐned at the MP2(full)/
LANL2DZ* level, to explicitly include the electron correlation
e†ects. The harmonic vibrational frequencies were determined
by analytical second derivatives techniques at the HF/
LANL2DZ* level in order to conÐrm that the optimized
structures found corresponded to real minima of the potential
energy surface and to evaluate the zero point energy (ZPE)
corrections, the thermal corrections and the entropy values.
The ZPE and the stretching frequencies were scaled by the
empirical factor 0.893.

The binding enthalpies were obtained at the MP2(full)/
LANL2DZ* level of theory after including the ZPE and the
thermal corrections as well as the basis set superposition error
(BSSE) correction estimated using the counterpoise method
proposed by Boys and Bernardi.39 To get more information
on the net atomic charges and electronic charge density, the
study was completed with two di†erent electron population
techniques : the natural bond orbital (NBO)40 method and the
atoms in molecules (AIM) theory of Bader et al.41 The Ðrst
technique usually provides reliable atomic charges and the
latter, which is based in a topological analysis of electron
charge density, o(r), and its Laplacian, +2(o), permits one to
establish the nature of the interaction. All these population
analyses have been carried out using the MP2 density in order
to take into account the electron correlation e†ects.

Results and discussion
The experimental values obtained for the equilibrium con-
stants associated with di†erent complexes are given in Table
1. The values of the Gibbs energy changes, for*GICl¡ (soln),
equilibrium (1) :

B(soln)] ICl(soln) ] B(soln)É É ÉICl(soln) (1)

were obtained by means of eqn. (1a) :

*GICl¡ (soln) \ [RT ln Kc (1a)

Table 1 also lists the values of in carbon tetra-*GI2¡ (soln)
chloride deduced from those determined in n-heptane
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Table 1 Experimental values of the equilibrium constants and the Gibbs energies for carbonylÈICI complexes determined in solvent. TheCCl4Gibbs energies for the corresponding complexes are included for the sake of comparison.carbonylÈI2
Kc/l mol~1 *Gexp(BÈICI)a,b/(kcal mol~1) *Gexp(BÈI2)c/(kcal mol~1)

1 HCON(CH3)2 533 ^ 26 [3.74 [0.82
2 CH3CON(CH3)2 1696 ^ 68 [4.43 [1.30
3 ClCON(CH3)2 1.05^ 0.14 [0.03 0.52
4 NCCON(CH3)2 2.98^ 0.2 [0.65 0.79
5 (CH3)2NCON(CH3)2 1655 ^ 84 [4.42 [1.30
6 (CH3)3CCON(CH3)2 384 ^ 23 [3.55 [0.84
7 CH3OCON(CH3)2 52 ^ 4 [2.36 [0.50
8 H5C2OCOCH3 7.23^ 0.3 [1.18 0.34
9 ClCOCH3 0.76^ 0.4 0.16 1.58

10 H3CCOCH3 17.8^ 0.21 [1.72 0.24
11 H5C2COCH3 16.8^ 0.6 [1.68 0.29
12 HCOOC2H5 1.7^ 0.25 [0.32 0.73
13 CH3COC(CH3)3 23.7^ 3.5 [1.89 0.23
14 HCOCH3 3.34^ 0.2 [0.72
15 C5H5CON(CH3)2 579 ^ 32 [3.79 [0.95

a This work. b Uncertainties between 0.01 and 0.03 kcal mol~1. c From ref. 4 and 19. These values were obtained using eqn. (2) and the values
measured in n-heptane.

solvent,4,19 using eqn. (2)28

log KXB(n-C7H18)\ 0.99(^0.01)log KXB(CCl4)

] 0.22(^0.01) (2)

n \ 41, r \ 0.998, s.d.\ 0.11

The values reported in Table 1 show that carbonyl com-
pounds exhibit a greater basicity towards ICl than towards I2 .
This result could be anticipated because of the polar nature of
iodine monochloride which polarizes more strongly the base
and, as a consequence, behaves as a much stronger acceptor
than molecular iodine. Furthermore, both basicity scales are
linearly related as illustrated in Fig. 2. This linear correlation
obeys eqn. (3) :

