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Abstract: Solvent effects on the NMR spectra of symmetrical (X = F (1), X = Cl (2), X =Br (3), X =1(4),
X = NO; (5), X = CN (6)) and unsymmetrical (X =1, Y = MeO (7), Y = PhO (8)) para-disubstituted
acetophenone azines X—CgHs—CMe=N—-N=CMe—C¢H,—Y and of models X—CgH;—CMe=N—-Z (X = I,
Z = H (9), Z = NH; (10)), 4-iodoacetophenone (11), and iodobenzene (12) were measured in CDCls,
DMSO, THF, pyridine, and benzene to address one intramolecular and one intermolecular issue. Solvent
effects on the 3C NMR spectra are generally small, and this finding firmly establishes that the azine bridge
indeed functions as a “conjugation stopper,” an important design concept in our polar materials research.
Since intermolecular halogen bonding of haloarenes do occur in polar organic crystalline materials, the
NMR solution data pose the question as to whether the absence of solvent shifts indicates the absence of
strong halogen bonding in solution. This question was studied by the theoretical analysis of the DMSO
complexes of iodoarenes 4, 9—12, and of iodoacetylene. DFT and MP2 computations show iodine bonding,
and characteristic structural and electronic features are described. The nonrelativistic complexation shifts
and the change in the spin—orbit induced heavy atom effect of iodine compensate each other, and iodine
bonding thus has no apparent effect on C; in the iodoarenes. For iodides, complexation by DMSO occurs
and may or may not manifest itself in the NMR spectra. The absence of complexation shifts in the NMR
spectra of halides does not exclude the occurrence of halogen bonding in solution.

Introduction Scheme 1. Atom Numbering of the Azines?

It has been known for a long time that the halogen atoms i Ho
iodine, bromine, chlorine, and even fluorine can function as Hac'\ >_<
Lewis acids and engage in electron donacceptor interactions H‘( Hm ,;,Caz"clf\ //C"_Y HQ Hm
with atoms with lone pairs, such as nitrogen, oxygen, phos- ~ femy NN G Co 2N )
phorus, and sulfut. This interaction is now referred to as *—¢i Cp_ca\z Hu' Ho' =G cp—c?
halogen bonding, as suggested by Legd@md the topic has — CHz — CHa
recently been reviewed by ResnatiHalogen bonding may Ho Hm Ho Hm
involve dihalogens X and X—Y as well as organic halides. a The alkoxy groups in the unsymmetrical azines are in the Y-position.

Halogen bonding between organic halides and electron donorsponding between iodine and nitro groups was claimed to yield
has been employed as an effective synthon in crystal engineeryargjiel-aligned crystals of 4-iodd-fitrobiphenyl” but the

ing, and illustrative examples are provided by the work of crystals structure was later shown to be disordered due to
Resnati®and by Pennington and Hankstalogen bonding also  agmixtures of 4,4dinitrobiphenyl® We accomplished near-
has played a special role in studies of dipole alignment. Halogen perfect polar order in molecular organic crystals of unsym-

metrical acetophenone azines (Scheme 1) using a rational design.

*Part 20 in the series “Stereochemistry and Stereoelectronics in Azines

and Dienes’. For part 19, see ref 15a. The crystal structures of the (MeO,l)-azihéhe (MeO,Br)-
ggn!vers!ty S\f/MI%SOUH- azine!®!! and the (MeO,Cl)-azin&, respectively, are similar
niversita Wirzburg. . . .
(1) Bent, H. A.Chem. Re. 1968 68, 587. but differ in subtle details because of the occurrence of one,
(2) (a) Legon, A. CAngew. Chem., Int. EA.999 38, 2686. (b) Legon, A. C.
Chem—Eur. J. 1998 10, 1890. (5) (a) Cardillo, P.; Corradi, E.; Lunghim A.; Meille, S. V.; Messina, M. T;
(3) Metrangolo, P.; Resnati, @hem-—Eur. J.2001, 7, 2511. Metrangolo, P.; Resnati, G.etrahedron200Q 56, 5535. (b) Liantonio,
(4) (a) Corradi, E.; Meille, S. V.; Messina, M. T.; Metrangolo, P.; Resnati, G. R.; Metrangolo, P.; Pilati, T.; Resnati, G.; Stevenazzi,Gkyst. Growth
Angew. Chem., Int. E200Q 39, 1782. (b) Amico, V.; Meille, S. V; Des.2003 3, 799. (c) Navarrini, W.; Metrangolo, P.; Pilati, T.; Resnati,
Corradi, E.; Messina, M. T.; Resnati, @. Am. Chem. Sod 998 120, G. New J. Chem200Q 24, 777. (d) Burton, D. D.; Fontana, F.; Metrangolo,
8261. (c) Valerio, G.; Raos, G.; Meille, S. V.; Metrangolo, P.; Resnati, G. P.; Pilatim, T.; Resnati, Gletrahedron Lett2003 44, 645. (e) Liantonio,
J. Phys. Chem. 200Q 104, 1617. R.; Metrangolo, P.; Pilati, T.; Resnati, Gryst. Growth Des2003 3, 355.
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Figure 1. Crystal structure of (MeO,l)-azingfeatures perfect dipole-parallel alignment within 2-D layers and near-perfect dipole-parallel alignment in the
direction in which the layers are stacked. The directionality of the halogen bonding might control the stacking of the layers.
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Figure 2. Crystals of 4-iodoacetophenone aziheontain halogen-bonded strings. The halogen bonding is characterized byld¢©3.138 A, 0(C—
O-++l) = 126.28, andJ(O-+:1-C) = 171.34. The -Ph bond approximately coincides with the direction of an &tspe pair.

two, and four independent molecules, respectively. The crystal we are examining one of our important design assumptions,

structure of the (MeO,l)-aziner) is shown in Figure 1. The

namely, that the azine bridge functions as a “conjugation

perspectives of the halogen-bonded string shown in Figure 2 stopper”. We have previously studied acetophenone azines with

illustrate the G--1—C geometry. A similar interaction of type
(R2N)3sP=0-++1—C was described by Zhu et &k and the same
groupg* also recently described -©Br—C and N--Br—C
interactions of the type observed in the (MeO,Br)-aZih€his
directionality of the halogen bonding (Figure 2) might control
the stacking of the layer$?2

theoretical method§ and by'H and**C NMR spectroscopy in

chloroform?7-18and the results provide evidence that the azine
bridge is indeed a conjugation stopper. Realizing that weak
intermolecular interactions (e.g., halogen bonding) between
solvent and solute may occur, corroboration by extension of
the NMR measurements to a range of solvents is desirable.

