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Isostructural Materials Achieved by Using Structurally Equivalent Donors
and Acceptors in Halogen-Bonded Cocrystals

Dominik Cin¢ié,”! Tomislav Fris¢ié,® and William Jones*!?!

Abstract: We demonstrate the supra-
molecular and structural equivalence
of two halogen-bond donors (I and Br)
and three acceptors (O, NH and S)
through the synthesis of seven isostruc-
tural halogen-bonded cocrystals, in-
volving six different molecules: 1,4-di-
bromo- and 1,4-diiodotetrafluoroben-
zene (donors) and thiomorpholine, thi-
oxane, morpholine, and piperazine (ac-
ceptors). The formation of isostructural
cocrystals indicates how cocrystalliza-

and functional group dissimilarities
that control molecular arrangement in
the solid state. The differences in com-
position between the seven isostructur-
al cocrystals directly affect the strength
and nature of halogen bonds between
their constituents, allowing the system-
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atic variation of cocrystal physical
properties, in particular the melting
point, without affecting their crystal
structure. Replacement of each O or S
halogen-bond acceptor with an NH
group provided an approximate 70°C
increase in melting point, whereas the
replacement of I with Br as the halo-
gen-bond donor lowered the melting
point of the resulting solid by a similar
amount.

tion may be used to overcome shape

Introduction

The steadily growing number of reports on the application
of multicomponent crystals (cocrystals!') as pharmaceuti-
cal,@ optical,”) or synthetic materials has attracted the in-
terest of materials scientists. Their goal is to further under-
stand the principles and methods associated with cocrystal
synthesis. The result is the emergence of reliable strategies
to construct two- and three-component cocrystals,”! using
certain principles of supramolecular chemistry, such as hy-
drogen-bonding hierarchy®® and supramolecular synthons.”!
In addition, novel methods, such as neat®® and liquid-assist-
ed grinding”! have been developed by our group, and
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others,'” as a means of constructing and for screening co-
crystals more efficiently and in a more environmentally
friendly fashion than traditional approaches that involve
cocrystallization from solution. An overview of the currently
available literature on cocrystals reveals that an overwhelm-
ing majority of reported cocrystals have been constructed
through the use of hydrogen bonds as design elements. The
observed bias of crystal engineers towards the hydrogen
bond™ is most likely caused by its exceptional strength and
directionality. However, Resnati and co-workers have re-
cently demonstrated that noncovalent interactions of
strength and directionality comparable to hydrogen bonds
can be achieved via halogen bonding!? involving an elec-
tron-deficient halogen atom and an electron-donating
group.!"”! For this reason, halogen bonding provides an addi-
tional opportunity for the crystal engineer to design func-
tional solid-state architectures.'"¥ Indeed, the potential of
using halogen bonds to construct functional cocrystals has
already been demonstrated in the context of solid-state di-
acetylene polymerization by Lauher and co-workers and in
the context of [242] photodimerization by Metrangolo,
Resnati, and co-workers.'” In comparison to hydrogen
bonds, which usually involve a modest number of acceptor
atoms (typically O or N), the set of halogen-bond acceptors
is larger, encompassing, among others, O, N, S, and Se.ll
With our interest in exploring halogen bonds involving
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atoms heavier than oxygen, we decided to construct cocrys-
tals using tetrafluoro-1,4-diiodobenzene (tfib) as a halogen-
bond donor™” and readily available sulfur-containing mole-
cules 1,4-thioxane (tox) and 1,4-thiomorpholine (tmo) as the
acceptors (Scheme 1a)."¥! We anticipated that cocrystalliza-
tion of tfib with either tox or tmo would result in the forma-
tion of one-dimensional polymer chains of alternating donor
and acceptor molecules, held together by halogen bonds
(Scheme 1b).

