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Abstract

UV-Vis measurements showed that the interaction of pseudohalide anions, A" (A™ = N3,
NCO’, NCS’) with electrophilic bromocarbons, R-Br (R-Br = CBr,4, CBrsNO,, CBrsCONHs,
CBr3H, CBr3F, CBrsCN or C3Br;Fs) in solution results in formation of [R-Br, A’] complexes.
These associates are characterized by intense absorption bands in the 200 - 350 nm range
showing distinct Mulliken correlation with the frontier (HOMO/LUMO) orbitals’ separations
of the interacting anion and R-Br electrophile. X-ray crystallographic studies established the
principal structural features of the halogen-bonded associates between bromocarbons and
polydentate pseudohalide anions. Specifically, in the (Pr4N)NCO-CBry, (PrsN)N3-CBr4and
(PrsN)NCO-CBr3NO; co-crystals, bromine substituents of the electrophiles are halogen-
bonded with the (C=N or N=N) n-bonds of the cyanate or azide anions. Co-crystals of CBr,
with (Prs;N)NCS show two modes (C-Br...S-C and C-Br...N=C) of halogen bonding, while
tribromoacetamide molecules form C-Br...S-C halogen bonds and N-H...N=C hydrogen
bonds with thiocyanate anions. Structures and energetics of the halogen-bonded complexes
resulted from the M06-2X/6-311+G(dp) computations of various R-Br/A" pairs were
consistent with the experimental data. These computations revealed that the variations of the
intramolecular (C-Br) and intermolecular (Br...A") bond lengths are correlated with the A" —
R-Br charge transfer determined from Natural Bond Orbital analysis. Also, scrutiny of the
structural data indicated that the locations of the intermolecular contacts in these associates
are determined primarily by the frontier orbital shapes of the halogen-bonded species. Thus,
spectral and structural data point out a significant role of molecular-orbital (charge-transfer)
interactions in formation of halogen bonded complexes involving pseudohalides and

bromocarbons.
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Introduction
Intermolecular interactions involving electrophilic halogen atoms, referred to as halogen
bonding, emerged during the last decade as a topical area of supramolecular chemistry.[1-3]
Electron-rich anions represent a prototypical halogen-bond acceptor, and several recent
publications demonstrated that their interaction with halogenated molecules may be used for
molecular recognition and transport of anionic species,[4,5] as well as for crystal engineering of
hybrid materials combining neutral organic molecules and ionic salts.[6,7] Up to now, however,
the studies on halogen bonding with anions were focused primarily on the structural charac-
terization of the solid-state networks formed by halogenated electrophiles with halide and halo-
metallate salts, and, to a lesser extent, on the evaluation of the thermodynamics of halogen
bonded complexes involving halide anions in solutions.[5-11] In addition, there are several
examples of the solid-state studies of halogen bonding with polyoxoanions, metallocyanides
and other anionic species.[12-14]

In contrast to halides, studies of halogen bonding involving pseudohalides are limited
mostly to characterization of several solid-state associates of iodo- and bromosubstituted organic
molecules with thiocyanate anion and its metal complexes.[11,15-17] In fact, the CCSD database
search did not return any examples of short intermolecular contact between covalently-bound
halogen and separate azide or cyanate anions.[18] Such omission is surprising, since NCS’, NCO
and N3~ anions play a major role in various areas of chemistry and biochemistry, and represent
effective building blocks in crystal engineering and material science.[19-22] For example, the
“flexidentate” nature and bridging capacities of azide anions as regards to metal-ion coordination

facilitated preparation of a variety of magnetic substances, catalysts of photochemical processes
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and high energy density materials.[20] The NCS™ and N3~ anions have been frequently used as
crystallizing agents in protein crystallography and are known to be competitive inhibitors in
many enzymes (e.g. superoxide dismutase, carbonic anhydrase, etc.). [20] As such,
characterization of halogen-bonded complexes with participation of pseudohalides may add
halogen bonding as a valuable tool for preparation of hybrid molecular materials combining
advantageous features of organic and inorganic molecules. It may also facilitate clarification of
the possible involvement of this interaction in biochemical systems.

Interest to the complexes with NCO", NCS™ and N3~ anions is related also to the fact that
the pseudohalides have been employed extensively as probes in the study of intermolecular
interactions (e.g. ionic association, hydrogen bonding) in solution and in solid state.[22,23]
Indeed, while halides are spherically-symmetrical species, the study of halogen-bonded
complexes of pseudohalide anions allows an examination of the factors which determine the
location and geometry of halogen bonds at the halogen-bond acceptor side. The polydentate
nature of pseudohalide anions, which is well-known in metal-ion coordination chemistry and was
demonstrated earlier in the halogen-bonded associates of thiocyanate with iodosubstituted
molecules[16] facilitates comparison of several potential modes of bonding, such as C-X ...O
and C-X...N interaction (where X is a halogen atom), C-X...lone-pair vs C-X....n-bond
interactions, etc. Besides, NCS’, NCO™ and N3 anions are relatively small species with two
bonds. As such, the effects of halogen bonding on their structural and spectral features should be
more pronounced than in large anionic species (e.g. halometallates or polyoxoanions).

Accordingly, in the current work, we present the results of experimental and computational
studies of intermolecular interactions between the bromocarbons illustrated in Chart 1 and

pseudohalide (NCS’, NCO’, N3’) anions.
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Chart 1. Halogen Bond (XB) Donors R-Br.

X O
Br . E Br .
Br Br Br Y F F
Br Bf

X =H, F, Br, CN, NO, Y = CBr;, NH,

In particular, the solution-phase UV-Vis measurements establish spectral and
thermodynamic properties of these complexes. The X-ray crystallographic characterization of
the solid-state associates provides structural characteristics of the halogen bonding with
participation of these polydentate anions and reveals the effects of the intermolecular interactions
on the interacting species. Together with the computational analysis of the separate components
and their adducts, the experimental characteristics of the halogen-bonded complexes presented
herein provide further insight into the nature and properties of halogen bonding, which may be
helpful for crystal engineering involving pseudohalide anions, as well as for molecular

recognition and transport of these species in chemical and biochemical systems.
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Results and Discussion.
1. UV-Vis spectroscopic study of the interaction between bromocarbons and anions.