*GICl¡ (soln) \ 1.79(^0.10)*GI2¡ (soln)[ 1.99(^0.08) (3)

n \ 14, r \ 0.984, s.d.\ 0.26 kcal mol~1

This expression shows that values are consistently*GICl¡
more negative than Furthermore, structural e†ects on*GI2¡ .

are nearly twice as large as those on This result*GICl¡ *GI2¡ .
likely follows from the stronger electron demand in the inter-
action with ICl.23,42 However, it is important to note that the
range of *G¡ values for ICl, is narrow (4.5 kcal mol~1), even
though it is more than twice the variation range observed for

complexation (2.0 kcal mol~1). The goodness of correlationI2(3) indicates that the basicity trends of the carbonyl investi-
gated are similar for and ICl. This is in agreement with theI2model of Gutmann43 who established an order of base
strengths from the enthalpy of the reaction with the acid

Fig. 2 Correlation between the experimental values of *GICl¡ (soln)
and *GI2¡ (soln).

denoted ““DNÏÏ (donor number). He assumed that thisSbCl5order remains constant for all other acids, i.e. basicity scales
referred to di†erent acids must be linearly correlated. To ratify
this rule we have compared our with the donor number*GICl¡
of Gutmann and with the enthalpies measured by Maria and
Gal44,45 for which the reference acid is The linearBF3 .
relationships found in these two cases fulÐlled eqn. (4) and (5),
respectively and show that DN and scales are more[*HBF3

¡
sensitive to the structural e†ects than *GICl¡ .

*GICl¡ (soln) \ [0.27(^0.04)DN] 3.36(^0.75) (4)

n \ 9, r \ 0.945, s.d.\ 0.55 kcal mol~1

*GICl¡ (soln) \ [0.08(^0.01)([*HBF3
¡ ) ] 4.94(^0.99) (5)

n \ 9, r \ 0.940, s.d.\ 0.57 kcal mol~1

The important point is that, although the association ener-
gies change signiÐcantly, from quite small values when the ref-
erence acid is to much larger values when the referenceI2acids are or the di†erent basicity scales follow theSbCl5 BF3 ,
same trends.

In order to quantitatively analyze substituent e†ects on the
basicity of carbonyl compounds towards iodine monochloride
we have adopted the TaftÈTopsom model25 which decom-
poses the substituent e†ects into Ðeld polarizability(pF), (p

a
)

and resonance e†ects.(pR)Such an analysis leads to eqn. (6) :

*GICl¡ (soln) \ 0.30(^0.54)] 1.89(^0.64)&p
a

] 4.18(^0.85)&pF] 3.19(^0.49)&pR (6)

n \ 12, r \ 0.950, s.d.\ 0.58 kcal mol~1

This correlation shows that for the interactions between
carbonyl compounds and ICl, the Ðeld e†ect is dominant,
this reÑecting the sizeable dipole moment of the compounds
investigated.

It can be also useful to compare this correlation with that
obtained for the same set of compounds toward The corre-I2 .
sponding values were taken from ref. 4 and 19.*GI2¡ (soln)

*GI2¡ (soln)\ 0.967(^0.13)] 0.45(^0.14)&p
a

] 3.06(^0.22)&pF ] 2.06(^0.10)&pR (7)

n \ 10, r \ 0.994, s.d.\ 0.11 kcal mol~1

It can be seen that consistent with our previous arguments,
the relative weight of the Ðeld contribution is similar, while
that of the polarizability term is much smaller due to the fact
that has no permanent dipole moment. In both cases, theI2
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resonance e†ect contribution to the Gibbs energy is smaller
than the Ðeld contribution reÑecting the weak interaction
between both subsystems. The same model has been applied
to a large set of carbonyl46 and thiocarbonyl20 compounds in
gas-phase protonation processes also showing a dominant
contribution of the Ðeld e†ect due to the strong coulombic
Ðeld created by the proton.