We are studying halogen bonding for two reasons, and theseSecond, we want to learn about the geometries and binding

address onmtramolecularand onantermolecularissue. First,

(6) (a) Crinhfield, A.; Hartwell, J.; Phelps, D.; Walsh, R. B.; Harris, J. L.; Payne,
J. F.; Pennington, W. T.; Hanks, T. Wryst. Growth Des2003 3, 313.

(b) Jay, J. |.; Padgett, C. W.; Walsh, R. D. B.; Hanks, T. W.; Pennington,
W. T. Cryst. Growth Des2001, 1, 501. (c) Walsh, R. B.; Padgett, C. W.;
Metrangolo, P.; Resnati, G.; Hanks, T. W.; Pennington, WCi/st. Growth
Des.2001, 1, 165.

(7) Jagarlapudi, A. R. P. S.; Allen, F. H.; Allen, F. H.; Hoy, V. J.; Howard, J.
A. K.; Thaimattam, R.; Biradha, K.; Desiraju, G. Rhem. Commuri997,
101.

(8) (a) Masciocchi, N.; Bergamo, M.; Sironi, &hem. Commurl998 1347.

(b) Hulliger, J.; Langley, P. lhem. Commurl998 2557.

(9) Lewis, M.; Barnes, C.; Glaser, R. Chem. Crystallogr200Q 30, 489.

(10) Glaser, R. E.; Chen, G. S. Dipole Aligned Molecular Materials with
Nonlinear Optical Properties. U.S. Patent 6,229,047, May 8, 2001.

(11) Chen, G. S.; Wilbur, J. K.; Barnes, C. L.; GlaserJRChem. Soc., Perkin
Trans. 21995 2311.

(12) Lewis, M.; Barnes, C.; Glaser, Rcta Crystallogr., Sect. @00Q 56, 393.

(13) Chu, Q.; Wang, Z.; Huang, Q.; Yan, C.; Zhu,JSAm. Chem. So2001,
123 11069.

(14) zhu, S.; Xing, C.; Xu, W.; Jin, G.; Li, ZCryst. Growth Des2004 4, 53.

energies of halogen-bonded complexes of haloarenes because
such interactions do occur in the polar organic crystalline
materials we designed and prepared (Figures 1 and 2), and they
may occur in solution.

Solvent effects were measured on the NMR spectra of the
symmetrical azines with X2 Y = F (1), Cl (2), Br (3), | (4),
NO; (5), and CN 6), the unsymmetrical azines with > | and

(15) Reviews: (a) Glaser, R.; Knotts, N.; Wu, Ehemtracts: Org. Chen2003
16, 443. (b) Lewis, M.; Wu, Z. Glaser, R. Arené\rene Double T-Contacts.
Lateral Synthons in the Engineering of Highly Anisotropic Organic Crystals.
In Anisotropic Organic Materials Approaches to Polar OrdeGlaser, R.,
Kaszynski, P., Eds.ACS Symposium Serje¥olume 798; American
Chemical Society: Washington, DC, 2001; Chapter 7.

(16) Glaser, R.; Chen, G. 8. Comput. Cheml998 19, 1130.

(17) (a) Lewis, M.; Glaser, RJ. Org. Chem2002 67, 1441. (b) Lewis, M.;
Glaser, RJ. Org. Chem2002 67, 7168.

(18) See also: Neuvonen, K.;'IBp, F.; Neuvonen, H.; Koch, A.; Kleinpeter,
E.; Pihlaja, K J. Org. Chem2003 68, 2151.
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Y = MeO (7, 4-iodoacetophenone-(4-methoxy-phenylethylidene)-
hydrazone) or Y= PhO @, 4-iodoacetophenone-(4-phenoxy-
phenylethylidene)hydrazone), two models (imi&eZ = H;
hydrazonelO, Z = NH,), as well as 4-iodoacetophenoté
and iodobenzen&2. The theoretical analysis focuses on DMSO
complexes of iodoarengsand9—12 for reasons given below.

Experimental Section

lodobenzene, 4-iodoacetophenone, and hydrazine hydrate were

purchased from the Aldrich Chemical Co. 4-lodoacetophenone was
recrystallized from ethanol. The preparation 4fwas described
previously. 4-lodoacetophenone hydrazone was prepared ¢y#366)

by refluxing 4-iodoacetophenone and hydrazine hydrate (ratio 1:3) in
ethanol (4 h).

The deuterated NMR solvents CRCDMSO, THF, pyridine, and
benzene were employed. CR@hnhd deuterated DMSO were purchased
from Cambridge Isotopes Laboratories, and deuterated THF, pyridine,
and benzene were purchased from the Aldrich Chemical*XhbIMR
sample preparation of the (I, MeO)-aziién DMSO required heating
and sonication. The heteronuclear multiple quantum correlation (HMQC)
method was used to help identify the peaks by establishing thid C
connectivities. The HMQC spectrum of the symmetrical (l,1)-azine
in DMSO shows cross-peaks at 128.4, 137.0, and 14.5 ppm, which
correspond to ¢ Cy, and methyl-C, respectively. ThEC NMR
spectrum of4 shows only five peaks. The APT NMR was recorded
for 4in DMSO, and it showed the expected three positive signals for
the quaternary carbons,CC,, G, and two negative signals for,@nd
Cn. Importantly, the two signals forfand G, a positive signal for ¢
and a negative signal for Care nearly isochronous with(C,) =
137.267 and(C,) = 137.239 ppm. A DEPT spectrum provided further
confirmation. The spectra are provided as Supporting Information.