Similar to the earlier reported systems with the halide anions,[9, 10, 15] UV-Vis spectra of
dichloromethane solutions containing pseudohalide anions together with the R-Br electrophiles
show absorption bands in the 200 — 350 nm range, which are not present in the spectra of the
separate components. For example, addition of (Bus;N)NCS salt to the solution of fluorotri-
bromomethane resulted in the instantaneous appearance of a new absorption band at 289 nm
(Figure 1). The intensity of this band grew with increasing concentration of thiocyanate at
constant concentration of CBr3F (or vice versa), and with lowering the temperature of the
solution at constant concentrations of the reagents. [Note, that variations of concentration of the

BusN" counter-ion did not affect UV-Vis spectra, and essentially the same results were obtained

with tetrapropylammonium salts.]

350

Absorbance

250 300 350 400
Wavelenght, nm

Figure 1. Spectral changes resulting from the addition of (Buy;N)NCS to 4.7 mM solution of CBrsF in
dichloromethane (19 °C). Concentration of (BusN)NCS (solid lines): 0 mM (1), 40 mM (2), 82 mM (3),
144 mM (4), 188 mM (5), and 252 mM (6) . Dashed line corresponds to the separate 40 mM solution of
(BusN)NCS. Insert: Absorption band of [CBrsF, NCS'] complex which was obtained by subtraction of
the absorption of (Bu,N)NCS and CBr3;F reagents from the spectrum (4) of their mixture.
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New absorption bands which appeared in the solutions containing one of the R-Br
electrophiles and one of the pseudohalide anions showed, in most cases, similar behavior (see
Experimental Section and Figures S1 - S5 in the Supporting Information). Analysis of the
dependencies of intensities of these new bands (obtained, in general, by subtraction of the
absorption of components from the absorption of their mixture) on the concentration of
components according to the Job’s method indicated that they are related in most cases to
reversible formation of 1:1 complexes (see Experimental Section for details):

1)

The absorption band maxima for the [R-Br, A"] complexes and the equilibrium constants of their

RBr + A" 2 [R-BrA]

formation resulted from spectral measurements are summarized in Table 1.

Table 1. Absorption band maxima and formation constants of [R-Br, A] complexes.®

N NCS NCO
R-Br Amax, M K| M Amax, NM K, M! Amax, NIM K, M
CBri:NO,  303,360° ~6° 284, 330" - 251,297 5
CBr,CN 315" -b 300 ~1.6° 265 35
CBr;COCBr; 334 -0 - - 290 -
CBr;CONH, 300 - 277 2.5° 258 -
CBr3F 306 0.8 289 0.7 257 0.5
C3Br,F 278 ~0.5 252 ~0.3 <230 -
CBr;H 294 ~0.4 275 ~03 245 ~0.1
CBr4 338 15 315¢ 0.8¢ 275 1.0

a) In CH,CI, at 20°C. b) Complex formation was followed by (more or less fast) irreversible
chemical reaction (see the Experimental Section for details) which hindered measurements of
formation constants. c) Interaction of CBrsCONH,with NCS™ may involve hydrogen bonding
(vide infra). d) From ref. 15.
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On the whole, the formation constants, K, of the complexes with pseudohalides are in
the same range as those measured earlier for the analogous R-Br molecules with bromide
anions.[10] The highest values of K were observed in the systems with the strong electrophiles,
such as CBrsCN or CBr3NO,, and the lowest constants were measured with CHBr3; or C3Br;Fe.
Most importantly, the graph in Figure 2 demonstrates a clear correlation between the energies of
the electronic transition in the [R-Br, A’] complexes and the difference of the energies of the
lowest unoccupied molecular orbitals (E_umo™ ") of the R-Br electrophile and the highest
occupied molecular orbitals (Exomo’) of the pseudohalide. This Mulliken correlation includes
the absorption bands of complexes with pseudohalides and previously reported[10] halogen-

bonded associates with bromide anions.

5.5

8 85 9 95 10 105 11
ELumo™®" - Epomo™ eV

Figure 2. Mulliken correlation between the energies (hv) of the (lowest-energy) absorbtion bands of [R-
Br,A’] complexes and the difference of the frontier orbital energies ( ELumo™ e - EHOMOA) of the interacting
species for the R-Br associates with N3~ (o) , NCS™ (o), NCO" (A), and Br™ () anions (see Table S1 in the
Supporting Inforamtion for details) .

The intense absorption bands in the UV-Vis spectra of the [R-Br, Al complexes and the
Mulliken correlation of their energies point out that orbital (charge-transfer) interaction plays a

significant role in the formation of these associates. [24,25] To determine structural features of
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the intermolecular bonding in these systems, we turn to the X-ray crystallographic and
computational analysis of the R-Br/A™ associates.
2. Crystallization and X-ray structural characterization of the solid-state associates.

Co-crystals of the bromocarbons with the pseudohalides were obtained via the diffusion
of hexane into dichloromethane solutions containing an R-Br electrophile from Chart | and tetra-
propylammonium salts of cyanate, thiocyanate, or azide anion (see the Experimental Section for
the details). For example, diffusion of hexane into a dichloromethane solution containing
equimolar amounts of CBrsNO, and (PrsN)NCO resulted in the formation of colorless
crystalline materials. FT- IR-spectra of the resulting materials show characteristic absorption
bands of the CBrsNO; electrophile together with those of Pr;N* cation and NCO™ anion (see
Figure S6 in the Supporting Information). Similar crystalline materials showing IR absorption
bands of R-Br electrophiles, pseudohalide anions and tetrapropylammonium cations (which
appeared as the most suitable counter-ion for these crystallizations) were obtained in the
solutions containing CBry/NCO’, CBr4s/NCS’, CBr4/N3’, and CBrsCONH,/NCS™ mixtures (see
Table S2 in the Supporting Information).

(PraN)NCO-CBr3NO,, (PryN)NCO-CBr4, (PraN)N3-CBr4. X-ray crystallographic
measurements established that (isostructural) crystals formed in solutions containing (PrsN)NCO
salt and CBr3NO; or CBry, as well as analogous (Pr4sN)N3/CBr, pair of reagents are characterized
by monoclinic unit cells (space group P2;/n). They comprised anions and bromocarbons ina 1:1
ratio, with each electrophile being coordinated (via its three bromine substituents) with three
anions, and in turn, each anion being coordinated with three bromocarbon molecules. Such 3: 3
coordinations lead to the formation of zigzag layers (Figure 3 and Figure S7 in the Supporting

Information) which are separated by Prs;N* counterions.
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Figure 3. (A) Fragment of the X-ray structure of the (Pr4N)NCO-CBr3NO, co-crystals
illustrating short contacts (blue lines) between tribromonitromethane and cyanate anion.
(B) Zigzag layer formed by (3:3) coordination of tribromonitromethane and NCO" anions
(for clarity, PryN"™ cations are not shown).

