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A gradual change of Br--:N bond lengths and strengths from the
values typical for intermolecular associates to that characteristic of
a covalent bond was observed in the series of the halogen-bonded
complexes. This continuum reveals fundamental relationship
between the limiting types of bonding and implies the onset of
covalency in the intermolecular interactions.

The recent development of supramolecular chemistry brought
about new aspects to the discussion of the nature and limits of
the chemical bond.!l While supramolecular interactions are
commonly referred to as non-covalent bonding, many works
suggest that some of them comprise substantial covalent
components.[24 Also, the preparation of supramolecular
complexes with short interatomic distances®! and the
expansion of the limits of the covalent bond length,[®]
diminished the separation between inter- and intramolecular
bonding. However, there is still a significant gap between the
typical covalent bond lengths and intermolecular distances.

To test the feasibility of a gradual transition between covalent
and intermolecular bonding, we studied halogen-bonded (XB)
complexes of bromo-substituted R-B electrophiles (Scheme 1)
with 1,4-diazabicyclo[2.2.2]octane (DABCO). The interest in

o] o] 0 R F
©) X
N—Br @E?NBr N-—Br F—CNBr B Br
//S\\ — Br
o o O o] F F
BrSIM BrSAC BrPIM FsPyr-Br*

Scheme 1. Structures and abbreviations of some of the R—Br
electrophiles (X = H, F, Br, CN, NO,, CONH,, COCBr3, etc.).
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halogen bonding has grown considerably during the last two decades
and a large number of associates with XB lengths much shorter than
the van der Waals separations were prepared.[”8l In particular, very
strong and relatively weak complexes of DABCO with bromo-
substituted molecules showing Br--N separations of ~2.3 A and ~2.9
A, respectively, were reported.l-111 Yet, there is a more than 0.4 A
break between the Br-:N distances in the strongly interacting
complexes and the covalent N-Br bond length (~1.85 Al2)), as well as
the interatomic distances in the weak associates. To establish a
continuum of bond lengths, as well as thermodynamic and spectral
features of the XB associates, we characterized complexes between
DABCO and an extended series of the R—Br electrophiles, as follows.
As illustrated in Fig.1, addition of DABCO to the solutions of R-Br
electrophiles in acetonitrile resulted in the appearance of absorption
bands in the 200 - 400 nm range. Concentration and temperature
dependence of intensities of these bands measured with various R—
Br molecules (Figures S1 — S7 in the ESI) confirmed that their
appearance is related to the formation of 1:1 complexes (eq 1):%

R-Br +DABCO <= [R-Br, DABCO] (1)
Treatments of the UV-Vis data (see the ESI for details) afforded
formation constants and spectral characteristics of the [R-Br, DABCO]
complexes (Table 1).
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Figure 1. Spectral changes occurring upon addition of DABCO to the
solution of R-Br (R-Br = CBr3F). Dot and dashed lines show spectra of
the individual DABCO and R-Br solutions, respectively. Insert:
spectra of the complex obtained by the subtraction of the absorption
of components from the spectra of their mixtures.
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Table 1. Experimental characteristics of the [R-Br, DABCO]
complexes.?

R-Br A, nm &, 103 M1cm1 K, M1
CBr3H 288 2.8 0.2
CCl3Br 290 5.0 0.9
CBr3CONH; 295 1.7 1.0
CBrs3F 300 4.8 1.1
CBr3COCBrs3 320 3.0 1.9
CBrgP 313 2.5 3.7
CBr3NO; 290 6.0 7.5
CBrsCN 292 7.2 7.8
BrSIMP 253 16.4 424
BrSACP 224 c c
Br; 295 C C

[a] In CH3CN, 22°C. [b] Ref. [9]. [c] Quantitative measurements
of complex formation were hindered by side reactions.

Slow evaporation or cooling of the solutions containing R—Br
electrophiles and DABCO resulted in formation of co-crystals
suitable for single-crystal X-ray structural measurements.* For
example, when a solution of DABCO and CBrsNO; in chloroform
was cooled from room temperature to 0° C, yellow crystals
developed. X-ray structural analysis revealed that the DABCO
and CBrsNO, moieties form zigzag chains (Figure 2).

Co-crystallization of DABCO with CHBr3, CBrsCONH, or CBrCls
molecules resulted in the formation of similar chains (Figures S8
in the ESI). In the crystals with tribromoacetamide or
bromoform, however, each DABCO molecule forms a halogen
bond with one of its neighbors and a hydrogen bond with
another electrophile. In the co-crystals of DABCO with CBrCls,
the molecules of the electrophile are partially disordered, so the
bromine substituent shares the positions that are halogen-
bonded to the nucleophiles with one of the chlorine atoms. The
Br---N separations in these chains are listed in Table 2.