The 'H- and 13C NMR spectra were measured with a 300 MHz
instrument (operating frequencies fot and*3C of 300.1317008 and
75.4769164 MHz, respectively) and a 250 MHz NMR spectrometer
(operating frequencies féH and3C of 250.1315321 and 62.9023694
MHz, respectively). The chemical shifts were assigned by comparison
to empirical data’

Theoretical and Computational Section

Structures and Vibrations of Halogen-Bonded Complexe$?20
Structure optimizations were performed at the MP2 Bvahd with
the B3LYP implementation of hybrid density functional theory. The
effective-core-potential valence basis set LANLZBD@as employed
for all optimizations (basis set A). Symmetric molecules were optimized
with the appropriate symmetry constraints. Vibrational frequency
analyses were carried out at the level of optimization to confirm that

a stationary structure indeed had been located, to confirm the character

of the stationary structure (minimum: all eigenvalues are real), and to

(19) Essentials of Computational Chemist@ramer, C. J., Ed.; John Wiley &
Sons: Chichester, U.K., 2002.

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.9; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(21) Head-Gordon, M.; Pople, J. A.; Frisch, MChem. Phys. Letl988 153
503.

(22) (a) Dunning, T. H.; Hay, P. J. IMethods of Electronic Structure Theory
Schaefer, H. F., lll, Ed.; Plenum Press: New York, 1977; Vol. 2. (b) Hay,
P. J.; Wadt, W. RJ. Chem. Phys1985 82, 270. (c) Hay, P. J.; Wadt, W.
R. J. Chem. Phys1985 82, 284. (d) Hay, P. J.; Wadt, W. R.. Chem.
Phys.1985 82, 299.

4414 J. AM. CHEM. SOC. = VOL. 126, NO. 13, 2004

=179.6° r=179.4°
™ - Lo
2.901 2914

A =685

)...

9 10
I=179.5° Ir=179.5°
I G N
2.871 2911
= = =]
MR MR
J e S S O “e¢e e
{o=13 a=1n7
1" 12

Figure 3. Computed MP2 structures of the iodine bonding complexes
between DMSO and 4-iodoacetophenone imfhed-iodoacetophenone
hydrazonel0, 4-iodoacetophenontl, and 4-iodobenzen&2.

@ For the DMSO comples af2, animated GIFs are avaliable of the six
lowest vibrations with frequencié® 7 cm? (torsion mode of thel(S—
O-+*Cipso—Cortno) dihedral angleA), @ 20 cnr! (rotational motion about
the S-O bond),@ 22 cnt! (O(S—0--+1) angle bending®), @ 48 cnit
(O(O-++1—Cipso) angle bending’), @ 52 cnr (0(S—0-+1) angle bending
in combination with J(O-++Cipso—Ph) bending),® 106 cnt! (d(O--+1)
stretching mode).

obtain thermochemical data. The potential energy surfaces of the
complexes are rather flat with regard to the precise relative position of
the iodoarene and the DMSO molecule, and most optimization of the
complexes required optimizations with computed gradients and cur-
vatures at all steps. Molekel 4%2vas employed to examine molecular
vibrations and to generate the animations provided as web-enhanced
objects. The vibrational analysis d¢f(DMSO), could not be carried

out at the MP2 level even with the modern equipment. Total energies
and thermochemical data (Table S3) and the complexation energies
(Table S4) are provided as Supporting Information. Molecular models
of all optimized structures are shown in Figures—&4 in the
Supporting Information, and the MP2 structures of the DMSO
complexes are shown in Figures 3 and 4.

Halogen Bonding Strength.Binding energies, enthalpies, and free
Gibbs enthalpies were determined at the level of optimization. Total
energies also were recomputed with those structures but employing an
all-electron basis set. The 6-83G* basis set was used for H, C, N, O,
and S. For |, the 3-21G* basis set was used with augmentation by single
diffuse s- and p-functions with the exponents 0.0468 and 0.0286
recommended by Radom etZl(basis set B). We also employed a
basis set C which is like basis set B except that it replaces the 3-21G*
basis set with the 6-311G* basis set for iodf&or iodobenzene, we
applied coupled-cluster theory which considers all single and double
excitations variationally and also includes triple excitations via a
perturbational scheme, CCSD®}6CCSD(T) calculations employed
basis sets B and C and were based on the MP2/A structures.

(23) (a)Moleke] version 4.2; Fluiger, P.; Lithi, H. P.; Portmann, S.; Weber,
J. Swiss Center for Scientific Computing: Manno, Switzerland, 2000
2002. (b) Portmann, S.;lthi, H. P.Chimia200Q 54, 766.

(24) Glukhovtsev, M. N.; Pross, A.; McGrath, M. P.; RadomJLChem. Phys
1995 103 1878.

(25) (a) Purvis, G. D.; Bartlett, R. J. Chem. Physl982 76, 1910. (b) Scuseria,
G. E.; Schaefer, H. KJ. Chem. Phys1989 90, 3700.
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Results and Discussion

Solvent Effects on'*C NMR Spectra. The solvent contrib-
utes in several way336to the solvent screening constaiivent
(eq 1). The ternw, arises from the solvent magnetic anisotropy,

o,+ o,+o,+ 0.+ o (1.1)
Ops+ O (1.2)

Osolvent—

Osolvent—

and this term is positive for disk-shaped solvents (e.g., benzene)
and negative for rod-shaped solvefftg.he termoy, relates to

the bulk diamagnetic susceptibility of the solvents. The terms
ow andoe account for van der Waals interactions and electro-
static interactions (“polar effects”), respectively, of the solvent.
Finally, os considers the effects of specific complexation. To
assess the importance of specific halogen bonding, one needs
to measure the spectrum in two solvents that either do not (e.qg.,
CDCl) or do (e.g., DMSO) allow for complexation. Since the
combined effects of the first four terms (nonspecific shielding,
Ons = 04 + 0p + ow + 0g) Might serendipitously offset any
effect of halogen bonding, it is good practice to examine several
solvents of each kind. Hence, we employed pyridine and THF