The R-Br/NCO" and R-Br/Ns layers consist of uniform chair-like cells resembling
distorted cyclohexane molecules in which C-C bonds are replaced with C-Br....NCO™ (or C-
Br....N3") fragments. In most cases, the C-Br bonds of the electrophile are directed toward C-N
(or N-N) bonds of the pseudohalide. As a result, the bromine atoms of R-Br molecules show
close contacts with the terminal and central atoms of the neighboring anions (Figure 3A). For
example, in the co-crystal formed by CBrsNO, with NCO", the intermolecular Br...N distances
are 2.763 A, 3.004 A, and 3.212 A (Table 2). The corresponding distances to central carbon
atoms of the same anions are longer (3.370 A, 3.291 A and 3.222A, see Table S3 in the
Supporting Information), but they are still less than the corresponding sum of the van der Waals
radii (3.55 A [26]). In all three structures, the increase of the distances between bromine and the
terminal atom of the anion is accompanied by the decrease of the distance to the corresponding

central atom of the pseudohalide (Table S3 in the Supporting Information).
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Table 2. Halogen bond geometries in the [ R-Br, A] co-crystals.?

Co-crystals Contact D(Z-X...Y), Z(Z-X...Y), £X-X...Br), Rxv

A deg deg
(PraN)Nz-CBry Br3..N1  28753)  167.66(12)  99.3(2)  0.85
Br2..N1 2806(3) 176.90(11)  1082(2)  0.83
Brd. N1  3216(4)  160.48(18)  79.0(2) 095
(PraN)NCO-CBry Br2..N1  2823(3) 17639(12)  109.73)  0.83
Brd..N1 2937(3)  167.40(12)  965(2)  0.86
Br3..N1  3.188(3) 17374(12)  79.8(2)  0.94
(PNNCO-CBrsNOz o N3 3004(3)  167.74(9) 944(2)  0.88
Bri..N3  2.763(3)  176.06(9)  112.9(2) 081
Br3..N3  3212(3)  173.50(9) 80.3(2)  0.94
2((PL.N)NCS)-CBr,  Br4..S1 32309(11) 171.76(11)  93.23(13)  0.92
Bri..S1 32147(11) 170.15(11) 108.83(13)  0.91
Br3..N1  3013(3) 167.07(13)  1392(3)  0.89
Br2..N2  2897(4)  172.74(13)  1365(3)  0.85
2((Pr,N)NCS)CBrsCONH, Br2..S2  32204(6)  17450(6)  96.21(8)  0.88
Br3..S1 33377(6)  178.02(6)  79.13(8)  0.91
Brl..S1 35286(6) 151.85(7)  123.56(8)  0.95

a)

See Table S3 in the Supporting Information for the atom labeling and characteristics of the other
short intermolecular contacts in these co-crystals. b) Ryy = Dx...v/(rx + ry), where Dy...y is the

intermolecular separation between X and Y, and rx and ry are their van der Waals radii, i.e. 1.85A

for bromine, 1.55 A for nitrogen and 1.80 A for sulfur.[26]

The C-Br...N angles (where N is a terminal nitrogen atom of azide or cyanate anion) are

in the typical for halogen bonding range of 167— 177° (Table 2). In comparison, the C=N...Br

(or N=N...Br) angles are within the 79 — 115° range, i.e. halogen bonds in these systems are

almost orthogonal to the main axes of the pseudohalide molecules. Such intermolecular distances
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and angles suggest that halogen bonds in these systems involve predominantly w-bonds of the
pseudohalide anions, similar to that observed earlier with metal-coordinated cyanide ligands.[13]

Scrutiny of the intramolecular geometries of the azide anion (Table S4 in the Supporting
Information) showed that the halogen bonding of one its ends with three CBr, molecules results
in significant alteration of the intra-azide bonds. Specifically, the bond length of the N=N
fragment involved in halogen bonding of 1.121(4) A is about 8% shorter than the bond length of
the non-bonded end of azide anion of 1.210(4) A. Similar contraction of the bond involved in
intermolecular interactions was related earlier to the fact that charge transfer from this bond is
overcompensated by the charge shift from the other side of the pseudohalide.[23] The intra-
molecular NCO™ bonds in the co-crystals of cyanate with carbon tetrabromide (C=N bond of
1.145(5) A and C-O bond of 1.245(4) A) are rather close to the corresponding values in the co-
crystals with tribromonitromethane (C=N bond of 1.136(3) A and C-O bond of 1.239(3) A))
[While the cyanate and thiocyanate anions can be presented as a resonance between several
Lewis structures, e.g. N=C-O" and ‘'N=C=0, carbon-nitrogen bonds of these anions will be
shown hereinafter as a triple bond, and their carbon-oxygen and carbon-sulfur bonds will be
shown as a single bond, for clarity.]

2((PrsN)NCS)-CBr4. Co-crystallization of (Pr4N)NCS with carbon tetrabromide produced
colorless needle-like crystals containing thiocyanate and R-Br electrophiles in a 2:1 ratio. They
comprise zigzag ladders formed by 3:3 coordination of NCS™ anions and CBr, molecules. Each
carbon tetrabromide also coordinates an additional (exterior) thiocyanate via a halogen bond
involving its fourth bromine substituent and the nitrogen atom of the NCS™ anion (Figure 4).

These halogen-bonded networks are separated by PrsN* counterions.
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Figure 4. Zigzag ladders formed by (3:3) coordination of carbon tetrabromides and thiocyanate
anions, with the additional (exterior) pseudohalides coordinated to the remaining bromine
substituents of R-Br electrophile (for clarity, PryN* cations are not shown).