The carbonyl compounds which present a substit-N(CH3)2uent obey a correlation which is di†erent from that followed
by the remaining carbonyl derivatives. We shall show later
that these sub-sets di†er also in their intrinsic basicities and in
the magnitude of their C2O stretching frequency.

For the series :CH3COX

d*GICl¡ \ 1.37(^0.57)p
a
] 5.83(^1.25)pF] 5.10(^0.89)pR (8)

n \ 6, r \ 0.963, s.d.\ 0.52 kcal mol~1

where : d*GICl¡ \ *GICl¡ (CH3COX)[ *GICl¡ (CH3COH)

For the series :(CH3)2NCOX

d*GICl¡ \ 0.19(^1.14)p
a
] 6.46(^1.48)pF] 1.08(^1.36)pR (9)

n \ 6, r \ 0.925, s.d.\ 0.93 kcal mol~1

where : d*GICl¡ \*GICl¡ ((CH3)2NCOX[*GICl¡ ((CH3)2NCOH)
The comparison of these equations shows that the relative

weight of the polarizability and resonance terms in the
series decrease dramatically with respect to the(CH3)2NCOX

series. Furthermore, the polarizability contributionsCH3COX
to in the case of the series, are not sta-*GICl¡ , (CH3)2NCOX
tistically signiÐcant. This seems to indicate that the presence
of the group which has large resonance and polari-N(CH3)2zability e†ects produces a saturation of these e†ects, which
accordingly change very little when a second substituent is
introduced on the system.

The analysis of substituent e†ects can be also carried out in
terms of the Gibbs energy changes. So in the com-RCOCH3pounds set, on going from R \ H (14) to (10) anR\ CH3increase of is observed. This is an expected result if*GICl¡ (soln)

one takes into account the donor character of the methyl
group. However, when the methyl group is replaced by a tert-
butyl substituent, on going from 10 to 13, the change in

is negligibly small even though the tert-butyl sub-*GICl¡ (soln)
stituent is a better donor than the methyl group. This seems to
indicate that a certain saturation of the inductive e†ects is
already reached when the system has two methyl groups as
substituents. On the other hand, some solvation e†ects due to
the bulky nature of the tert-butyl group cannot be discarded.
The same e†ect, would also explain why on going from
complex 2 to complex 5 there is no(R\CH3) (R \N(CH3)2)increase in the value of in spite of the fact that the*GICl¡ (soln),

group should lead to an enhanced basicity withN(CH3)2respect to the methyl group. Besides, in this case, the intro-
duction of a second group involves a change in theN(CH3)2conformation of the complex (see Fig. 3). It is worth noting
that a similar substitution on going from complex 8 to
complex 7 leads to an increase of the ICl binding energy. This
is consistent with our previous arguments, since in this case
the other substituent (ÈOMe) is an electron withdrawing
group.

Theoretical results

Table 2 lists the total energies, evaluated at the HF/
LANL2DZ* and MP2(full)/LANL2DZ* levels, the ZPE cor-
rections and the entropy values. Also included are the values
of the theoretical complexation enthalpy of carbonylÈICl
complexes calculated at the MP2/LANL2DZ* level in which
the thermal corrections associated with translational, rota-
tional and vibrational degrees of freedom, and also the P*V
term at 298 K were included. These values also include the
BSSE (basis set superposition error) corrections which have
been proved to be non-negligible for this type of interaction.
Indeed, in our study concerning the complexation of
thiocarbonyl22 compounds with iodine we have noted an
important contribution of this correction to the enthalpy
values. The same remarks have been raised in the case of the

complexation with diethyl ether and diethyl sulÐde asI2studied by Ammal et al.47

Table 2 Total energies zero point energies (ZPE/kcal mol~1) and entropy values (S/cal mol~1 K~1) of carbonyl and carbonylÈICl(Eh/au),
complexes

