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Mechanistic Insights into a Gas—Solid Reaction in Molecular Crystals:

The Role of Hydrogen Bonding**
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Michela Brunelli, Kenneth Shankland, and Lee Brammer*

Reactions in (molecular) organic crystalline solids have been
shown to be important for exerting control that is unattain-
able over chemical transformations in solution."”! Such
control has also been achieved for reactions within metal—
organic cages.[! In these examples, the reactants are already
in place within the crystals following the original crystal
growth. The post-synthetic modification of metal-organic
frameworks (MOFs)®! and indeed reactions and catalysis
within MOFsP*<®! have been recently demonstrated; in these
cases the reactants enter the crystals through permanent
channels. Another growing area of interest within molecular
solid-state chemistry is synthesis by mechanical co-grinding of
solid reactants—often referred to as mechanochemistry.":*!
Finally, in a small number of reported examples, molecules
also have been shown to enter nonporous crystals directly
from the gas or vapor phase,” ! but in only a few of these
examples does a change in covalent bonding result, which
indicates that a reaction occurs within the nonporous
crystals."" " Tt is this latter type of highly uncommon reaction
that is the focus of the present study.

Collectively, these classes of reactions, which involve what
may be loosely termed the “molecular solid state” that
encompasses coordination polymers and metal-organic
frameworks,'? have contributed to the growth of what is
clearly becoming a hugely important new area of materials
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synthesis.'¥) However, in stark contrast to well-established
solution-phase syntheses, mechanistic information on molec-
ular-solid-state reactions is at present extremely limited,""
and is entirely absent in most cases. This lack of information
reflects not only the infancy of the field of reactions and
synthesis in the molecular solid state, but also the challenges
faced in either the experimental determination or computa-
tional modeling of reaction (and transport) mechanisms.

We provide herein a mechanistic insight into a reaction
that takes place in a crystalline molecular solid. We describe
the reaction of HCI gas with nonporous molecular crystals of
trans-[CuBr,(3-Brpy),] 1 (3-Brpy = 3-bromopyridine) to give
the crystalline product (3-BrpyH),[CuBr,Cl,] 2. The reaction
involves cleavage of Cu—N and H—Cl bonds and formation of
new Cu—Cl and N—H bonds. The product has been structur-
ally characterized by X-ray powder diffraction, wherein
Rietveld refinement has enabled distinction to be made
between chloride and bromide sites (X) of the anion. The
nonrandom distribution of halide sites observed provides the
mechanistic insight and, specifically, points to the directing
role of hydrogen-bonding interactions (and to a lesser extent
the halogen-bonding interactions) that are formed in the
product.

A sample of 1 was prepared in quantitative yield as a
green microcrystalline solid by direct reaction of CuBr, with
3-bromopyridine in MeOH. The crystal structure of 1 was
determined from experimental X-ray powder diffraction data
using simulated annealing methods followed by Rietveld
refinement and confirms that 1 is isostructural with the
previously reported trans-[CuCl,(3-X'py),] compounds (X' =
Cl, Br)."? The crystal structure of 1 contains molecules of
trans-[CuBr,(3-Brpy),], in which the Cu" centers adopt a
square-planar coordination geometry. The molecules interact
through well-defined C—Br--Br—Cu halogen bonds between
the bromopyridyl and bromide ligands of neighboring mol-
ecules.'” These interactions involve all bromine atoms.
Previously, we have shown that microcrystalline trans-[CuCl,-
(3-Clpy),] and trans-[CuCl,(3-Brpy),] react directly with
either dry HCI gas or vapors from concentrated aqueous
HCI to give the salts (3-ClpyH),[CuCl,] and (3-BrpyH),-
[CuCl,], respectively, as crystalline products."'**! However,
without isotopically labeling the chlorine atoms, it is not
possible to extract mechanistic information since the chloride
ligands in the reactants are indistinguishable from those in the
products.

In the present study, we sought to overcome this problem
by making use of the similarity in size and chemical behavior
of Cl and Br to effect a labeling experiment. Thus, in separate
experiments, 1 was exposed to dry HCI gas (3 days) or to
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vapor from concentrated aqueous HCl (4 days). A color
change of the solid from green to brown was observed in each
case (Figure 1).