Within the network, each thiocyanate anion links two CBr, molecules via two nearly
perpendicular halogen bonds involving its sulfur atom. Nitrogen atoms of these NCS™ anions
form terminal halogen bonds with a third carbon tetrabromide. In turn, each CBr, molecule is
halogen-bonded to three (intra-network) NCS™ anions and to one exterior pseudohalide (Figure
4). The Br...S and Br...N halogen bonding results in a similar contraction (8 to 10 %) of the
Br...S and Br...N distances as compared to the sum of their van der Waals radii, and all C-
Br...S and C-Br...N angles in this structure are about 170° (Table 1). On the other hand, the C-
S...Brangles (93° and 109°) are noticeably lower than the C=N...Br angles of about 138°.

2((PrsN)NCS)-CBr3CONH,. Co-crystallization of (PrsN) NCS with tribromoacetamide

produced colorless plates with 2:1 (PrsN)NCS:CBr;CONH, stoichiometry. Similar to the
((PryN)NCS)-CBry4 co-crystals, they comprise zigzag ladders formed by 3:3 electrophile/anion

bonding, with each CBrsCONH, molecule binding an additional (exterior) thiocyanate (Figure 5).
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Figure 5. Zigzag ladders formed by halogen and hydrogen bonds between tribromoacetamide
and thiocyanate anions (showing as blue lines), with the additional (exterior) pseudohalides
halogen-bonded to the remaining bromine substituents of R-Br electrophile (for clarity, Pry;N*
cations are not shown).

In this structure, each tribromoacetamide molecule forms three Br....S halogen bonds with
two intra-network anions and one exterior thiocyanate, and its amide group is hydrogen-bonded
with the nitrogen atom of a fourth (intra-network) pseudohalide anion. In turn, each intra-
network thiocyanate shows three intermolecular bonds: its sulfur atom links two CBrsCONH,
molecules, and its nitrogen atoms form hydrogen bonds with amide groups of the third tribromo-
acetamide. The exterior thiocyanates are halogen-bonded with tribromoacetamide molecules via
their sulfur atoms. The terminal Br2...S2 bond with exterior thiocyanate (which is involved only
in one halogen bond) is somewhat shorter than the analogous bridging halogen bonds (Table 2).
Regardless of the mode of intermolecular interaction, the C-N bonds of thiocyanate anions are

around 1.16 A, and their C-S bonds are close to 1.65 A (see Table S4 in the Supporting

Information).
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3. Computational characterization of the [R-Br, A’] complexes.

The geometry of [R-Br, Al adducts were fully optimized via DFT computations with M06-
2X functional in combination with 6-311+G(dp) basis set (see the Experimental Section for the
details). For most of the R-Br/A" pairs, these computations afforded multiple local energy
minima and equilibrium geometries of adducts. In particular, all R-Br molecules showed two
modes of halogen bonding with cyanate and thiocyanate anions (Figures 6), i.e. C-Br....N-C and
C-Br....X-C (where X= O or S). The calculations of the complexes of CBrsCONH, with
thiocyanate also produced adducts formed via hydrogen bonding as well as a combination of

halogen and hydrogen bonds between the electrophile and pseudohalide illustrated in Figure 6F.

Figure 6. Principal modes of halogen-bonding in R-Br/A" pairs resulted from the M06-2X/6-
311+G(dp) computations (see Experimental Section for details).

The calculated interaction energies and geometric characteristics of some of the R-Br/A
adducts formed via different modes of halogen bonding in the gas phase and in dichloromethane

are listed in Table 3 and Table S5 in the Supporting Information.
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Table 3. Interaction energies and principal geometric characteristics of the R-Br-A™ adducts.

Adduct Mode AE,® kcal mol™ dpr..x, A ZYXBr, o

gas-phase CH,Cl, gas-phase CH,Cl, gas-phase CH,CI,

CBra-N3z Br...N -18.32 -4.64 2.370 2.708 109.2 103.8
CBrs-NCO Br...N -16.40 -3.74 2.426 2.752 128.0 131.4
Br...O -13.21 -3.12 2.506 2.744 120.8 113.2

CBrsNO,-NCO Br...N -20.99 -5.32 2.336 2.677 124.4 123.6
Br...O -16.39 -4.19 2.4563 2.689 120.3 118.9

CBrs-NCS Br...S -12.19 -3.13 2.865 3.187 98.1 92.4
Br...N -11.20 -2.62 2.616 2.842 158.1 157.1

CBr;CONH,-NCS Br...S c -2.08 c 3.295 c 85.2
Br...N c -1.84 c 2971 c 100.6

Br...S/H...N -20.95 -6.86 3.44 3.54 68.5 67.4
Br...N/H...S -19.12 -6.39 3.12 3.52 81.6 74.9

a) For the lowest energy minima representing various mode of halogen bonding which were observed in
X-ray structures of the corresponding R-Br-A’ pair. The relevant characteristics of the other R-Br-A”
adducts are listed in Tables S5 and S6 in the Supporting Information. b) AE = E¢ompiex — [Er-ar + Egr] +
BSSE, where Eompiexs Er-sr and Eg, are sums of the electronic and zero-point energies, and BSSE is a basis
set superposition error, see Experimental section. ¢) Computations produced only adducts showing
combination of halogen and hydrogen bonding (see text).

In general, the binding energies, AE, between bromosubstituted electrophiles and pseudo-
halide anions resulted from the M06-2X calculations in dichloromethane are in the same range
(i.e. from -2 to -6 kcal/mol) as those obtained earlier for the analogous adducts with the bromide
anion (in agreement with similar formation constants of complexes measured in solutions, vide

supra).[10] As expected for interactions involving charged species, the halogen bonding of R-Br
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molecules and pseudohalides in the gas phase is stronger than in dichloromethane, and the
differences of the corresponding values of AE in these two media are about 10 — 15 kcal/mol.

In complexes with cyanate anions, halogen bonding via the nitrogen end of the
pseudohalide, C-Br...N=C, is preferable over that involving the oxygen end. The differences of
interaction energies between the corresponding adducts showing these two modes vary from 1
kcal/mol in CH,Cl, to 4 kcal/mol in the gas phase. In comparison, the adducts bonded via sulfur
atoms of thiocyanate are more stable than the adducts in which the bromine substituent of the
same bromocarbons is attracted to the nitrogen end of the NCS™ anion. However, the differences
of binding energies of these two modes are rather small (0.3 — 1.0 kcal/mol). Such minor
distinctions are consistent with the experimental structural data, which revealed both modes of
interaction in some of R-Br/NCS’ co-crystals (e.g., (PraN)NCS)-CBr, reported herein), while
only C-Br...S-C bonding was observed in the reported previously structure of (Bus;N)NCS-CBr,
[15] and in the co-crystals of thiocyanate anions with tribromoacetamide presented herein.