C. in addition to DMSO as halogen bond donor solvents, and we
Figure 4. Computed MP2 structures of the doubly iodine bonded complexes also employed benzene as a second non-Lewis base solvent.
between two molecules of DMSO and azidheC; and theC; symmetric  Eyrthermore, our study of symmetrical azines includes some

complexes are minima. azines with nonhalogen substituents. If the effects of the

nonspecific solvent shielding would serendipitously offset any

Nonrelativistic NMR Chemical Shift Calculations. The gauge- L . .
gaug effect of halogen bonding in the halogen-substituted azines (e.g.,

including atomic orbital (GIAO) method is a proven, efficient, and

accurate method for the calculation of NMR shielding tendbes)d 1-4), then one should expect a significant observable nonspe-
GIAO NMR calculations were carried out at the B3LYP and MP2 levels ~ Cific effect in the absence of halogen bonding opportunities (e.g.,
with basis set B. 5 and®6).

Spin—O0rhbit Corrections to Shielding Constants. Spin—orbit (SO) The chemical shifts oi—6 were measured in CDglnd

effects are well-known to be particularly important for carbon atoms DMSO, and the data show no abnormal changes (Table S1 in
directly bonded to iodiné& We therefore used the combined finite- Supporting Information). Azinet, most likely to engage in
perturbation/sum-over-states approach of ref 29 to compute SO halogen bonding, was measured in other solvents as well, and
corrections to the'*C shifts of carbon atoms directly bonded to no significant chemical shift changes were found (Table 1). The
iodine (G). The calculations were performed for the B3LYP/A- or chemical shifts of ©vary by no more than 1.2 ppm, and changes
MP2/A-optimized structures, respectively, using the gradient-corrected of this magnitude are “normal.” Similarl)./ no rT'1aj0r solvent

P86 functionaP® IGLO-Il basis set$! and a finite-perturbation . .
parametei, = 10-%. The common gauge origin for the magnetic vector effects are observed in the NMR spectra of the unsymmetrical

potential was chosen to be on the nearest iodine nucleus. One- and®ZiN€s7 and8 (Table 1). Thus, our NMR experiments do not
two-electron SO matrix elements were computed within the atomic Show any unusual effects.

meanfield approximatiof? using the AMFI codé? The finite-perturba- Since azines are conjugation stoppers and any halogen
tion Kohn—Sham SCF calculations employed the deMon progitam, bonding would be local, the solvent effects on iodo-substituted
and the subsequent perturbation treatment employed the correspondingizines should be very similar to the solvent effects of 4-io-

property modulé? doacetophenone hydrazob@ We prepared this hydrazone, and
(26) () Urban, M.: Noga, .- Cole. 5. 3., Bartett, RJJChem. Physl98s its NMR spectra data are given in Table S2 in the Supporting
a rban, M.; Noga, J.; Cole, S. J.; Bartlett, em. Y. . . .

83, 4041. (b) Noga, J.; Bartlett, R. J. Chem. Phys1987, 86, 7041. (c) Information along with the respective data for the related
ggpé%,G%. A.; Head-Gordon, M.; Raghavachari, X Chem. Phys1987, 4-iodoacetophenoriel and iodobenzeng2. The chemical shift
(27) Wolinski, K.; Hinton, J. F.; Pulay, B. Am. Chem. Sac199q 112 8251.  Of Ci varies by less than 1.1 ppm as with the azines. However,

(28) fgaguap% gﬂiél\/lalkma, O. L.; Malkkin, V. G.; PyykkoP. Chem—Eur. J. a significant solvent effect ohd = —5.7 ppm does occur for
(29) (a) Malkin, V. G.; Malkina, O. L.; Salahub, D. Rhem. Phys. Let.996 Cqzin that this atom’s chemical shift decreases from 146.0 ppm

261, 335. (b) Malkina, O. L.; Schimmelpfennig, B.; Kaupp, M.; Hess, B.  in CDCI 140.7 m in DM . There i m ifi
A.; Chandra, P.; Wahlgren, U.; Malkin, V. GChem. Phys. Lett1998 . C C.3 to 0. PP SC.) ere 1S some Speciiic
296, 93. (c) Vaara, J.; Malkina, O. L.; Stoll, H.; Malkin, V. G.; Kaupp, M. interaction affecting ¢. The data in Table S2 show that the

J. Chem. Phys2001, 114, 61. ; : _— .
(30) (3) Perdew. . Phys. Re. B 1986 33 8822, (b) Perdew, J. P.. Wang, . cemical shift of the amino-H changes from 5.4 ppm in CDCI
Phys. Re. B 1986 33, 8800. to 6.5 ppm in DMSO due to hydrogen bonding between the

(31) Kutzelnigg, W.; Fleischer, U.; Schindler, MIMR—Basic Principles and i H i _
Progress Springer: Heidelberg, Germany, 1990: Vol. 23, 165 ff. amino group and solvent oxygen, which deshields the H-atom.

(32) Hess, B. A.; Marian, C. M.; Wahlgren, U.; Gropen, Chem. Phys. Lett. The data resolve théntramolecular issue stated in the
1996 251, 365. ;

(33) AMFI code: Schimmelpfennig, Bstomic Spia-Orbit Mean-Field Integral Introduction. Solvent effects offC NMR spectra are generally
Program University of Stockholm: Stockholm, Sweden 1996.