ing sense, the construction of almost identical supramolec-
ular architectures by using different molecular building
blocks. In that way, solids with different physicochemical
properties could be systematically constructed following the
same blueprint. The difference in properties of the synthe-
sized materials would then largely be the result of different
strengths of donor--acceptor halogen bonds. The variety of
isostructural solids that could be constructed by this ap-
proach could be further extended by using bromine-based

halogen-bond donors. This is

supported by the similarity of

structural motifs found in co-
a) IAQ?I O/_\S HN/_\S crystals involving either tfib or
-/ _/ 1,4-dibromotetrafluoroben-
F F zene (tfbb).['">"]
tfib tox As a means of exploring the
anticipated isostructurality, we
F F F F attempted the synthesis of tfib
//\ //\ cocrystals with all HN-, O-,
b) I I O\_/S I O\_/S and.S-congene.:rs of. tox z.md
- . - . tmo: morpholine, piperazine,

Scheme 1. Chemical diagrams of: a) reactants employed and b) expected halogen-bonded chain product.

Results and Discussion

Unexpectedly, cocrystallization of tfib with tox and tmo pro-
vided solids that were isostructural. Single-crystal X-ray dif-
fraction revealed that both solids were 1:1 cocrystals of tmo
or tox with tfib, composed of anticipated chains that are
held together via S--I, N-I, and O--1 halogen bonds
(Figure 1). In both cocrystals, molecules of tmo or tox were
situated on a crystallographic center of symmetry, resulting
in a 50:50 disorder of the imino or oxo groups with the thio
group. Isostructurality of the cocrystals indicates that the
ether oxygen atom in (tox)-(tfib) adopts a structural role
equivalent to that of the imino group in (tmo)-(tfib). Fur-
thermore, the disorder of thio with imino or oxo groups sug-
gests that all three groups may exhibit structural equiva-
lence.'”] This is a surprising observation, considering the sig-
nificant differences in size and shape between an oxygen
atom, a sulfur atom, and the two-atom NH group.

The anticipated structural equivalence of these three halo-
gen-bond acceptor groups may permit, in a crystal engineer-

Figure 1. Ball-and-stick representations of a single halogen-bonded chain in the cocrystals of: a) (tfib)-(tmo)

and b) (tfib)-(tox).
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dioxane and dithiane. We also
proceeded to construct corre-
sponding cocrystals using tfbb
(Scheme 2). To maximize the
efficiency of our cocrystal synthesis, we have used grinding
as a method of screening for cocrystal formation. Notably,

donors acceptors
—L— r ' 1
F F / \ / \
HN NH HN S
\ | \/ —/
piperazine tmo
F F

()
)

o} [e} HN

F, F dioxane morpholine
Br—QBr /7 \
s S o) S
£ - j—y —/
tfbb dithiane tox

Scheme 2. The list of halogen bond donors and acceptor molecules uti-
lized to test for structural equivalence of NH, O, and S acceptors and Br
and I donors.

grinding and liquid-assisted
grinding have recently been
demonstrated to be superior to
solution methods in the synthe-
sis and screening for two- and
three-component cocrys-
tals.”??! The ability to synthe-
size both (tfib)-(tmo) and
(tfib)-(tox) cocrystals by grind-
ing together the appropriate
components has been con-
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nents on their own.”! Indeed,
halogen bonding could play an
important role in achieving the
observed isostructurality, since
a previous report on hydrogen-
bonded cocrystals of dioxane,
morpholine, and piperazine

with paracetamol did not
reveal any structural similarity
between the three.’® We find
the observed isostructurality
particularly interesting in cases
of morpholine as the halogen-
bond acceptor (Table1, en-

20 tries 3 and 10). Namely, mor-
pholine can participate in hy-
drogen-, as well as halogen-
bonding interactions, through
its hydrogen-bond acceptor
(O) and donor (NH) sites.
Indeed, an intermolecular N—
H:-O hydrogen bond was pre-
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1000\\JL
= 500 U M
10 40 50
29/°
" 4000
:
= 500 k
M WMWWMJWMWNWW
0 10 20 30 40
20/°
c)
1000+
g SOO\JL\_J
0 LUJMUJ MMJM o
10 20 ! 40 50

20/°

Figure 2. PXRD patterns of: a) tfib; b) grinding product of tfib and tmo and c) grinding product of tfib and

tox.