The lowest-energy CBrsCONH,/NCS™ adduct resulted from the DFT calculations shows a
combination of halogen and hydrogen bonds (Figure 6F). In this adduct, the bromine substituent
of CBrsCONH; is halogen-bonded with the sulfur end of the thiocyanate and its amide group is
hydrogen-bonded to the nitrogen end of the pseudohalide anion. The energy of the adduct
showing the alternative, Br...N/H...S, combination of the halogen and hydrogen bonds is higher
by 0.5 kcal/mol in CH,Cl, and by 2 kcal/mol in the gas phase (Table 3). In comparison, the
energies of the local minima for the CBrsCONH2/NCS’ pair in dichloromethane showing only
halogen bonding (C-Br...S-C or C-Br...N=C) are about 4 kcal/mol higher than those supported
also by hydrogen bonds. In the gas phase, the optimizations of the CBrsCONH,/NCS™ pair led

only to adducts stabilized by combination of halogen and hydrogen bonding analogous to those
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in Figure 6F regardless of the starting geometry, and the equilibrium structure showing only
halogen bonds with tribromoacetamide and thiocyanate were not found.

In accord with the binding energies, the adducts resulted from the calculations in the gas
phase are characterized by the shorter intermolecular distances than the corresponding
complexes in dichloromethane. Also, comparison of the results of calculations in Tables 3 with
the X-ray structural data in Table 1 indicates that the Br...X separations calculated in the gas
phase are also about 0.4-0.5 A shorter than the corresponding experimental (solid-state) values.
In fact, the latter are quite close to distances calculated in dichloromethane (the deviations are in
the same range as the variations of the crystallographically independent separations measured for
the same pair). A similar relationship between the experimental (X-ray structural) and calculated
data was observed earlier for the halogen-bonded complexes between R-Br electrophiles and
bromide anions.[10] It suggests that, at least for the computational method used herein, the
adducts resulting from the calculations in moderately-polar dichloromethane represent a more
realistic model of the experimental solid-state structures, in which R-Br/A” interactions are
significantly modulated by inter-ionic forces. We should note, however, that in the co-crystals,
pseudohalide anions are bonded, in most cases, with several electrophiles and vice versa, which
hinders comparison of the measured solid-state separations with the calculated interatomic
distances in the 1:1 R-Br/A" adducts in Table 3 (see the Experimental section for details). As
such, more detailed theoretical study is required to establish relationship between the results of
calculations in the gas-phase and in solution and the corresponding (solid-state) X-ray structures.

The relative orientation of the electrophile and pseudohalide moieties in the R-Br/A
adducts resulting from the calculations in dichloromethane are similar to that found in the gas

phase. Specifically, all halogen-bonded adducts are characterized by nearly linear C-Br...X
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angles (where X =S, N or O). On the other hand, the angles between the main axis of the anion
and halogen bond vary with the pseudohalide and the mode of interaction. Specifically, the N-
N...Br angle in the CBr4/N3 adduct of about 104° (in CH,Cly) and 109° (in the gas phase) are in
the same range as the angles measured in the solid-state structure. In the adducts of CBr4or
CBr3NO, with cyanate anion halogen-bonded via the nitrogen atom, all C-N...Br angles are in
123 - 131° range, i.e. they are somewhat higher than the corresponding experimental values. The
analogous adducts bonded via oxygen atoms showed the C-O...Br angles in the 113-121° range.
In the thiocyanate adducts formed via C-Br...S-C halogen bond, the C-S...Br angles are close to
90°, in general agreement with the X-ray structural data. The C=N...Br angles in the corres-
ponding associates halogen-bonded via nitrogen ends are about 138° in the solid-state co-crystals
and about 157° in the calculated adducts. The complexes of thiocyanate with the iodoperfluoro-
benzenes obtained earlier similar distinctions between C-S...I and C=N...I angles, although
adducts bonded via nitrogen were slightly more stable, possibly due the fact that they were
carried out with different, B3LYP, functional.[16]

Comparison of the experimental and calculated data showed that relative orientations of the
halogen-bonded R-Br electrophiles and pseudohalides which are observed in the X-ray structures
are, on the whole, similar to those resulted from DFT (M06-2X /6-311+G(dp)) computations.
Accordingly, they provide valuable information about the factors which determine the geometry
of halogen bonding.

Indeed, halogen bonding is most commonly related to the electrostatic attraction between a
positively charged area on the surface of the covalently-bonded halogen atom and a negative area
on the surface of the electron rich nucleophile.[27, 28] Yet, experimental and computational data

point out that weakly-covalent molecular orbital (or charge-transfer) interactions also play a
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significant role in formation of many halogen-bonded complexes.[10, 15, 29] To elucidate this
dichotomy for R-Br complexes with pseudohalides, we scrutinized the structures of their adducts
vis a vis surface electrostatic potentials (ESP) of the interacting species (critical for electrostatic
interactions) and frontier orbital shapes (involved in the orbital interactions).

Up to now, the structural studies of halogen bonding were focused mostly on the
properties of the halogen-bond donors and on the linear C-X...Y angles (which are observed in
the majority of halogen-bonded complexes where X is an halogen and Y is a nucleophile).
[6,10,27,28] However, for the halogen-substituted electrophiles, in particular CBr4, CBrsNO, and
CBr3CONH; (Figure 7), the positive potential on the surface of halogen atoms, as well as major
fractions of their LUMOSs are located along the extension of the C-Br bonds. Accordingly, both
the electrostatic model (which relies on the attraction of the areas of opposite electrostatic
potentials) and the molecular-orbital approach (which requires effective HOMO/LUMO overlap)
predict that the contacts of halogenated electrophiles with halogen bond acceptors should be

located near the extension of the C-Br bond and essentially linear C-Br...X angle.
: B -
L
v:ﬁ ﬁ

CBr4 CBF3NOZ CBF3CONH2

Figure 7. Surface electrostatic potentials (top) and LUMO shapes (bottom) of R-Br electrophiles (as indi-
cated) resulted from MP2/6-311+G(dp) computations (See Experimental Section for the details). Blue and red
colors in the top figures depict areas of positive and negative ESPs on the molecular surfaces of electro-
philes, respectively, light and dark blue colors in the bottom figures depict opposite wavefunction phases.