[EHF@LANL2DZR [EMP2(full)@LANL2DZR ZPE STot
1 HCON(CH3)2 247.031 571 4 247.743 929 8 0.110 301 77.01
1ÈICl 272.912 359 5 273.853 642 4 0.112 499 107.31
2 CH3CON(CH3)2 286.075 297 9 286.916 218 0 0.140 238 83.88
2ÈICl 311.955 916 0 313.025 891 8 0.142 103 116.59
3 ClCON(CH3)2 261.172 868 9 262.019 276 0 0.100 623 84.94
3ÈICl 287.049 232 1 288.123 112 0 0.102 305 118.15
4 NCCON(CH3)2 338.764 506 1 339.755 625 8 0.108 854 90.83
4ÈICl 364.639 743 1 365.859 289 9 0.110 609 121.53
5 (CH3)2NCON(CH3)2 380.146 251 9 381.276 978 8 0.189 845 94.62
5ÈICl 406.025 898 1 407.387 198 1 0.191 606 126.88
6 (CH3)3CCON(CH3)2 403.178 254 6 404.416 390 1 0.231 448 100.57
6ÈICl 429.057 479 9 430.525 788 7 0.233 102 135.72
7 CH3OCON(CH3)2 360.965 088 4 361.972 665 1 0.146 492 89.44
7ÈICl 386.843 606 4 388.079 518 3 0.148 112 124.77
8 H5C2OCOCH3 305.930 011 6 306.777 908 3 0.127 587 82.43
8ÈICl 331.807 274 2 332.882 971 6 0.129 290 115.44
9 ClCOCH3 167.097 385 0 167.650 489 9 0.051 293 69.21
9ÈICl 192.970 124 2 193.750 588 1 0.052 820 104.29
10 H3CCOCH3 191.994 665 8 192.542 995 9 0.090 013 72.46
10ÈICl 217.871 724 5 218.648 335 1 0.091 911 103.67
11 H5C2COCH3 231.032 249 4 231.709 266 9 0.121 253 78.08
11ÈICl 256.909 666 1 257.815 720 8 0.123 137 109.17
12 HCOOC2H5 266.878 050 8 267.599 355 1 0.098 115 73.76
12ÈICl 292.754 616 2 293.703 202 7 0.099 915 106.6
13 CH3COC(CH3)3 309.107 916 9 310.051 594 5 0.181 401 88.20
13ÈICl 334.985 316 6 336.158 019 6 0.183 180 120.2
14 HCOCH3 152.943 741 8 153.364 070 4 0.060 052 62.33
14ÈICl 178.882 018 1 179.468 399 5 0.061 992 94.81

ICl (free) 25.866 402 2 26.090 761 8 0.000 916 57.66
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Fig. 3 MP2(full)/LANL2DZ* optimized geometries of carbonylÈICl complexes : bond lengths and bond angles (¡).(A� )

In weakly bond systems, such as the carbonylÈICl complex-
es described here, there are many vibrational modes of very
low frequency which, in turn, are very anharmonic, and there-
fore they cannot be adequately described when using a har-
monic approximation as is routinely done in standard ab
initio calculations. Since these vibrational frequencies contrib-
ute signiÐcantly to the entropy, the error a†ecting this term
can be sizeable for this kind of complex. For the same reason,
the calculated values of given in Table 3 must be regard-*GICl¡
ed as a rough estimate of this thermodynamic magnitude.
However, the error in the calculated enthalpies will be much
smaller, since it arises only (besides those inherent to the
quantum mechanical method used) from the error in the esti-
mated ZPE and thermal corrections. Hence, for the compari-

son of experimental data in solution and theoretical estimates,
calculated enthalpies, rather than calculated free ener-*HICl¡ ,
gies are used. The correlation between and*HICl¡ (calc)

(see Fig. 4) follows eqn. (10) :*GICl¡ (soln)