firmed by X-ray powder diffraction (XRPD). In each case
the product of grinding exhibited an XRPD pattern that was
characteristic of the expected cocrystal (Figure 2). Conse-
quently, XRPD was used as the principal tool to screen for
cocrystal formation via grinding. The formation of a solid
product with an XRPD pattern different than any of the
known polymorphs of the reactant tfib was taken as a proof
of cocrystal formation. The similarity of the XRPD pattern
of the grinding product with the pattern of solid (tfib)-(tmo)
was taken as evidence of isostructurality of the two solids.
Detailed results of all grinding-induced cocrystallization ex-
periments are summarized in Table 1. Entries 1-4 reveal the
formation of isostructural cocrystals of tfib with tox, tmo,
morpholine, and piperazine, confirming the structural equiv-
alence of NH, O, and S groups in halogen bonding. Further-
more, entries 9-11 reveal that cocrystals isomorphous to
(tfib)-(tmo) are also obtained using tfbb as the halogen-
bond donor and tmo, morpholine, or piperazine as accept-
ors. For all cocrystals, isostructurality observed by XRPD
was also confirmed by single-crystal X-ray structure deter-
mination (Table 2). Thus, identical cocrystal architectures
have been achieved in at least seven binary cocrystals, in-
volving six different molecular components.’”) Albeit the
structural differences between utilized acceptors are not ex-
ceptionally large, we find them significant enough to specu-
late that the formation of cocrystals can sometimes help
overcome the differences in shape and functionality that
control the crystal packing properties?®! of cocrystal compo-
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viously observed in a halogen-
bonded cocrystal of morpho-
line.””! Presumably, the ability
to form hydrogen bonds might
provide another structure-di-
recting interaction in cocrystals
of morpholine and so challenge
their isostructurality to (tfib)-(tox). Nevertheless, N—H:-O
hydrogen bonding is not realized in (tfib)-(morpholine) or
(tfbb)-(morpholine), and the two cocrystals retain a struc-
ture identical to (tfib)-(tox), based on N--X and O--X
(where X =Br, I) halogen bonds.

To explore whether the properties of isostructural cocrys-
tals can be systematically varied through exchanging their
components, we have turned to the thermal stability of the
cocrystals. Owing to their isostructurality, the difference in
thermal stability of the cocrystals would result from permu-
tations of different halogen bonds (i.e. N--I, O-1, S-1,
N---Br, O--Br, and S---Br bonds). This expectation is encour-
aged by the general observation, made by Metrangolo and
co-workers, that differences in melting points of halogen-
bonded cocrystals reflect the relative strengths of halogen
bonds between cocrystal constituents.”® In particular, coc-
rystals with brominated fluorocarbons and iodinated hydro-
carbons were found to have a lower melting point than the
ones involving iodinated fluorocarbons. Differential scan-
ning calorimetry (DSC) analysis of the synthesized cocrys-
tals revealed that each cocrystal exhibited a different ther-
mal stability. In particular, the melting points of all tfbb co-
crystals are lower than for the corresponding tfib analogues.
Since halogen bonds with bromine are typically weaker than
those involving iodine,?! this observation illustrates how
halogen-bond strength can be applied to manipulate the
thermal behavior of isostructural cocrystals. On the other
hand, the comparison of the melting points of isomorphous
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Table 1. Results of mechanochemical cocrystallization experiments and
melting points of obtained products.

Entry Donor Acceptor Cocrystall®! Melting
point [°C]

1 tfib s o yest? 5414
—/

2 tfib w0\ yest 133
—/

3 tfib % yesl® 134
—/

4 tfib W yes!? 190!
—/

5 tfib o o yesl®d -
/

6 tfib AN yes'd 112
—/

7 tfib NN yes' 1981
7

8 tfbb s 0 no -
—/

9 tfbb w s yes! 54
/

10 tfbb o yest? 594l
—/

1 tfbb Wanw yest! 116
—/

12 tfbb o Ie) no -
/

13 tfbb s S no -
—/

14 tfbb N’/\/‘N yesl 107
7

[a] Cocrystal is isomorphous to (tfib)-(tox). [b] Cocrystal rapidly decom-
poses in air. [c] Cocrystal is not isomorphous to (tfib)-(tox). [d] Melting is
accompanied with decomposition.