(34) (a) deMon program: Salahub, D. R.; Fournier, R.; Mlynarski, P.; Papai, (35) Buckingham, A. D.; Schaefer, T.; Schneider, W.JGChem. Phys196Q

I.; St-Amant, A.; Ushio, J. IDensity Functional Methods in Chemistry 32, 1227.
Labanowski, J., Andzelm, J., Eds.; Springer: New York 1991. (b) St-Amant, (36) Foster, ROrganic Charge-Transfer Complexescademic Press: London,
A.; Salahub, D. RChem. Phys. Lettl99Q 169, 387. 1969; Chapter 5.

J. AM. CHEM. SOC. = VOL. 126, NO. 13, 2004 4415



ARTICLES Glaser et al.

Zalb/g 1 EXpherimentil 5 Ehfrlnigal Shiftsh(ppm) O(f4 o only because this interaction is conceptually rather different from
-lodoacetophenone Azine 4, 4-lodoacetophenone-(4-methoxy- . - .
phenyl-ethylidene)hydrazone 7, and 4-lodoacetophenone-(4-phen- any solutgsol_ute aggregation because of thg entlrely_dlfferent
oxyphenyl-ethylidene)hydrazone 8 as a Function of Solvent entropy situations. The solutsolute aggregation may involve
(1, -azine 4 solutes that are different (e.g., ion pairing) or the same (self-
solvent o o . c o o association, ion pair aggregation). Any such aggregation requires

significant solute-solute bonding to overcome the entropy term.
gﬁgé %%‘% 11:;7752 1122882 1127773 115577:; 111'% Charge—cha_rge interac_tion allows_ for_ ion pairing in s_olvents
THE 96.7 138.3 129.2 139.0 158.4 145 of low polarity3° lon pair aggregation is rare and requires less
benzene  96.4 1377 1286 1382 1579 144 polar solvent$? Association between solutes that interact only
pyridine 972 1379 1289 1382 1579 147  py dipole—dipole interactions is still less likely, and the self-
(MeO, Iy-azine 7 association of water in chloroform is one of the very few
examples'! While all the solute-solute aggregates considered
in that study allow for rather strong solttsolute intermolecular
gugé %57'.% 11:’;7753 1122882 113;17 1155773; 111'% bindjng, only the Watelr dimgr was observed in chloroform. IQ
THE 963 1382 1289 1393 1582 146 particular, these considerations suggest that halogen bonding
benzene 96.0 137.6 128.8 138.6 157.8 14.7  between two solute molecules does not occur. In crystals, iodine
pyridne 970 1378 1289 1386 1579 148  ponding to spN is of course possible, and there are examples
o c o o o s in the literaturet*4243For the azines, however, the structural
CHCh 1610 1157 1281 1310 1580 147 rec?ord contains no examples of halogen bonding involving an
DMSO 160.8 1139 1286 1305 1572 147 azine N. We determined the crystal structures of the (F, F)-,
THF 162.2 114.3 129.2 131.5 159.1 14.3 (Cl, CI)-, (Br, Br)-, and (I, I)-azinesl—4, and none features
benzene 1615  114.0 1316  130.7 1588 143 pglogen bonding to an azine 44,even in the absence of
pyridine  161.6 1142 1315 1309 1587 146 competition for halogen bond acceptors.
(PhO, I)-azine 8 Halogen Bonding between lodoarenes and DMSO. lodo-
c c, c, c Ca CHs Donor Molecules.The optimized structures dfand9—12 are
CDCh 96.0 1375 1283 138.0 =y 15.0 shown in the Supportlpg Information. The ;tructuresQele
DMSO  96.9 137.3 1285 1375 157.2 14.7 are unremarkable, whilé warrants a brief discussion. At the
MP2 level,Cxr-4 is a second-order saddle point structuBd (8
andi21.7 cn1?), C; andC; minima were located, and they are
CDCl3 159.0 1194 1299 1332 1577 147  almost isoenergeticAEe = 0.23 kcal/mol preference for the
DMSOds  158.5 119.4 128.5 132.9 157.3 145 C, structure, AG; = 0.4 kcal/mol preference for th&;
structure). At the B3LYP level, theC, structure again is
small. Independent of the choice of the NMR solvent, hardly preferred t_)Ut theCzn-4 n_ow IS a r_n_lnlmum, and ar_1 essentially
isoenergetic; structure is a transition state structuie @ cni?,

any electronic communication is found between the two halves G di i While the details of th il ¢
of the unsymmetrical azines, and the spectroscopic properties 2 istortion). lle the detalls of the potential energy surface

of the symmetrical azines carry over to the unsymmetrical are subtle and therefore also sensitive to the theoretical model,
azines. But the NMR data pose a dilemma as far as the it is clear that the azine can access a large conformational space

: : : . t regular temperature.

intermolecularissue is concerned, that is, the occurrence of &

halogen bonding. Gao and Gor&ffeported an unusual solvent Halogen-Bonded DMSO Complexes of 912 and 4.The
effect in the'3C NMR spectra of diiodohexatriyne;-C=C— structures of the complexes betwe8nl12 and DMSO are
C=C—C=C—| and of diiodooctatetrayne—ICEC—C’EC—CE shown in Figure 3, and all complexes are chiral. The structures
C—C=C—| in’CDCI3 and DMSO. The cr;emical shift of,an of the doubly halogen-bonded DMSO complexed afe shown

Cel» shifted from 0.9 ppm in CDGlto 14.6 ppm in DMSO. in Figure 4, and the phenyl twist anglgsand ther values
For Gyl, the chemical shift changed from 1.9 ppm in CB® remain unaffected by complexation. The van der Waals radii

17.9 ppm in DMSO. Thes¥C downfield shifts were attributed oof OI a(;'_d | are 1'_52 aITd 1.98|‘§,and their lsum is 3'25 é&'ghe q
to halogen bonding between iodine and DMSO. Hence, we must Istances in all complexes are close to 2. an

ask whether thabsence of soént shiftsor haloarenes indicates significantly shorter(vO.§ A) than the sum of thg vaw radil
the absence of strong halogen bondirig solution. Our Parthasarthy et 4F mined the crystallographic record for

theoretical analysis of DMSO complexes of iodoarenes will evidence of directional preferences of intermolecular forces

provide an interesting answer to this question. This system was(38) Two complexes of iodobenzene and chloroform (boffw@re considered;