The crystallinity of the product was established and its
phase purity examined by X-ray powder diffraction for both

aqueous
HCI vapor

Figure 1. Reaction of green microcrystalline trans-[CuBr,(3-Brpy),] 1
with HCl to yield brown microcrystalline (3-BrpyH),[CuX,] 2 (X=ClI
and/or Br).

reactions with HCI. The results indicate close to quantitative
conversion to a material that is isostructural with the salt
(3-BrpyH),[CuCl,]. Rietveld refinement was undertaken for
both products, starting from a structural model derived from
the crystal structure of (3-BrpyH),[CuCl,] by replacing the
four chloride ligands by atomic sites each with a chloride/
bromide population ratio of 50:50 (Figure 2). The total
population for each site was constrained to unity during
structure refinement, but the Cl/Br ratio was allowed to refine
and ClI and Br positions were not constrained to be identical.
The products of both reactions consistently showed
a composition that was in agreement with the formula
(3-BrpyH),[CuBr,Cl,] 2, thus indicating the addition of
two equivalents of HCI per molecule of 1. This determination
is significant since it indicates that Br is not lost during the
reaction and that therefore most probably the original
bromide sites are not replaced by chloride. Most significant,

HCl(g)
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Figure 2. Crystal structures of 1 and 2. Copper atoms and halide
ligands are shown in red, bromine substituents in green, and pyridyl/
pyridinium rings in blue. Dotted lines represent N—H---X—Cu hydrogen
bonds and C—Br---X—Cu halogen bonds. Observed (blue) and calcu-
lated (red) profiles and difference plot (Iops—Icaica; gray) of the Rietveld
refinement of compounds 1 (top; 26 range 4.0-70.0°; max. resolution
1.34 A) and 2a (bottom; 20 range 4.0-75.0°; max. resolution 1.27 A).

Angew. Chem. Int. Ed. 2010, 49, 8892 -8896

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
intermationalaion . CEITIE

however, is that the distribution of the halide sites within the
anions is not random. Furthermore, the atomic populations at
each of the four halide sites are consistent between the
products of reaction with aqueous HCIl vapor (2a) and
reaction with dry HCI gas (2b). Specifically, one of the four
sites is rich in chloride (ca.67:33 Cl/Br) and one is highly
deficient (ca. 17:83 Cl/Br), whereas the other two sites have
slightly elevated chloride populations (Cl 55-62%; Br 45—
38 %; Figure 3).

20.7(6) % CI 13.3(4) % CI

61.7(6) % CI

57.3(7) % Cl
! 1 57.7(5) % Cl

{ 54.6(7) % CI

2a: product with aq HCI(g)

2b: product with dry HCI(g)

Figure 3. Experimentally determined occupancies for Cl at the halide
ligand sites in 2. Percentage occupancies for Br can be calculated by
(%Br=100—%Cl). N—H---X—Cu hydrogen bonding between cations
and anions is shown as dotted lines. C—Br---X—Cu halogen bonding
(not shown) is also present in the crystals at the two halide sites with
highest Cl occupancy. See Figure 2 for color codes.

These structure determinations provide important insight
into the mechanism of the reaction between crystalline 1 and
gaseous HCI. Specifically, the Cl/Br distribution found in the
anions implicates a mechanism in which insertion of HCl into
the Cu—N bonds of 1 to give (3-BrpyH),[CuBr,Cl,] is
followed by reorientation of the anions to result in the
structurally observed distribution of chloride and bromide
ligands found in 2 (Scheme 1). This distribution can be
rationalized based upon the relative strengths of intermolec-
ular interactions involving chloride and bromide ligands, thus
competition exists between N—H:--Cl-Cu and N—H--Br—Cu
hydrogen bonds, and between C—Br--Cl—Cu and C—Br--Br—
Cu halogen bonds. Both types of interaction are strongly
electrostatically driven and in both cases the interaction
formed with the chloride ligand will be stronger because of its
greater accumulation of negative charge and therefore more

negative electrostatic potential.l'”!¥!