cocrystals also allows conclusions to be made about the rela-
tive strengths of N--X, O--X, and S--X (with X=Br, I)
bonds. Namely, replacement of either one oxygen or one
sulfur atom in the structure of (tfib)-(tox) with an NH group
results in an increase in the melting point of approximately
80°C (Table 1, entries 1-3). Further replacement of the re-
maining O or S atom with an imino group provides an addi-
tional 60°C increase in the melting point (Table 1, entry 4).
A similar relationship is observed for cocrystals of tfbb
(Table 1, entries 9-11). The observed differences suggest
that the O--I and S--I interactions are of similar strengths,
whereas the N--I bond is considerably stronger, consistent
with previous observations.”® To ascertain that the observed
differences in cocrystal melting point are due to the strength
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of the N--I bond, rather than an overlooked effect related
to the presence of the imino hydrogen atom, we have con-
structed the cocrystals of both tfib and tfbb with 1,4-
diazabicyclo[2.2.2]octane (dabco) (Table 1, entries7 and
14).”1 Although (tfib)-(dabco) and (tfbb)-(dabco) cocrystals
are not isomorphous with (tfib)-(tox) (Table 2),5” they con-
sist of similar halogen-bonded chains, but lack the imino hy-
drogen atom (Figure 3).

The observed melting points of (tfib)-(dabco) and (tfbb)-
(dabco) are very similar to the melting points of the corre-
sponding piperazine cocrystals, indicating that the observed
increases in melting point are the result of different relative
strengths of the N---I, O--I, and S---I bonds, and that the role
of the imino hydrogen atom is, at best, minor.

Although the imino hydrogen atom is probably not a de-
termining factor in controlling thermal properties of the co-
crystals synthesized, it may nevertheless play a significant
role in steering the formation of identical structures. This is
suggested by the differences between the structures of
(tfib)-(tmo) (representative of seven isostructural cocrystals)
and the cocrystal of tfib with dioxane (Table 2). In (tfib)-
(tmo) the hydrogen atom of the imino group occupies the
equatorial position on the six-membered ring of the halo-
gen-bond acceptor tmo. In that conformation, the halogen-
bond donor (i.e. the I or Br atom of tfib or tfbb, respective-
ly) must approach the trisubstituted imino nitrogen atom of
tmo through the axial position (Figure 4a). In case of (tfib)-
(dioxane), the halogen-bond acceptor atom is a disubstituted
ether oxygen, and tfib molecules can approach the dioxane
ring from sterically less hindered equatorial positions. These
differences in halogen-bonding geometry suggest that the
covalently bonded imino hydrogen atom is a sterically more
demanding substituent than the halogen-bonded iodine
atom. As a result, an imino group directs halogen-bond for-
mation through the axial position, facilitating the formation
of a cocrystal isostructural to (tfib)-(tmo). However, al-
though the presence of an imino group is likely to be impor-
tant for the formation of a structure similar to (tfib)-(tmo),
it is not essential, as illustrated by the cocrystal of tfib with
tox.

Conclusion

In summary, we have established that three distinct halogen-
bonding acceptors: O, S, and NH groups, can exhibit identi-
cal structural behavior. In combination with two structurally
equivalent halogen-bond donors iodine and bromine, these
acceptors provide a means to construct a variety of isostruc-
tural solids.”! In particular, we have obtained seven iso-
structural cocrystals through different pairing of six different
halogen-bonding components: tfib, tfbb, tmo, tox, pipera-
zine, and morpholine. To the best of our knowledge, iso-
structurality encompassing such a large number of com-
pounds and solids has not yet been observed in molecular
solids,®'*% with the obvious exception of lattice host inclu-
sion compounds.*?*?Y However, in lattice host inclusion

Chem. Eur. J. 2008, 14, 747-753


www.chemeurj.org

Isostructural Halogen-Bonded Cocrystals

Table 2. Principal crystallographic parameters of all cocrystals characterized by single-crystal X-ray diffrac-

tion.