. . . . one complex involves two hydrogen bonds and the other features one
selected for theoretical analysis because this halogen bonding  |H,c,~H/CI contact (but no chiorineiodine contact).

is one of the stronger intermolecular interactions and because(39) Dedonder-Lardeux, C.; Gregoire, G.; Jouvet, C.; Martrenchard, S.; Solgadi,
; ) ; D. Chem. Re. 200Q 100, 4023.
of its relevance to our materials (Figures 1 and 2). (40) (a) Gareyev, R.; Ciula, J. C.; Streitwieser, JAOrg. Chem1996 61, 4589.

i i i 1 (b) Facchetti, A.; Streitwieser, Al. Org. Chem1999 64, 2281.
Of pourse, the dlllemma exists only if cpmplexgtlon does occur (41) Eblinger F Schneider H.. Phys, Chenl006 100 5533,
and if complexation causes a chemical shift change. The (42) Nguyen, H. L.; Horton, P. N.; Hursthouse, M. B.; Legon, A. C.; Bruce, D.

H i othis W. J. Am. Chem. So2004 126, 16.
Complexatlon of iodoarenes by chlorof very weak, and 43) (a) Forni, A.; Metrangolo, P.; Pilati, T.; Resnati, Gryst. Growth Des.

the weak complexation does not cause any complexation shift™ ~ 2004 4, 291-295. (b) De Santis, A.; Forni, A.; Liantonio, R.; Metrangolo,

Ci Co Cn Cy o CH,

o o o c, Co C'Hy

P ; ; P P.; Pilati, T.; Resnati, GChem—Eur. J. 2003 9, 3974.
in the NMR spectra. We consider soltitgolvent interactions (@4) @) X=Y = F. Cl Br. Chen, G. 5. Anthamatten M. Barnes, C. L.:
Glaser, R.J. Org. Chem.1994 59, 4336. (b) X=Y = I. Lewis, M,
(37) (a) Gao, K.; Goroff, N. SJ. Am. Chem. So200Q 122 9320. (b) Rege, Barnes, C.; Glaser, R.. Chem. Crystallogr1999 29, 1043.
P. D.; Malkina, O. L.; Goroff, N. SJ. Am. Chem. SoQ002 124, 370. (45) Bondi, A.J. Phys. Cheml964 68, 441.
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Scheme 2. lodoarene—DMSO Halogen Bonding Geometry Scheme 3. lodine Spin—Orbit Coupling Causes Electron Spin
\_ Polarization and Affects the Attached C-Atom by a Fermi Contact
B Mechanism
Q2 %O

/ \)
R——X--7----- Cﬁy RT—X--7---- 0+
U Ob U © / ? electronic spin

polarization

around halogen atoms. It was found that nucleophiles in general

nucl. B
tend to approach the-€X bond in a “head-on” fashion with
I' ~ 158(13y (CI), I' ~ 162(12} (Br), andT" ~ 165(8¥ (). Fermi-contact spin-orbit external
Similar results were obtained by Allen et“dThe DMSO Interaction coupling magnetic
complexes with the iodoarenes are “head-on” Wit{©---1—C) field

anglesI” close to 180 as in the case of the iodoalkyr®@MSO ) ) ) )
complexes (Scheme 2} This near-linear head-on coordination Information, and the most pertinent results are summarized in
contrasts with thd angles of 116-140° between DMSO and Table 2. Computations were carried out for all systems at the
FsC—I reported by Romaniello and Léfibased on DFT studies. level B3LYP/B//B3LYP/A. For9—12 and their complexes,
lodine~DMSO bonding thus shows significant intrinsic iodo- calculations also were performed at the MP2(full)/B//IMP2/A
donor specificity, and the variations documented by Parthasarthylevel' while this proved too demanding for the DMSO com-

et al*6 are not all due to crystal packing. plexes of4. , ,
The O(S—0O-++I) anglesQ are in the range 125135, and Generally, good agreement is achieved between the measure-

there is general agreement that the®bond is coordinated in ments and the chemical shift computations with both the MP2
a side-on fashion so that the DMSO oxygen can orient an and B3LYP methods. However, neither method reproduces the

n-electron density to iodine. The orientation of the @ bond experimental chemical shift of,@ttached to iodine; these were

relative to the benzene plane also is of interest, and we use thg"€asured to b@(C) = 92-102 ppm in DMSO, while the
[1(S—0++*Cipso—Cortng) dihedral angleA for its description. The calculations suggested much higher values of-124B ppm

A angle falls in the range 5575° for the complexes 08—11 (Table 2). Moreover, the comparison of the nonrelativistically
and theC, complexes of4. A theoretical level dependency calculated chemical shifts in the free molecules and their
occurs for the structure df22-DMSO in that it is chiral withA complexes shows noticeable chemical shift changes for C
~ 50° at B3LYP while it hasCs symmetry at MP24& = 9CF). (column 5 in Table 2), while the measurements show hardly

The same kind of level dependency is seen inGheomplexes 1Y change (last column in Table 2). ,
4-(DMSO),. The halogen bond is easily distorted; Figure 3 of These _syster_nz?ltlc deviations may be attrlbutf_ed to t_he neglect
the online version of the paper provides links to animations of ©f the spin-orbit-induced heavy atom effect of iodfen the

the six lowest frequency vibrations of the DMSO complex of nonrelativistic GIAO calculations. The so-called “nqrmal halo-
iodobenzend 2 as Web-enhanced objects. gen dependence” (NHD), that is, the successively larger
Halogen Binding Energies We computed binding energies chemical-shift decrease qf Ijght atqms bonded to a heavy
AE, enthalpiesAH, and Gibbs free enthalpieSG at several ~ ©lément (e.g., halogen) with increasing atomic number of the
levels, and they are summarized in Table S4 of the Supporting substituent was described in the 1950s, and-spibit coupling