In the co-crystals with CBrsF, each DABCO molecule is
bonded to two electrophiles. In turn, the CBrsF molecules are
bonded either to one, two or three DABCO molecules (Figure S8
in the ESI). The increase of the number of nucleophiles bonded
to the CBrsF electrophile is accompanied by an increase of the
XB length from 2.654 A to 2.764 A (Table 2).

Pale-yellow co-crystals of dibromine and DABCO comprised
both components in a 2:1 molar ratio, as well as CH,Cl;, solvate
molecules. Each DABCO molecule is bonded to two Br; electro-
philes (Fig. 3A) and the two short Br---N distances of ~2.16 A
within these complexes are almost equivalent (Table 2).
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Figure 2. XB chains in the CBrsNO;-DABCO co-crystals.
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Table 2. The N-:-Br distances in the R-Br-DABCO co-crystals.?
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R-Br darn, A Rvaw (Reov)®  Refr
CeBroFs° 2.910, 2.894 0.85(1.57) [11a]
CHBr3 2.877 0.85(1.56)  This work
C2BraF, 2.829 0.83(1.53) [11b]
CBrsCONH, 2.772 0.82(1.50)  This work
Br-C=C-CPh; 2.771 2.833 0.82(1.50) [11c]
CClsBr 2.714,2.732 0.80 (1.47) This work
CBry4 2.726, 2.735 0.80(1.47) [9]
CFBr3 2.654, 2.687, 2.735, 0.80(1.47) This work
2.741, 2.758, 2.764,
CBrsNO; 2.543, 2.605 0.76 (1.39)  This work
BrSIM 2.332,2.364,2.347 0.69 (1.27) [10a,b]
BrPIM 2.257,2.322,2.348 0.68(1.25) [10c]
Br, 2.165, 2.166 0.64 (1.17)  This work
DABCO-Br¢  2.130 0.63 (1.15)  This work

[a] Rvaw = dBr--~N/(RBr+RN) and Reov = dBr---N/RNBr, wherq dBr---N is an
average Br---N distance in the complex, Rnsr = 1.85 Al12] js N—Br
covalent bond length, Rs, = 1.85 A and Ry = 1.55 A are van der
Waals radii of Br and N atoms.[23! [b] 1,4-dibromotetrafluoro-
benzene. [c] Fragment of the [DABCO—-Br—DABCO]* analoguous
to the R-Br electrophile in the neutral complexes.

Evaporation of a solution containing a mixture of DABCO
and N-bromosaccharin resulted in the formation of colorless
crystals which comprised [DABCO—-Br—DABCO]* triads (Fig. 3B)
and saccharate counter-ions. The triads (which were apparently
a product of bromonium transfer) are characterized by two
N---Br bond lengths of 2.130 A. Notably, the Br---N distances in
the [Br,-DABCO-Br,] and [DABCO-Br—DABCO]* complexes are
much closer to the N—Br covalent bond length of ~ 1.85 A than
to the van der Waals separation of these atoms of 3.40 A.

The Br--N distances in the XB complexes (Table 2) vary
drastically, ranging from 2.13 A (which is just ~15 % longer than
the N—Br covalent bond) to 2.91 A (which is ~15 % shorter than
the van der Waals separation of the bromine and nitrogen
atoms). Their formation constants change by over three orders
of magnitude (Table 1). To better understand the properties of
these complexes, we performed computations on a series of R-
Br-DABCO adducts. In addition to the above mentioned
complexes, this series included asociates of DABCO with diverse

A

Figure 3. X-ray structures of the [Br,-DABCO-Br;] (A) and
[DABCO-Br-DABCO]* (B) complexes.
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electrophiles (e.g. CHsBr, BrF) as well as some cationic analogues
of [DABCO-Br-DABCO]*, i.e. [Fspyr-Br-DABCO]* and [pyrazine-
Br-DABCO]*. All complexes were optimized via DFT (M06-2X/6-
311+G(d,p)) calculations (see the ESI). The interatomic Br---N
distances, dgr.n, and the interaction energies, A4E, in the
optimized complexes are listed in Table 3.

The calculated Br---N distances show a good correlation with
the experimental values (R2 = 0.94, see Figure S10 in the ESI).
The values of AE show a similar correlation with the free
energies of the complex formation measured in acetonitrile
(Figure S10 in the ESI). Finally, TD DFT computations of the
optimized complexes produced strong absorption bands in the
UV-Vis spectra. The wavelengths and intensities of the
absorption bands’ maxima were reasonably close to the
experimental values. All these data confirmed the reliability of
the characterization of the complexes by the DFT calculations.

Table 3. Characteristics of the calculated complexes.