Insertion of HCI into
Cu-N bonds
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Scheme 1. Sequential steps in the mechanism of the gas—solid reac-
tion between HCl and 1, emphasizing the enthalpic influence of
hydrogen bonding on the anion orientation. The two halide sites
shown as equivalent in this model can be further distinguished by
accounting for halogen-bond formation (not shown).
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Three of the four halide sites in the anions are involved in
hydrogen bonding to the 3-bromopyridinium ions: one site is
involved in two bifurcated hydrogen bonds and two sites
participate in one part of a bifurcated hydrogen bond
(Figure 3). Greater participation in hydrogen bonding corre-
lates with increased Cl population at that site, or considering
individual [CuBr,CL]*" ions in the structure, a larger propor-
tion adopt orientations that place chloride ligands in the sites
with greater involvement in hydrogen bonding."! Thus, it can
be argued that there is an enthalpic driving force for a halide
site distribution that is approximated by the average of the
two products of anion reorientation shown in Scheme 1,
suggesting Cl populations of 100, 50, 50, and 0%. However,
entropic forces would favor a random distribution that leads
to 50 % of each halide at each site. The observed distribution
should result from minimizing the free energy, which accounts
for these two competing influences. Based upon consideration
only of hydrogen bonding, a “symmetric” distribution of
halide sites would be anticipated in which there is one site
with the highest Cl content, two sites with a lower but equal Cl
content, and one site with the lowest Cl content. However,
two of the halide sites also serve as halogen-bond acceptors
that form C—Br--X—Cu halogen bonds involving neighboring
cations (Figure 2). Such interactions are also expected to be
enthalpically favored on electrostatic grounds for X = Cl over
X =Br.'8l Accordingly, the two sites involved in halogen
bonds have the highest Cl populations of approximately 67
and 57-62% and indeed the rank order of the four sites in
terms of Cl population correlates with the total number of
strong intermolecular interactions formed, either hydrogen
bond or halogen bond (Table 1).

Table 1: Relationship between intermolecular interactions at the anion
and the Cl/Br ratio at the halide sites.

Halide Cl% Br % No. of No. of HB
sitel? hydrogen halogen +
bonds bonds XB
(HB) (XB)
1 67.4(7) [2a] 326(7) [2a]; 2 1 3
67.3(5) [2b] 32.7(5) [2b]
2 57.3(7) [2a];  42.7(7) [2a]; 1 1 2
61.7(6) [2b] 38.3(6) [2b]
3 54.6(7) [2a];  45.4(7) [2a]; 1 0 1
57.7(5) [2b] 42.3(5) [2b]
4 20.7(6) [2a]; 79.3(6) [2a]; O 0 0
13.3(4) [2b] 86.7(4) [2b]

[a] Rank order by Cl occupancy.

We have previously established that the related reaction
between trans-[CuCl,(3-Clpy),] and HCI to produce (3-
ClpyH),[CuCl,] is a gas-solid equilibrium reaction.!"®! It is
reasonable to assume that the reaction of 1 with HCl gas
proceeds in an analogous manner given the isostructural
relationship between reactants 1 and trans-[CuCl,(3-Clpy),],
and between products 2 and (3-ClpyH),[CuCl,]. Thus, given
this equilibrium behavior, it is instructive to consider the
implication that the product 2 is formulated as containing
[CuBr,CL]*" ions. This formulation indicates that under the
reaction conditions used (or over the reaction period studied),
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only HCI gas is released, rather than a mixture of HCI and
HBr, in the reverse reaction that contributes to the equilib-
rium. Possible thermodynamic (enthalpic) explanations for
this somewhat unexpected conclusion are that Cu—Br bonds
are stronger than Cu—Cl bonds in the bond-breaking con-
tribution, or that H-Br bonds are weaker than H—Cl bonds in
the bond-forming step. Although the latter assertion is
consistent with the observed behavior, the former is not
consistent, as Cu—Br bonds are expected to be weaker than
Cu—Cl bonds.™ A simpler explanation based on a kinetic
argument could be that the larger HBr molecule cannot
escape the crystals as readily as HCl. Such a possibility is
under further investigation.

There is no doubt that mechanistic information will be of
great value in fully developing and exploiting the synthesis of
new crystalline molecular materials. The great challenge will
be designing, and even developing experimental techniques
to extract mechanistic information. The present study was
designed to probe the mechanism through recognition that
the behavior of Cl and Br is sufficiently similar that the
product (3-BrpyH),[CuX,] could be anticipated based upon
our earlier studies on reactions of trans-[CuCl,(3-Clpy),] and
trans-[CuCl,(3-Brpy),] with HCI gas. However, since Cl and
Br exhibit sufficiently different X-ray scattering power, high-
quality powder X-ray diffraction data can be used to detect
the presence of each anion, even when populating a common
site in the crystal structure. In effect, this can be considered as
a type of labeling experiment, which is a common approach in
investigating mechanisms of solution-phase reactions,
although isotopic labeling is more common. The structural
information established herein has enabled us to postulate a
mechanism in which insertion of HCl into the Cu—N bonds of
1 is followed by reorientation of the anions in the product 2.
The reorientation is driven by formation of the strongest
hydrogen bonds and supported by maximizing stronger
halogen-bond formation, in both cases by increasing the
preference for chloride over bromide at the sites of such
intermolecular interactions. Current studies are focused upon
developing our understanding of reaction mechanisms in
molecular crystals including bond-breaking and forming
steps, and transport within the crystals.