Page 21 of 36 Physical Chemistry Chemical Physics

21

On the other hand, the examination of the ESP and frontier orbital shapes of the azide,
cyanate and thiocyanate anions revealed differences in the locations of the area of the maximum
electrostatic potential and the major HOMO fragments for these pseudohalides. Specifically, the
anionic N3* NCO™ and NCS’ species are characterized by negative potentials over all their
surfaces. Yet, the scrutiny of the ESP values in a narrower range revealed that the areas of the
most negative electrostatic potential on the surfaces of all pseudohalides anions are located on
the top of the nitrogen ends, i.e. along the extension of C=N bonds in OCN" and SCN" anions and
N=N bond in N3" anion (Figure 8). On the other hand, the major fragments of HOMOs are

located in areas perpendicular to the terminal atoms.

>

>

NEY NCO NCS

Figure 8. Surface electrostatic potentials (top) and HOMO shapes (bottom) of pseudohalide anions resulted
from MP2/6-311+G(dp) computations (see Experimental Section for the details). Light and dark blue colors in
the bottom figures depict opposite wavefunction phases. The ESP in the top figures are shown in the narrow
ranges of negative potentials, i.e. for N5 : from -0.210 (red) to -0.185 (blue), for NCO": -0.237 (red) to -
0.180 (blue), and for NCS™: -0.253 (red) to -0.110 (blue, ESP potentials are in hartrees).

Thus, based on the electrostatic model, the anion/electrophile contacts in their halogen-
bonded adducts are expected to be located preferably at the top of the nitrogen end of the

pseudohalide, and the structures of the most stable complexes would show close to linear X-
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N...Brangle. Yet, neither experimental X-ray (solid-state) structures nor calculated adducts
agree with this prediction. In comparison, superposition of the MO shapes onto the X-ray (or
calculated) structures of the halogen-bonded associates clearly indicate that intermolecular R-
Br/A" contact involves in all cases significant, if not maximum, HOMO/LUMO overlap (Figure
9). The locations of the contacts are also consistent with the results of the earlier analyses of
intermolecular bonding with participation of azide and thiocyanate anions based on the electron
localization function,[16, 22] since the latter largely follows molecular orbital picture. Further-
more, a similar relation between the location of the intermolecular contacts on the surface of the
halogen—bond acceptor (as opposed to the highest ESP areas) was observed earlier in the halo-
gen-bonded complexes of carbon tetrabromide with bromometallate anions.[7a] This suggests
that molecular orbital interactions play a definitive role in the relative arrangements and inter-

molecular contacts of halogen bond donors and acceptors in their supramolecular complexes.

CBraNs CBrsNO»*NCO” CBrsCONH2NCS

Figure 9. Frontier (HOMO/LUMO) orbital shapes of pseudohalide anions and R-Br electrophiles
superimposed onto fragments of the crystal structures of their complexes

To evaluate the charge transfer resulting from such HOMO/LUMO interactions and its

effect on the intramolecular and intermolecular geometries, we carried out Natural Bond Orbital
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(NBO) analysis of the halogen-bonded complexes. The amount of charge, Aqg, transferred from
the pseudohalide to the electrophile in halogen-bonded R-Br/A" adduct is determined by the
energy difference and overlap of the LUMO of the R-Br electrophile and the HOMO of the
pseudohalide.[30] Its value varies from 0.028e calculated for the adduct of bromoform with
cyanate in dichloromethane to 0.316e for the adducts of the tribromonitromethane with azide in
the gas phase (see Table S6 in the Supporting Information). The NBO calculations indicated that
this charge is transferred mostly to the C-Br antibonding orbital, *(C-Br). It suggests that
charge transfer should be accompanied by the elongation of the C-Br bonds in the electrophiles.
Indeed, the plot in Figure 10 demonstrates clear correlation between the calculated amount of

charge transfer, Ag, and the elongation of the C-Br bonds of bromocarbons, Ad.

0 0.2
Ag, e

Figure 10. Relationship between calculated values of charge transfer in the R-Br-A” adducts, Ag, and
lengthening of the C-Br bonds, Ad (where Ad is a sum of the differences between C-Br bond lengths in
the halogen-bonded and isolated R-Br molecule ) in the gas phase: R-Br-N3™ (¢), R-Br-NCO" (o), R-
Br-NCS’ (A), and in solution: R-Br'N3™ (x), R-Br-NCO™ (+), R-Br-NCS’ (©), see Table S7 in the
Supporting Information for the details).



Physical Chemistry Chemical Physics Page 24 of 36

24

Furthermore, the average C-Br bond length in the halogen bonded complexes of carbon
tetrabromide with azide (1.951 A), cyanate (1.949 A) and thiocyanate (1.948 A) obtained from
the X-ray structural measurements are consistently higher than that of the separate CBr,4
molecule (1.930 A [8Db]). (The relatively small variations of C-Br bond length in the crystal
structures of the halogen-bonded complexes together with limited number of such structures,
differences in bonding modes and crystal-force effects precluded the use of experimental data for
quantitative analysis of the correlation between Ad and Aq). Similar increase of the average bond
length was observed earlier in the complexes of various bromocarbons with bromide anions.[10]
The elongation of the C-Br bonds confirms that Aq values result not just from more or less
arguable assignment of the charges to various atoms, but also are clearly manifested in the
structural features of the interacting species.

The ratio of intermolecular distances between the interacting species to their van der
Waals separations, Rxy = Dx...v/(rx + ry), (where Dx...v is the intermolecular separation between
X and Y, and rx and ry are their van der Waals radii) also shows definitive correlation with the
amount of the A" — R-Br charge transfer (Figure 11). Noticeably, different pseudohalides show
nearly parallel trends. The complexes of thiocyanate demonstrated the largest decrease of the
intermolecular Br...S distances (i.e., atthe same value of Aqg, their Rxy are the lowest). In the
complexes with cyanate, the intermolecular separations are less sensitive to charge transfer. Most
importantly, the plots corresponding to various anions are characterized by correlation
coefficients of 0.99. Since Rxy represents the structural manifestation of the strength of the
intermolecular interactions, such correlations also strongly imply that HOMO/LUMO
interactions and charge transfer play a significant role in halogen bonding between

bromocarbons and pseudohalides.[30]
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Figure 11. Correlation between charge-transfer, Aq, and ratio Rxy of the intermolecular
distances in R-Br -A” adducts to the corresponding van der Waals separations for R-Br'N3 (¢,
R-Br-NCO™ (o) and R-Br'NCS’ (A), see Table S6 in the Supporting Information for the details.