*GICl¡ (soln) \ 1.31(^0.08)*HICl¡ (calc) ] 9.39(^0.7) (10)

r \ 0.954, n \ 13, s.d.\ 0.28 kcal mol~1

The value of r indicates that the correlation between calcu-
lated gas-phase complexation enthalpies and experimental
energies in solution is reasonably good ; but more importantly,
it presents a slope close to unity, which indicates that the sub-
stituent e†ects on the basicity of carbonyl compounds towards
ICl are almost identical in the gas phase and in solution.
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Table 3 Calculated values (kcal mol~1) of and at MP2(full)/LANL2DZ**HICl¡ , T *SICl *GICl¡

[*HICl¡ a(calc) [T *SICl(calc) *GICl¡ (calc)

1 HCON(CH3)2 10.09 8.16 [1.93
2 CH3CON(CH3)2 10.23 7.44 [2.79
3 ClCON(CH3)2 7.47 7.29 [0.18
4 NCCON(CH3)2 7.24 8.04 0.8
5 (CH3)2NCON(CH3)2 10.36 7.57 [2.79
6 (CH3)3CCON(CH3)2 9.97 6.71 [3.26
7 CH3OCON(CH3)2 8.94 6.66 [2.28
8 H5C2OCOCH3 8.09 7.35 [0.74
9 ClCOCH3 5.74 6.73 0.99

10 H3CCOCH3 8.03 7.89 [0.14
11 H5C2COCH3 8.46 7.92 [0.54
12 HCOOC2H5 7.41 7.40 [0.01
13 CH3COC(CH3)3 8.40 7.65 [0.75
14 HCOCH3 8.62 7.51 [1.11

a Values include both ZPE and BSSE corrections.

On the other hand, the good correlation between experi-
mental and calculated energy values is a indirect indication of
the reliability of the theoretical scheme used and, by extension,
of the optimized structures employed to obtain these energies.
This is an important point because very little is known on the
structures of complexes with ICl. To the best of our know-
ledge no structural studies in the solid state have been report-
ed so far. In solution, as we have mentioned above, Berthelot
et al.24 have studied some of the complexes included in this
study by IR spectroscopy and suggested the existence of linear
and angular stereoisomers, in which the ICl moiety is always
coplanar with the C2O group, with di†erences arising from
the CÈOÈI angle, which is ca. 0¡ in the linear complexes and
ca. 120¡ in the angular ones.

Our calculations also show that the ICl complexes can be
classiÐed in two di†erent groups according to their optimized
structures (see Fig. 3), but at variance with the suggestion of
Berthelot et al.,24 for compounds 5È7 we have found a perpen-
dicular stereoisomer in which the ICl molecule approaches the
oxygen atom of the carbonyl group almost perpendicularly to
its plane, leading to a torsion angle RCOÉ É ÉI of ca. 95¡. For
the remaining compounds (1È4 and 8È14) we observe a planar
stereoisomer, in which the OÉ É ÉICl angle is very close to 180¡.
It is important to mention that the existence of perpendicular
complexes with ICl has already been detected,23 by means of
microwave spectroscopy, for the particular case of WeH2S.
will come back to this feature later.

The existence of two di†erent sets of ICl complexes can be
explained in terms of the electron density distribution as
reÑected by the character of the HOMO of the corresponding
compound and in terms of steric e†ects. For the molecules
involved in complexes 1È4 and 8È14 the highest occupied
molecular orbital (HOMO) presents r-character while for the

Fig. 4 Correlation between and calculated at the*GICl¡ (soln) *HICl¡
MP2/LANL2DZ* level. The values for complex 9 were not included.