) ) X . 8.50
Information. The negative\G values indicate that complex  Was first suggested as its cause in 1988.is now knowrf
formationin the gas phasill not occur because of entropy. that the spin polarization induced by SO coupling at the heavy

In condensed phase, the entropy term is much smaller, and ourdtom center contributes to NMR shielding tensors predominantly

discussion focuses on binding energies and enthalpies. ThePY @ Fermi contact mechanism (Scheme 3). Using the same

binding energies show some theoretical level effects in that Mp2 FPT/SOS approach as in the present Wbtk compute SO
theory shows larger binding than B3LYP theory, and basis set corrections to chemical shifts, Kaupp et al. found an SO-induced

effects are significantly higher at the MP2 level. The halogen he_avy atom shielding by33_.3 ppm for Gin iodobenzene. SO
bonding is about the same for each halogen bond in the shifts of comparable magnitude are expected for that@ms

complexes of4 and9—12, but the numbers computed at the in the iodo-substituted systems studied here, and it was of
DFT and MP2 levels still differ by a factor of 2. For iodobenzene INt€rest to investigate how the SO shifts are affected by
12 we also computed binding energies at levels CCSD(T)/ Complexation.

B//MP2/A and CCSD(T)/C/IMP2/A (last row of Table S4). The __ 1he SO corrections calculated here for thea@ms (Table
CCSD(T)/B/IMP2/A data are slightly lower than the MP2/B 2) are |ndeeq of similar magnltude as for iodobenzene (the effect
data, and the CCSD(T)/C//MP2/A data give a still lower binding 1S known to increase with the s-character of the-bond)?*
energy that is similar to the DFT data. Our best levels suggest | €Y reduce the computed ghifts from ca. 136-140 ppm to

a binding energy of about 3 kcal/mol per iodieBMSO contact. ~ ¢& 96-100 ppm and thus bring them into much better

13 NMR Chemical Shift Calculations. The results of ~ 2dreement with experiment.
nonrelativistic GIAO NMR calculations fo# and 9—12 and Moreover, the SO effects are notably smaller for the free
for their DMSO complexes are given in the Supporting molecules than for the DMSO complexes, and they thus affect

the coordination shifts. The nonrelativistic shifts increase by

(46) Ramasubbu, N.; Parthasarathy, R.; Murray-Rusk, Rm. Chem. So¢986

108 4308. (49) Nomura, Y.; Takeuchi, Y.; Nakagawa, Retrahedron Lett1969 8, 639.
(47) Lommerse, J. P. M.; Stone, A. J.; Taylor, R.; Allen, F.JHAm. Chem. (50) For arecent review, see: Kaupp, M. Relativistic Effects on NMR Chemical

Soc.1996 118 3108. Shifts. InRelatwistic Quantum Chemistryschwerdtfeger, P., Ed.; Elsevi-
(48) Romaniello, P.; Lelj, FJ. Phys. Chem. 2002 106, 9114. er: Amsterdam, 2003; Vol. 23, in press.
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Table 2. Computed and Measured C; Chemical Shifts and Chemical Shift Changes (in ppm) upon Complexation (Coordination Shifts), with
and without SO Corrections

coordination coordination coordination

system O(NR)? SO corrections® O(NR+S0) shift (NR)? shift (NR+SO) shift (exptl)
9 135.6 (124.2) —34.3 (—36.5) 101.3 (88.0)
9-DMSO 143.7 (130.9) —42.4 (-43.2) 101.3 (87.7) +8.1 (+6.7) 0.0 ¢0.3)
10 127.5(121.4) —35.2 (—38.8) 92.3 (82.6)
10-DMSO 135.6 (128.2) —43.6 (—44.8) 92.0 (83.4) +8.1 (+6.8) —-0.3(+0.8) -1.1
11 140.0 (126.3) —34.6 (—36.6) 105.4 (89.7)
11-DMSO 148.8 (133.5) —37.7 (=39.0) 111.1 (94.5) +8.8 (+6.8) +5.7 (+4.8) 0.6
12 131.6 (123.2) —31.1 (—36.5) 100.5 (86.7)
12-DMSO 139.2 (129.5) —42.1 (—42.6) 97.1 (86.9) +7.6 (+6.3) —-3.4(+0.2) 0.4
4 134.5 —27.8 106.7
4-(DMSO)* 142.5 —334 109.1 +8.0 +2.4 0.7

a Nonrelativistic (NR) shifts and coordination shifts at B3LYP/B//B3LYP/A (MP2(full)/B//MP2/A) level from TableP’SSO corrections added at P86
level, using B3LYP/A (MP2/A) structure data, respectivélyBased on theC; symmetric structure of-(DMSO),.

Table 3. Natural Population Analysis for Hydrazone 10, Aceto- Scheme 4. Halogen Bonding Mechanism for lodoarenes
phenone 11, lodobenzene 12, and lodoacetylene at MP2(full)/B//

MP2/A \E

compe ") a0 A a0 ) A2+
DMSO -0.947 1.077 C X mm e e e O/
10 —-0.217 0.168 !
10-DMSO -0.022 —0.246 0.219 -0.968 1.098 -
11 -0.214 0.183 -
11:-DMSO -0.025 —0.243 0.235 -0.962 1.092 ) _
12 —0.215 0.166 change in|q(Cj)| than in|q(l)|. On the other hand, halogen
12DMSO —0.022 -0.244 0.216 -0.958 1.089 bonding is a nonlocal event in the iodoacetylene. In this case,
H—C=C-I -0.345 0.314

the @~ —I1°* polarization is stronger to begin with but the
synergistic effect is less pronounced. In particular, thenelish

a Basis set A is LANL2DZ. Basis set B is the all-electron basis described lessbuildup of negative charge at Gpon halogen bonding.
in the text. The nonrelativistic GIAO calculations showed an increase