Taken together, Figures 10 and 11 demonstrate that, as the amount of charge transfer is rising,
the intermolecular distance between interacting species is decreasing and C-Br bond lengths is
increasing. As a result, the intermolecular Br...N bond of 2.29 A in the CBr3NO,-N3 adduct
calculated in the gas phase is comparable to the adjacent intramolecular C-Br bond length of 2.08
A It suggests that the electron is essentially delocalized between interacting species in the C-
Br...N fragment, and that such bonding becomes similar to the (basically covalent) three-center

four-electron model suggested for the description of the bonding in the trihalide anions.[31]

Conclusions.
The experimental and computational results presented in the current work demonstrate that

pseudohalides form halogen-bonded associates with bromosubstituted electrophiles in the solid
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state and in solution comparable in strength to those involving halide anions. The basic
geometric characteristics of these associates established herein provide a background for the use
of halogen bonding with pseudohalides for the molecular recognition of these anions and crystal
engineering of their solid-state materials. The works in these directions look especially
promising in view of the polydentate nature of the pseudohalides, which implies the possibility
of multicenter interaction involving N3, NCO™ and NCS™ anions via combination of halogen and
hydrogen or coordination bonding.

Spectral and structural features of the halogen-bonded complexes with pseudohalides (in
particular, the geometry of halogen bonding at the halogen-bond acceptor side) indicated that
molecular orbital (charge-transfer) interactions play a significant role in their formation. Two
implications of this conclusion should be underscored. First, the increase of the contribution of
the charge-transfer interactions provides continuous transition from the weak complexes (in
which it might be essentially neglected) to the strongly-bonded adducts in which intermolecular
interactions approach a (more or less) conventional covalent bond. Second, as was shown earlier
for the m-bonded complexes, orbital interactions attenuate barriers for electron transfer between
the interacting species and, if electronic coupling is strong, leads to complete electron delocaliza-
tion.[32 ] In a similar way, orbital interactions may dramatically reduce barriers for electron
transfer between halogen-bond donors and acceptors.[33] In fact, our preliminary analysis indi-
cated that the interaction between the strongest R-Br electrophiles (e.g. CBrsNO;) and N3~ or
NCS™ anions results in the irreversible electron transfer process, and the rate constants of these
reactions may be accounted only if electronic coupling between halogen-bonded redox centers is
taken into account. It point out that halogen bonding affect reactivity of halogenated molecules

in solutions and conducting properties of their solid-state materials.



Page 27 of 36

Physical Chemistry Chemical Physics

27

Experimental Section.

Commercially available bromoform, tribromofluoromethane, carbon tetrabromide, hexa-
bromoacetone, and 1,2-dibromohexafluoropropane were purified by sublimation or distillation
under vacuo. Tribromonitromethane was synthesized by bromination of nitromethane, tribromo-
acetamide was prepared by reaction of hexabromoacetone with NH,OH, and tribromoacetonitrile
was synthesized by dehydration of tribromoacetamide with P,Os, as described earlier.[34]
Commercially available tetrabutylammonium salts of azide, cyanate and thiocyanate anions were
purified by recrystallization. Pseudohalide salts with the tetrapropylammonium counter-ions
were prepared according to the procedures described in the literature by reaction of NaN3 with
(PrsN)CI, KNCO with (Pr4sN)BF,and KNCS with (PrsN)Br.[35]

The details of the UV-Vis measurements and the calculations of the formation constants of
the [R-Br, A’] complexes were described previously.[10] It should be noted that while the
complexes of CBrsNO,, CBr;CN or CBrsCOCBr; with NCO™ anions were persistent, absorption
bands of the same electrophiles with NCS™ or N3™ anions decreased with time, which indicated
that irreversible chemical processes were occurring in these systems. They apparently involve
dissociative electron transfer reactions proceeding via halogen-bonded complexes (as described
earlier for the systems involving carbon tetrabromide or tribromonitromethane and tetramethyl-
p-phenylenediamine [33]) and their kinetics and mechanism will be presented separately. To
minimize effects of the irreversible processes, spectral measurements in the current work were
carried out immediately after mixing.

Single crystals of halogen-bonded associates suitable for X-ray measurements were
obtained by diffusion of hexane into dichloromethane solutions containing a 1:1 molar ratio of
the R-Br bromocarbon from Scheme 1 and a pseudohalide (taken as a salt with tetrapropyl-

ammonium counter-ion) in CH,Cl, at -20° C. For example, the tetra-n-propylammonium cyanate
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salt (27 mg, 0.10 mmol) was dissolved together with tribromonitromethane (10 pL, 0.10 mmol)
in CH,Cl, (2 mL) in a Schlenk tube. The resulting solution was carefully layered with of a 1:1
CH,Cl,/ hexane mixture (~1 mL), and then with hexane (20 mL), and kept at -35 °C. Slow
diffusion of hexane into the dichloromethane resulted in the formation of colorless crystals
suitable for single-crystal X-ray crystallography. FT-IR spectra of these crystals ( recorded using
single-reflection HATR) demonstrated strong absorption bands of tribromonitromethane (shifted
as compared to the bands of the isolated CBrsNO, molecule), alkylammonium cation, and
cyanate anion (see Figure S6 in the Supporting Information). Single crystals (PrsN)N3z-CBrg,
(PrsN)NCO-CBr4, 2((Pr4N)NCS)-CBr4, and 2((PrsN)NCS)-CBr4,3CONH, were obtained and
characterized in a similar way.

Single crystals suitable for X-ray diffraction studies were mounted using oil on a glass
fiber. All measurements were made on a APEX-II CCD using Mo Ka radiation (A= 0.71073 A)
at 100(2) K. The structures were solved by direct methods and refined by full matrix least-
squares treatment, and intermolecular contacts were analyzed using OLEX2 structure solution,
refinement and analysis program.[36] CCDC 988299 - 988303 contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge from the

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

(PraN)NCO-CBrs.  Ci4H2gN,0Brs, M =560.02, monoclinic, a= 8.3579(5)A, b=
19.0038(11) A, ¢ = 12.9329(7) A, p = 98.504(2)°, V = 2031.6(2) A%, T = 100.01, space group
P2:/n (no. 14), Z =4, n(CuKa) = 9.673, 18884 reflections measured, 3412 unique (Rin; = 0.0310)
which were used in all calculations. The final wR(F,) was 0.0723 (all data). CCDC 988300.