Experimental Section

Crystal syntheses and gas—solid reactions: All reagents were pur-
chased from Aldrich, Lancaster, or Avocado and used as received.
HCI gas was purchased from BOC (grade N2.6, 99.6% HCI; H,0
content < 10 ppm). Compound 1 was synthesized in quantitative yield
as a green microcrystalline solid by combining methanolic solutions of
CuBr, and 3-bromopyridine. Exposure of 1 to vapors of concentrated
aqueous HCI (32%) resulted in conversion to compound 2a as a
microcrystalline solid and was accompanied by a color change from
green to brown (see Figure S1 in the Supporting Information). The
reaction was allowed to occur over a period of 4 days to ensure
completion. Exposure of 1 to dry HCI gas resulted in conversion to
compound 2b as a microcrystalline solid and was accompanied by a
color change from green to brown within minutes (see Figure S2 in
the Supporting Information). The reaction was allowed to continue
for 3 days to ensure completion. Full details of syntheses and gas-solid
reactions can be found in the Supporting Information.
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X-ray powder diffraction: All polycrystalline samples were lightly
ground in an agate mortar and pestle and placed in 0.7 mm glass
capillaries. Diffraction data for 1 were collected on a Bruker-AXS D8
Advance powder diffractometer at room temperature using Cu K,
radiation (1 =1.54056 A). Measurements were made in the 20 range
3-30° for indexing and structure solution, and in the 26 range 4-70°
for Rietveld refinement employing a variable count time (VCT)
scheme.?!! The diffraction pattern was indexed using DICVOL91™!
to a monoclinic cell [F(19)=56.1, M(19) =118.6] and space group
P2,/c was assigned from volume considerations and a statistical
consideration of the systematic absences. The datasets were back-
ground-subtracted for Pawley refinement®! and for structure solution
using the simulated annealing (SA) global optimization procedure,
described previously,™ that is now implemented in the DASH
computer program.”™ The solved structure was refined against the
4-70° dataset using a restrained Rietveld method™ as implemented
in TOPAS,”" with final R,, of 0.0435, R, =0.0857 (see Figure S3 in
the Supporting Information). For 2a, X-ray diffraction data were
collected (3 <260 <75°; VCT) on a Bruker-AXS D8 Advance powder
diffractometer at room temperature using Cu K, radiation. Follow-
ing indexing and assignment of space group P1, Rietveld refinement
was initiated using as a starting model the isostructural
(3-BrpyH),[CuCl,],""¥ but enabling partial occupancy of both Cl
and Br at all four halide ligand sites. Final occupancies of the four
halide ligand sites obtained were Cl/Br: 67.4:32.6(7); 57.3:42.7(7);
54.6:45.4(7); 20.7:79.3(6), with final R, of 0.0409, R, =0.1175 (see
Figure S4 in the Supporting Information). For 2b, X-ray diffraction
data were collected (0 <260 <40°) at room temperature on beam line
1D31® at the European Synchrotron Radiation Facility (ESRF),
Grenoble, France using A=0.93369(3) A. A continuous scan mode
(10°min~" for 56 min) was employed and the capillary was translated
to seven different positions (14 scans in total) to avoid sample
degradation. Following indexing and assignment of space group P1,
Rietveld refinement was initiated using 2a as a starting model and
enabling partial occupancy of both Cl and Br at all four halide ligand
sites. A small amount of remaining 1 present required a two-phase
mixed Rietveld-Pawley refinement to be conducted. This Pawley
refinement of compound 1 was included to improve the overall fit to
the pattern and enable more accurate determination of the occupan-
cies of the halide sites in compound 2b. Final occupancies of the four
halide ligand sites obtained were Cl/Br: 67.3:32.7(5); 61.7:38.3(6);
57.7:42.3(5); 13.3:86.7(4), with final R, of 0.0837, R, =0.1482 (see
Figure S5). Powder diffraction studies are described in full detail in
Supporting Information. CCDC 778567 (1), 778568 (2a), and 778569
(2b) 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.
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