FULL PAPER

properties of the cocrystal
without changes to its supra-

Cocrystal Crystal system,

space group

Unit cell parameters ([A], [°])

molecular architecture. This is
exemplified by the cocrystal

(tfib)-(tox) tri_clinic, a=>5.3461(2); b=06.1306(3); c=10.7131(5); melting point that varied from
P41 o a:90.110(2); ﬂ:93987(2), y:100688(2) 55 oC for (tfbb)(tmo) to 195 oC
(tfib)-(tmo) tr{cllnlc, a=5.3592(1); b=6.1210(2); c=10.6330(3); ‘ tfib)-(pi K In th
Pi @=90.470(2): B=95.167(2); y = 100.205(2) or (tfib)-(piperazine). In the
(tfib)-(morpholinc) triclinic, a=53012(1); b=6.0926(2); c=103171(3); context of materials design, we
P P1 a=90.587(2); =97.132(2); y =99.809(2) notice that the isostructurality
(tfib)-(piperazine) triclinic, a=5.27717(2); b=6.0948(2); c=10.3019(3); of the seven cocrystals also en-
Pl @ =90.851(2); f=96.934(2); y =99.1130(10) ables further fine-tuning of the
(tfbb)-(tmo) triclinic, a=5.2826(3); b=5.9859(4); c =10.5152(6); : gott
P a=93.304(3); f=95.141(3); y =100.653(3) properties of the solids,
. triclinic, a=5.1405(2); b=5.8904(2); c =10.2902(4); through the formation of solid
tfbb)-(morpholine -
(tfbb)-(morp ) P1 a=93.408(2); =95.712(2); y =99.554(2) solutions.**! That pure cocrys-
. . triclinic, a=5.1235(1); b=5.9063(2); c=10.2851(4); .
(tfbb)-(piperazine) Pl 1 —93.385(2): f—95.970(2): y—98.947(2) tal ctoinp:)ne?ts adgpt tfllffere;l(;
(tfib)(dioxane) triclinic, a=43981(1); b=6.4612(2); c=12.1120(4); crys 25 25 ructures m the sol
P1 a=81.976(1); f=88.002(1); y =81.159(1) state/>20] suggests isostructural-
(tfib)-(dabco) triclinic, a=6.8112(1); b=10.8944(2); c=11.4157(2); ity is facilitated by cocrystalli-
el 6004801y, o 10354702y 220goy;  2tion and halogen-bond for
riclinic, a=6. ; b=10. ;e=12. ; .
(tfob)-(dabeo) P a—102.983(1); f=102.568(1); y—105.033(1)  mation. To understand how

a)

b)

Figure 3. Ball-and-stick representations of a single halogen-bonded chain: a) (tfib)-(dabco) and b) (tfbb)-

(dabco) cocrystal.

a)

it o8 A
s SA
1,:’%?\(’ w.;;;;\’%

I - equatorial .
b) __—%i_';-OQ

equatol

Figure 4. Wireframe representations of halogen-bonded chains in: a)
(tfib)-(tmo) and b) (tfib)-(dioxane), displaying the differences in halogen-
bonding geometry.

compounds isostructurality is achieved by introducing
changes to a loosely bound guest molecule, leaving the over-
all host structure largely intact.””? In the cases reported
here, changes to cocrystal components modify the halogen
bonds that support the supramolecular architecture of the
cocrystal. As a result, we were able to systematically modify
the strength of the halogen bond, and alter the thermal
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halogen bonding might help
overcome shape and function-
ality differences between indi-
vidual cocrystal components,
we are now exploring further
halogen-bonded cocrystal sys-
tems.