(PrsN)NCO-CBrsNO,. CisHN303Brs, M =526.12, monoclinic, a= 8.3003(4) A, b=

18.9573(10) A, ¢ = 12.9480(6) A, B = 98.635(2)°, U = 2014.29(17) A%, T = 100.0, space group
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P2;/n (no. 14), Z= 4, n(MoKa) = 6.024, 100523 reflections measured, 6198 unique (Rin =
0.0439) which were used in all calculations. The final wR(F;) was 0.0488 (all data). CCDC
988302.

(PrsN)N3:CBrs.  CisHogNsBrs, M =560.03, monoclinicc, a= 8.3581(7)A, b=
19.1124(17) A, ¢ = 12.8700(11) A, p = 98.448(2)°, U = 2033.6(3) A3, T = 102.58, space group
P2:/n (no. 14), Z= 4, W(MO Ka) = 7.916, 115435 reflections measured, 5978 unique (Rin =
0.0795) which were used in all calculations. The final wR(F2) was 0.0811 (all data). CCDC
988299.

2((Pr4sN)NCS)-CBrs, CxHssBrsNsS,, M =820.52, monoclinic, a= 7.8335(5) A, b=
36.215(2) A, c = 12.8318(8) A, = 91.767(3)°, U = 3638.6(4) A®, T = 99.95, space group P2:/n
(no. 14), Z = 4, W(MoKa) = 4.561, 103018 reflections measured, 10754 unique (Rin; = 0.1852)
which were used in all calculations. The final wR(F,) was 0.1002 (all data). CCDC 988301.

2((PrsN)NCS)-CBr3sCONH,. CagHsgBrsNsOS,, M =784.64, monoclinic, a = 10.0945(3) A,
b= 11.5019(4) A, ¢ = 31.8838(11) A, A= 98.4293(13)°, V = 3661.9(2) A, T = 100.03, space
group P2:/n (no. 14), Z = 4, w(CuKa) = 5.359, 19742 reflections measured, 6113 unique (Rin =
0.0228) which were used in all calculations. The final wR(F,;) was 0.0759 (all data). CCDC
988302.

Computations. Quantum-mechanical calculations were carried out using the Gaussian 09 suite of
programs.[37] Geometries of R-Br molecules, pseudohalide anions and [R-Br, Br] complexes
were optimized in the gas phase and in dichloromethane via DFT calculations with MO6-2X
functional.[38] In our previous study of the halogen-bonded complexes between R-Br electro-
philes and bromide anions, this method (as well as ®B97X-D /6-311+G(dp) computations)

provided the best, on the whole, agreement between experimental and calculated (structural,
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thermodynamic and spectral) characteristics of the intermolecular associates.[10] 6-311+G(d,p)
basis set was employed in all computations. Results of the computations using ©®B97X-D
functional or ab initio MP2 method were consistent with the data obtained from the MO6-2X/6-
311+G(d,p) calculations.

Geometry optimizations were carried out without constraints using the default convergence
criteria for Gaussian 09 except in cases that required tighter convergence criteria to obtain true
minima (as indicated by the absence of imaginary frequencies). Geometry optimizations in
dichloromethane were carried out using polarizable continuum model (PCM).[39] The energies
of interaction were determined by subtracting the sum of the energies of isolated R-Br and A"
species from the energy of the [R-Br, Al complexes and adding basis set superposition error
(BSSE): AE = Ecomplex — [Er-Br + Eg] + BSSE, where Ecomplex, Er-sr and Eg; are sums of the
electronic and zero-point energies. ). The BSSE values for [R-Br, Br'] complexes were
determined via the counterpoise method.[40] Zero-point energies (ZPE) and thermal corrections
were taken from unscaled vibrational frequencies. Energies and atomic coordinates of halogen-
bonded R-Br-Br” associates are listed in the Supporting Information. Note, that calculations of
the R-Br/A" pairs produced, in most cases, multiple local minima. Some of these local minima
showed rather minor differences in geometry (e.g. different torsion angles between the main axis
of anion and carbon bond to non-halogen-bonded substituent in electrophile, such as C-N...C-N
angle in the CBrsNO,/NCO"™ associate) and in energy (< 0.3 kcal/mol). In such cases, only
characteristics of the lowest-energy minimum are presented. It is also important to stress that
while calculated structures represent 1:1 adducts, the X-ray structural data results from the
characterization of the co-crystals in which anions may be bonded with several bromocarbons

(and vice versa). For example, in the X-ray structure of 2(Prs,N)NCS-CBrsCONHj, co-crystal,
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one of the crystallographically independent thiocyanate links three carbon tetrabromide
molecules via hydrogen N...H bond and two S...Br halogen bonds. Another thiocyanate is
halogen bonded with one CBrs; molecule via S...Br halogen bond. Noticeably, the latter bond of
3.229 A is shorter than the separations between bromines and the bridging sulfur of 3.338A and
3.529 A (Table 1). Similarly, in the 2(Pr4JN)NCS-CBry structure, intermolecular Br...N
separation of 2.897 A between carbon tetrabromide and thiocyanate involved in one halogen
bond is about 0.1 A shorter than the analogous distance to the nitrogen of the bridging
thiocyanate which forms three halogen bonds. These distinctions should be taken into account
when calculated structures are compared with the X-ray structures. For the current work, most
important is consistency of the relative orientations of the halogen bond donors and acceptors in
their adducts which were obtained from the computations in the gas-phase and in CH,Cl;
(despite the distinctions of the intermolecular separations), as well as observed in the solid-state
structures involving R-Br molecules and anions forming multiple and single halogen bonds.
Atomic charges were calculated via Natural Population Analysis phase of NBO analysis
implemented in the Gaussian 09 suite of program.[41] Frontier orbital shapes were evaluated at
0.02 isovalue and electrostatic potentials were calculated on the 0.0004 electrons bohr™
molecular surfaces of the R-Br molecules and pseudohalide anions resulted from MP2/6-

311+G(dp) computations.
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