remaining complexes the HOMO presents p-character. Hence,
two factors seem to be responsible for the fact that the com-
pounds 5È7 preferentially yield perpendicular complexes : (i)
steric hindrance, which prevents an in-plane approach of the
ICl moiety to the oxygen atom, and (ii) the nature of
the HOMO which, in these cases, presents a p-character.
The approach of the ICl moiety in the planar complexes is
favored for the side which presents a smaller steric hind-
rance. A similar situation was reported previously for

complexes. It is also of note that, as wethiocarbonylÈI222
have mentioned above, systems such as whose HOMO isH2S,
of symmetry, and therefore of p-character, also yield per-b1pendicular ICl complexes.23 This should be also the case for
water even though complexes are planar. This is soH2OÉ É ÉICl
because, as explained by Legon,23 although in its equilibrium
structure the complex is non-planar, the potential energy
barrier for the planar form lies below the zero-point vibra-
tional energy level. Since in these systems steric e†ects are
absent, we must conclude that the nature of the HOMO is the
dominant factor leading to the formation of perpendicular
complexes. In these cases the p electron density is favored over
the O non-bonding electron pairs enhancing the electrostatic
interaction in the perpendicular conformation.

It would be desirable, at this point, to verify whether these
complexes lead to di†erent UV-visible spectra. Unfortunately,
this investigation cannot be done in a systematic way because
to properly detect the CT maxima, it is necessary to use other
solvents than (the solvent used in this work). Hence, weCCl4decided to carry out some tests in heptane for some suitable
compounds, in which this problem is less severe. We found
that complex 5, in which the ICl approaches perpendicularly
to the plane of the C2O bond, the CT appears shifted 30 nm
to higher wavelengths with respect to the CT band for
complex 14 in which the ICl subunit lies in the plane of the
C2O bond. This situation is rather similar to that reported
recently22 for complexes between thiocarbonyl derivatives and

and, very likely, it also reÑects the di†erent nature of theI2 ,
HOMO of the base. When the oxygen is sterically crowded on
both sides by large substituents, the HOMO has p-character,
the ICl approaches perpendicularly to the C2O plane and the
CT band appears at higher wavelengths. When the oxygen
atom is not crowded or only one side is crowded, the HOMO
is r in nature, the ICl approaches in the plane of the C2O
bond and the CT band appears at a wavelength ca. 30 nm
smaller. It is important to mention that, for the compounds
such as complex 1, we observe, in addition to the main CT
band, a shoulder shifted ca. 30 nm to longer wavelengths
which is probably due to the presence of some perpendicular
complex in solution.

Complexes with the chlorine atom of the ICl molecule
pointing towards the carbonyl oxygen have been found to be
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local minima of the potential energy surface, but much less
stable than the complexes included in Fig. 3. Furthermore,
from the energetic point of view the formation of such com-
plexes is predicted to be endothermic rather than exothermic.

It is also observed that, in general, the OÈI bond length is
ca. 2.6 which is less than the sum of the van der Waals radiiA�
of O and I. The charge densities, as well as the energy den-
sities found at OÈI bond critical points (bcps) are typical of
electrostatic interactions. Both indexes prove also that the
interaction between carbonyl and iodine monochoride is rela-
tively weak. Also importantly, upon complexation there is, on
average, a 0.012 elongation of the C2O bond. This elon-A�
gation is closely related with the characteristics of the(*dCJO)
OÈI linkage. Indeed, the largest increase of the C2O bond
length corresponds to the shortest OÈI distance. Complex-
ation is also accompanied by a slight lengthening of(*dIhCl)the IÈCl bond. In this respect, some additional Ðndings should
be singled out for comment :

(i) The highest values of and were observed for*dCJO *dIhClthe tetramethylureaÈICl complex 5 (0.02 and 0.04A� A� ,
respectively), the complex which presents the greatest charge
transfer (0.078e deduced from NBO analysis) from the donor
to the acceptor. Consistently, the OÈI bond distance is the
shortest (2.566 of all complexes in the set. This clearly indi-A� )
cates that this complex presents the strongest interaction
between ICl and the oxygen atom of carbonyl group. This is
also mirrored in the displacements of the andlCJO lIhClstretching frequencies which appear red-shifted by 62.0 cm~1
and 19.1 cm~1, respectively (see Table 4).