Experimental Section

General considerations: All materials
were commercially available from
Sigma-Aldrich Chemical Co. and
were used without purification. In a
typical grinding experiment, either
tfib or tfbb (200 mg) were placed in a
stainless steel grinding jar (10 mL),
along with an equimolar amount of
the halogen-bond acceptor. No addi-
tional liquid was used in case of liquid acceptors, whereas for dithiane
and piperazine 50 pL of nitromethane were added to the grinding mix-
ture before the experiment. Two stainless steel balls of 7 mm radius were
used for grinding, that was performed for 30-40 min on a Retsch MM200
grinder mill. Typically, the mill operated at a frequency of 30 Hz. CCDC-
649667-CCDC-649676 contain the supplementary crystallographic data
for (tfib)-(tmo), (tfib)-(tox), (tfib)-(morpholine), (tfib)-(piperazine),
(tfib)-(dioxane),  (tfib)-(dabco),  (tfbb)-(tmo), (tfbb)-(morpholine),
(tfbb)-(piperazine), and (tfbb)-(dabco), respectively, this paper. These
data can be obtained free of charge The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Details of single
crystal growth from solution for each experiment are provided as Sup-
porting Information, along with experimental and simulated XRPD pat-
terns, and DSC thermograms for all relevant materials.

Mechanochemical synthesis of (tfib)-(tmo): tfib (200 mg, 0.50 mmol) was
placed in a 10-mL stainless steel grinding jar along with tmo (51 pL,
52 mg, 0.51 mmol) and two 7 mm-diameter stainless steel grinding balls.
The mixture was then milled for 30 min in a Retsch MM200 Shaker Mill.
Analysis of the solid product by XRPD indicated complete conversion of
the starting materials to (tfib)-(tmo).

Mechanochemical synthesis of (tfib)-(tox): tfib (200 mg, 0.50 mmol) was
placed in a 10-mL stainless steel grinding jar along with tox (47 pL,
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52 mg, 0.50 mmol) and two 7 mm-diameter stainless steel grinding balls.
The mixture was then milled for 30 min in a Retsch MM200 Shaker Mill.
Analysis of the solid product by XRPD indicated complete conversion of
the starting materials to (tfib)-(tox).

Mechanochemical synthesis of (tfib)-(morpholine): tfib (200 mg,
0.50 mmol) was placed in a 10-mL stainless steel grinding jar along with
morpholine (44 pL, 44 mg, 0.51 mmol) and two 7 mm-diameter stainless
steel grinding balls. The mixture was then milled for 30 min in a Retsch
MM200 Shaker Mill. Analysis of the solid product by XRPD indicated
complete conversion of the starting materials to (tfib)-(morpholine).

Mechanochemical synthesis of (tfib)-(dioxane): tfib (200 mg, 0.50 mmol)
was placed in a 10-mL stainless steel grinding jar along with dioxane
(45 uL, 47 mg, 0.53 mmol) and two 7 mm-diameter stainless steel grinding
balls. The mixture was then milled for 30 min in a Retsch MM200 Shaker
Mill. Analysis of the solid product via XRPD indicated incomplete con-
version of the starting materials to (tfib)-(dioxane). According to relative
intensities of XRPD peaks of reactant and product, using larger amount
of dioxane led to a higher yield of the cocrystal. Upon standing at room
temperature the obtained cocrystal decomposed to tfib within 15 min.!

Mechanochemical synthesis of (tfib)-(piperazine): An equimolar mixture
of tfib (164 mg, 0.41 mmol) and piperazine (36 mg, 0.41 mmol) was
placed in a 10-mL stainless steel grinding jar, along with nitromethane
(50 uL) and two 7 mm-diameter stainless steel grinding balls. The mixture
was then milled for 60 min in a Retsch MM200 Shaker Mill. Analysis of
the solid product by XRPD indicated complete conversion of the starting
materials to (tfib)-(piperazine).

Mechanochemical reaction of tfib and ditihiane: tfib (150 mg, 0.37 mmol)
was placed in a 10-mL stainless steel grinding jar along with dithiane
(23 mg, 0.19 mmol), nitromethane (50 puL), and two 7 mm-diameter stain-
less steel grinding balls. The mixture was then milled for 45 min in a
Retsch MM200 Shaker Mill. Analysis of the solid product by XRPD indi-
cated complete conversion of the starting materials to a yet unidentified
product. Repeating the reaction with different stoichiometric amounts of
the two components suggests the product is a cocrystal of composition
(tfib),-(dithiane).