R-Br dBrmN,a dX”Brcom/ —AE,C Aq,d )pmax,e
A dx..s*P?  klmol!l meé nm
CH3Br(NH;) 3.154 0.99 6.3 8.7 227
CH3Br 3.004 1.00 10.9 15 224
CH,BrF 2.949 1.00 13.7 20 223
CH3Br; 2.891 1.00 16.6 26 238
BrCCH 2.823 1.01 23.4 28 218
CeBryF,f 2.794 0.99 23.8 37 249
C3BraF, 2.785 1.00 24.5 41 249
CHBr3 2.778 1.00 22.3 42 273
CBr3CONH,  2.727 1.01 24.0 54 269
CBrsF 2.717 1.00 26.5 54 290
CBr3COCBr3  2.692 1.01 30.4 58 305
CBrCls 2.677 1.01 27.9 62 266
CBry 2.662 1.01 28.2 68 313
CBr3CN 2.617 1.01 32.5 83 269
CBr3NO; 2.609 1.02 33.1 84 288
CBr(NOy)s 2.511 1.03 43.7 108 335
NBrSIM 2.439 1.04 43.5 129 235
NBrPIM 2.436 1.04 43.8 129 252
Br, 2.350 1.05 53.3 213 303
NBrSAC 2.320 1.06 55.3 190 244
BrCl 2.309 1.06 61.9 221 281
BrF 2.213 1.06 94.9 228 232
DABCO-Br*s  2.138 1.11 139.3 375 257
pyrazine-Br*¢ 2.046 1.19 185.4 457 252
FsPyr-Br*s 1.946 1.39 265.2 580 275

a) Distance between Br atom of R-Br and N atom of DABCO. b)
Ratio of the covalent X-Br bond length in the halogen bonded R-
Br electrophile to that in the individual one (see Table S3 in the
ESI for details). c) AE = Ec— [Er-sr + Ep] + BSSE, where Ec, Er.sr and
Ep are the sum of the electronic and zero-point energies of the
optimized adduct, R-Br and DABCO. d) Charge transfer from
DABCO to R-Br (from NBO analysis). e) Absorption bands
maxima (log € ~ 3, see the ESI) from TD DFT calculations in
acetonitrile. f) 1,4-dibromotetrafluorobenzene. g) Fragment of
a cationic complex analogues to R-Br in the neutral complexes.
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Similar to the experimental values in Table 2, the inter-
atomic dg..n separations in the calculated R-Br-DABCO
complexes in Table 3 cover the whole range from that of typical
intermolecular associates to the traditional covalent bond
length. The decrease of dg...n Was accompanied by a progressive
increase of the interaction strength, a gradual increase of
charge transfer from DABCO to the R-Br electrophile (Fig. 4)
and, in the stronger complexes, by an elongation of the covalent
X-Br bond length (see the dx..s°™/dx...s*P ratios in Table 3). The
close correlation between the dgr..n and log (-4E) values
indicates an essentially exponential dependence of the
interaction energies on the interatomic Br---N distances.

The TD DFT computations indicated that the nature of the
electronic transitions observed in the UV-Vis spectra of the
complexes is changing gradually along with the variation of the
Br--:N distances and charge delocalization. For the weaker
complexes, e.g. [CBrsF-DABCO], the major component of the
intense optical transition involves electron transfer between
the orbitals localized on the DABCO and CFBr; moieties (Fig. 5).
In contrast, the intense optical transition in strong adducts, e.g.
[Br,-DABCO], involves electron movement between the orbitals
delocalized over the whole complex.
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Figure 4. The dependencies of interaction energies (®) and
charge transfer () on interatomic Br---N distances.
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Figure 5. Electronic transitions responsible for the intense

absorption bands in the UV-vis spectra of the [R-Br-DABCO]
complexes.
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In summary, experimental and computational studies on a
series of R-Br-DABCO complexes revealed that at one extreme,
Br---N distances (which were just ~10 % less than the van der
Waals separations), interaction energies and charge transfer
were similar to that typical of intermolecular associates. At the
other endpoint, the series comprised very strong complexes in
which Br---N distances were within 10% of a traditional covalent
N-Br bond and charges were delocalized between R-Br and
DABCO. The series also contains complexes with characteristics
covering the whole range of values, eliminating any large
changes and leaving no substantial gaps between successive
entries. Thus, it demonstrates that the Br--:N bond length and
strength can change gradually from the values characteristic for
intermolecular associates to that typical of a fully developed
covalent bond. This continuum implies an intrinsic link between
the limiting types of bonding and, therefore, the onset of
covalency in intermolecular interactions. The gradual increase
of its contribution results in the transformation of a (relatively
weak) intermolecular interaction into a covalent bond. Finally,
while this study was focused on Br::-N bonding, preliminary data
suggest that analogous continuums also exist for other series of
halogen-bonded complexes (e.g. Br---Br or I--:0). Ultimately, a
gradual transition between intermolecular and covalent C—C
bonds can be imagined based in a series of n-bonded and o-
bonded (ion-)radical dimers.
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