(ii) The smallest values of and were found for*dCJO *dIhClthe acetyl chlorideÈICl complex 9 (0.008 and 0.012A� A� ,
respectively), for which the NBO analysis predicts the smallest
charge transfer (0.030e). The weakness of the interaction
between ICl and C2O in this case is also reÑected in a quite
large OÈI bond length (2.829 as well the only small red-A� ),
shifting of the C2O and IÈCl stretching frequencies (28.1 cm~1
and 7.3 cm~1, respectively) (see Table 4).

(iii) The angle formed by the ICl moiety with the C2O bond
is in the range 117È133¡. This clearly indicates that, in
carbonylÈICl complexes, the interaction takes place between
iodine monochloride and the lone pairs of the oxygen atom.
The ClÈIÉ É ÉO arrangement is essentially linear with an angle
close to 180¡.

(iv) There is a very good correlation between the OÉ É ÉI
bond length and *G¡(exp) (see Fig. 5), the only exception
being complex 9. It should be noted however, that this is the
only system for which the *G¡(exp) is positive, indicating that
the interaction is extremely weak. In fact, our calculations

Fig. 5 Linear correlation between the OÉ É ÉI bond length and the
Gibbs energy of carbonylÈICl complexes. The values for complex 9
were not included.

show that for this system the potential energy surface around
the equilibrium conformation is very Ñat, and therefore the
error in the OÉ É ÉI bond distance and on the corresponding
binding energy would be larger than for other complexes.

As far as the C2O stretching frequencies of the neutral and
complexed carbonyl derivatives are concerned, it is convenient
to distinguish two families of compounds : andRCON(CH3)2RCOR@ The Ðrst set presents a C2O stretch-(R@D N(CH3)2).ing frequency in the range 1696È1761 cm~1, while the second
set presents this absorption band at higher frequencies, typi-
cally in the range 1773È1844 cm~1. The important point is
that this classiÐcation applies also when considering the Gibbs
energy values. So, in general, the compounds of the Ðrst family
are more basic than those of the second, if one excludes com-
pounds 3 and 4 which besides the group substituentsN(CH3)2contain Cl and CN which are strong electron withdrawing
groups. Hence, we can conclude that there is a rough corre-
lation between the basicity of the carbonyl group and its
stretching frequency. This correlation can be explained if one
takes into account that the increase in basicity implies an
increase of the charge density at the oxygen lone pairs and a
concomitant decrease of the charge density at the C2O
bonding region leading to a decrease in the force constant of
the bond.

As indicated above, upon complexation, the C2O stretching
frequencies appear shifted to lower frequency values. This shift
is ca. 50 cm~1 for the Ðrst set of carbonyl derivatives and
ca. 30 cm~1 for the second set. Importantly, the agreement
between our calculated estimates and the experimental values,
when available,24 is excellent. The ICl stretching frequencies
of the complexed species vary within narrow limits (337È352

Table 4 Frequencies of and bands evaluated at HF/LANL2DZ* and its displacement (in cm~1). The calculated values were scaled bylCJO lIhClthe empirical factor 0.893 (free)\ 359.2 cm~1N. Total charge transferred and ionization potential (IP)MlIhCl (QCT)

BÉ É ÉICl
B *lCJOa *lCJOb *lIhCla *lIhClb QCT IPc
lCJO lCJO lIJCl (calc) (exp) (calc) (exp) NBO /eV

1 HCON(CH3)2 1735.9 1691.3 337.5 44.6 È 21.7 36.1 0.077 10.19
2 CH3CON(CH3)2 1718.6 1662.2 337.9 56.5 65.2 21.3 34.5 0.075 10.03
3 ClCON(CH3)2 1761.5 1713.3 346.7 48.3 È 12.5 15 0.044 10.80
4 NCCON(CH3)2 1735.1 1700.5 348.7 34.7 È 10.5 È 0.045 11.01
5 (CH3)2NCON(CH3)2 1707.8 1645.8 340.1 62.0 È 19.1 34.4 0.078 10.06
6 (CH3)3CCON(CH3)2 1695.6 1637.9 342.0 57.7 È 17.1 25.3 0.064 9.99
7 CH3OCON(CH3)2 1731.0 1684.0 343.8 45.0 È 15.3 20.2 0.054 10.24
8 H5C2OCOCH3 1783.0 1740.2 345.3 42.7 54.5 13.9 16.9 0.049 12.10
9 ClCOCH3 1844.4 1816.3 351.9 28.1 È 7.3 5.4 0.030 12.47