Mechanochemical synthesis of (tfib)-(dabco): An equimolar mixture of
tfib (156 mg, 0.39 mmol) and dabco (44 mg, 0.39 mmol) was placed in a
10-mL stainless steel grinding jar, along with nitromethane (50 uL) and
two 7 mm-diameter stainless steel grinding balls. The mixture was then
milled for 60 min in a Retsch MM200 Shaker Mill. Analysis of the solid
product by XRPD indicated complete conversion of the starting materi-
als to (tfib)-(dabco).

Mechanochemical synthesis of (tfbb)-(tmo): tfbb (200 mg, 0.65 mmol)
was placed in a 10-mL stainless steel grinding jar along with tmo (66 uL,
68 mg, 0.66 mmol) and two 7 mm-diameter stainless steel grinding balls.
The mixture was then milled for 30 min in a Retsch MM200 Shaker Mill.
Analysis of the solid product by XRPD indicated complete conversion of
the starting materials to (tfbb)-(tmo).

Attempt of mechanochemical synthesis of (tfbb)(tox): tfbb (200 mg,
0.65 mmol) was placed in a 10-mL stainless steel grinding jar along with
tox (63 puL, 70 mg, 0.67 mmol) and two 7 mm-diameter stainless steel
grinding balls. The mixture was then milled for 30 min in a Retsch
MM200 Shaker Mill. Analysis of the solid product by XRPD revealed
only the presence of solid tfbb.

Mechanochemical synthesis of (tfbb)-(morpholine): tfbb (200 mg,
0.65 mmol) was placed in a 10-mL stainless steel grinding jar along with
morpholine (60 pL, 60 mg, 0.69 mmol), acetonitrile (20 pL), and two
7 mm-diameter stainless steel grinding balls. The mixture was then milled
for 40 min in a Retsch MM200 Shaker Mill. Analysis of the solid product
by XRPD indicated complete conversion of the starting materials to
(tfbb)-(morpholine).

Attempt of mechanochemical synthesis of (tfbb)-(dioxane): tfbb (200 mg,
0.65 mmol) was placed in a 10-mL stainless steel grinding jar along with
dioxane (60 pL, 62 mg, 0.70 mmol) and two 7 mm-diameter stainless steel
grinding balls. The mixture was then milled for 30 min in a Retsch
MM200 Shaker Mill. Analysis of the solid product by XRPD indicated
only the presence of solid tfbb.
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Mechanochemical synthesis of (tfbb)-(piperazine): tfbb (120 mg,
0.39 mmol) was placed in a 10-mL stainless steel grinding jar along with
piperazine (34 mg, 0.39 mmol), nitromethane (50 pL), and two 7 mm-di-
ameter stainless steel grinding balls. The mixture was then milled for
30 min in a Retsch MM200 Shaker Mill. Analysis of the solid product by
XRPD indicated complete conversion of the starting materials to
(tfbb)-(piperazine).

Attempt of mechanochemical reaction of tfbb and dithiane: tfbb
(130 mg, 0.42 mmol) was placed in a 10-mL stainless steel grinding jar
along with dithiane (51 mg, 0.43 mmol), nitromethane (50 uL), and two
7 mm-diameter stainless steel grinding balls. The mixture was then milled
for 40 min in a Retsch MM200 Shaker Mill. Analysis of the solid product
by XRPD indicated only the presence of solids tfbb and dithiane.

Mechanochemical synthesis of (tfbb)-(dabco): ttbb (130 mg, 0.42 mmol)
was placed in a 10-mL stainless steel grinding jar along with dabco
(48 mg, 0.43 mmol), nitromethane (50 pL), and two 7 mm-diameter stain-
less steel grinding balls. The mixture was then milled for 40 min in a
Retsch MM200 Shaker Mill. Analysis of the solid product by XRPD indi-
cated complete conversion of the starting materials to (tfbb)-(dabco).
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