about 6-8 ppm upon complexation by DMSO (Table 2). In in the chemical shift of Cupon complexation. The charge
most cases, these positive coordination shifts are offset by the@nalysis reveals that this chemical shift increase octesgpite
change in the SO contributions, which are more negative for the increased negative charge on carbon. Only the SO contribu-
the DMSO complexes than for the free molecules. The two tions decrease the chemical shift of C

effects compensate each other, and halogen bonding thus hag. . .sion

no apparent effect on ;Cin the iodoarenes (forll, the

calculations provide somewhat smaller SO effects, and the Solvent effects on th&C NMR spectra of para-disubstituted
cancellation is thus incomplete in these data). In the halogen acetophenone azines->CeHs—CMe=N—-N=CMe—CeHs—Y
bonding of the iodoalkynes, the two factors are not balanced, are generally small. Independent of the choice of the solvent,
and halogen bonding becomes manifest in the NMR chemical hardly any electronic communication is found between the two
shifts37b halves of the unsymmetrical azines, and the spectroscopic

Electronic Mechanism of Halogen Bonding of lodoarenes. ~ properties of the symmetrical azines carry over to the unsym-
lodoalkynes should be better halogen bond acceptors thanmetrical azines. Our previodsi and**C NMR spectroscopic
iodoarenes because of the higher electronegativity of sp-Cstudy of azines in chloroform suggested that the azine bridge
compared to spC. Stabilization energies and interaction functions as a “conjugation stopper”, and the results presented
distances show that 1-iodo-phenylacetylene is more strongly here provide important corroboration. Hence, one of our
halogen bonded tharl0, and this is true for the parent important assumptions for the design of polar materials, the
iodoacetylene as well (Table S4). Further corroboration and assumption that the azine bridge functions as a “conjugation
insight into the halogen bonding mechanism are provided by stopper”, is now firmly established by both theory and experi-
the results of population analysis (Table 3). mentation.

The overall charge transfer from the O-donor to the iodide  In the absence of evidence for solgtolvent interactions
acceptor is very small, less than 0.04, and the charge transfer ign the NMR spectra of the haloarenes, the question occurs as
almost twice as large for iodoacetylene than for any of the to whether there are no specific interactions or, if specific
iodoarenes. Aside from a dispersion contribution, the halogen solvation occurs, why there is no manifestation of the specific
bonding between iodoarenes and DMSO largely is a dipole solvation in the chemical shifts. The complexation of iodoarenes
dipole interaction and synergistically reinforced by the by DMSO was studied as iodine bonding should be one of the
Co~—19F and @~—S°* bond polarity increases upon halogen stronger intermolecular interactions and because of the prior
bonding (Scheme 4). evidence that DMSO complexation does cause NMR shifts for

For the iodobenzenes, we find that the overall chargeeh R some iodides.
is just about equal to the sum of the charge changes onjthe C DFT and MP2 theory show the same characteristics of the
and | atoms, and halogen bonding with iodoarenes thus is mostlyiodine bonding between iodoarenes and DMSO, and similar
a local event of the € —19* bond, with only a slightly higher  structures are obtained with the following features: (1) ThelO

H—C=C-I-DMSO —-0.036 —0.354 0.334 —-0.966 1.097
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distances in all complexes are close to 2.9 A and about 0.6 A effects compensate each other, and halogen bonding thus has
shorter than the sum of the van der Waals radii. (2) The no apparent effect on;@ the iodoarenes.

DMSO—-oxygen approaches the—C bond in a “head-on” For the iodides, complexation by DMSO occurs and may or
fashion with 0(O---1—-C) anglesT" close to 180. (3) The may not manifest itself in the NMR spectra. Halogen bonding
0(S—0---1) anglesR are in the range 125135°, and there is by other halides is weaker and less likely in solution; there are
general agreement that the=G bond is coordinated in a side- no reports of complexation effects on their NMR spectra, and
on fashion so that the DMSO oxygen can orier¢lectron we have not observed any such effects in the present study. In
density toward iodine. The binding energies show some de- any case, the absence of complexation shifts in the NMR spectra
pendencies on the method and the basis set, and there clearlgoes not exclude the occurrence of halogen bonding.

is a need for measurements of binding energies. Our best levels Acknowledgment. This work was supported by the UM
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contact. The population analysis shows the halogen bonding siates National Institutes of Health (GM61027). We thank Drs.
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DMSO bonding largely is a dipotedipole interaction which is systems support. Work in Wzburg was supported by the
synergistically reinforced by C¢~—1°" and O'~—S"* bond Deutsche Forschungsgemeinschaft (KA 1187/5-1), by the Fonds
polarity increases upon halogen bonding. der chemischen Industrie, and by the Graduiertenkolleg 448

Good agreement is generally achieved between the measure«\joderne Methoden der magnetischen Resonanz in der Mate-
ments and the nonrelativistic GIAO NMR chemical shift rialforschung” of the UniversitaStuttgart.

computations with both the MP2 and B3LYP methods. How-
ever, neither method reproduces the experimental chemical shift
of C; attached to iodine because of the neglect of the-spin
orbit-induced heavy atom effect of iodine in the nonrelativistic
GIAO calculations. We computed the SO corrections for the
C; atoms, and these corrections bring the computeshfits in
much better agreement with experiment. The nonrelativistic
shifts increase by about ppm upon complexation by DMSO.

In most cases, these positive coordination shifts are offset by
the change in the SO contributions, which are more negative
for the DMSO complexes than for the free molecules. The two JA0383672

Supporting Information Available: Four figures showing the
HMQC, 13C NMR, APT, and the DEPT spectra 4in DMSO,
two tables with measured NMR data of the symmetrical azines
and the model compounds, four figures showing models of
optimized structures (B3LYP and MP2, isolated and com-
plexed), two tables providing the total energies and thermo-
chemical data and binding energies, respectively, and one table
of computed NMR shifts (PDF). This material is available free
of charge via the Internet at http://pubs.acs.org.
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