10 H3CCOCH3 1792.5 1767.1 345.7 25.5 26.8 13.5 20.3 0.057 11.29
11 H5C2COCH3 1787.4 1759.8 344.2 27.6 34.6 14.9 21.5 0.061 11.10
12 HCOOC2H5 1776.8 1740.0 346.1 36.8 È 13.0 13 0.049 12.43
13 CH3COC(CH3)3 1773.5 1745.3 343.9 28.2 34.5 15.2 23.4 0.066 10.94
14 HCOCH3 1803.8 1784.5 347.4 19.3 22.8 11.7 15.2 0.055 11.64

a At HF/LANL2DZ*. b From ref. 24. c Values estimated using the Koopmans theorem from HF/LANL2DZ* calculations.
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Fig. 6 Correlation between the increment of charge at the CI atom
and the strength of the OÉ É ÉI linkage measured by the force constant
of the BÉ É ÉICl stretch scaled by the corresponding reduced mass.

cm~1), and again the comparison with the experimental
values24 is fairly good.

In addition to the charge transfer from the base towards the
ICl moiety, there must be a polarization of the ICl molecule,
which should be mirrored in a charge transfer from I to Cl.
The amount of charge transferred has been found23 to be cor-
related with the strength of the BÉ É ÉICl interaction measured
by the force constant of the BÉ É ÉICl linkage. We have also
found a similar relation between the charge transferred to Cl,
taken as the di†erence between the total charge of Cl in the
complex and its total charge in the isolated ICl molecule, and
the force constant of the BÉ É ÉICl stretch scaled by the corre-
sponding reduced mass (Fig. 6), which clearly shows that the
polarization of the ICl molecule increases with the strength of
the BÉ É ÉICl bond formed.

For some small bases, Legon found23 a reasonably good
correlation between the total amount of charge transferred
from the base to the ICl molecule and the ionization potential
of the base. In our case, making use of the Koopmans
theorem to estimate the ionization potentials of the bases
under study, we have found also a correlation between these
quantities (Table 4), but with a large scatter probably due to
the errors associated with our estimation of the ionization
potential of the base.

Conclusions
The examination of our experimental and theoretical results
of the association of some carbonyl compounds and iodine
monochloride leads to the following conclusions :

(1) The charge transfer complexes between carbonyl deriv-
atives and ICl have a 1 : 1 stoichiometry in dilute solution.

(2) The basicity of carbonyl towards ICl is enhanced with
respect to that exhibited towards As a consequence, theI2 .
substituent e†ect on the Gibbs energy is twice as large in ICl
than in complexes.I2(3) Similarly to what has been found previously for com-I2plexes, ab initio calculations indicate that two stereoisomers of
the complexes, either with the ICl oriented perpendicularly to
the plane of the C2O group or in the same plane as C2O, are
possible. The Ðrst orientation is particularly favored when
both subtituents attached to the carbonyl group are large.

(4) AIM population analysis proved that the interactions
between ICl and carbonyl moieties are essentially electrostatic.
We have also noted a low charge transfer by NBO analysis.

(5) TaftÈTopsom model treatment shows that the Ðeld con-
tribution is dominant. A signiÐcant steric inhibition of reso-
nance leads to a signiÐcant decrease in the charge-transfer
contributions with an increase in the size of substituent.

(6) There is a rough correlation between the C2O stretching
frequency and the basicity of the carbonyl group.

(7) The good correlation between calculated complexation
enthalpies and experimental free energies indicates that the
substituent e†ects on the basicity of carbonyl compounds with
respect to ICl are similar in the gas phase and in solution.
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