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ABSTRACT: The nonfluorinated parent dibenzalacetone 1 as well as the corresponding penta-
(2) and decafluorinated (3) derivative compounds were prepared, crystallized, and subjected to
co-crystallization experiments. Only 3 yielded a 1:1 co-crystal with 1, while 2 did not form co-
crystals with either 1 or 3. Powder X-ray diffraction patterns were determined to verify the co-
crystallization experiments. The influence of the fluorine on the molecular geometry and crystal
packing were studied and comparatively discussed. Conclusions with reference to the priority of
Ar--Ar" contact modes in the crystalline packing being in competition with other fluorine and

non-fluorine involved supramolecular interactions were drawn.

B INTRODUCTION

Noncovalent interactions of fluorinated compounds in the solid
state have been investigated and reviewed in the last few
decades.' ™ Regarding the fluorine-involved interactions, differ-
ent modes are discussed: (1) C—H--F, (2) C—F-F, (3) C—
F--C(=0), (4) C—F---Ar", and (5) the most relevant Ar---Ar".
Nevertheless, all fluorine-containing interactions including Ar---
Ar* are rather weak and still under controversial discussion.

As presently seen, the Ar-Ar" interaction is a stabilizing
contact that occurs between a perfluorinated and a non-
fluorinated aromatic ring.”>> The distances between adjacent
centers of the rings are in the range of 3.4—4.8 A with ring-
plane angles up to 20°.> This kind of interaction is not only
used for the generation of molecular stacks in crystal
engineerin§7’8 but is also a well-known supramolecular
synthon™>>® being profitable in the solid state [2 + 2]
photocycloaddition.'”"" Moreover, it offers advantages for the
optical and electronic properties of organic compounds'” and is
used in the design of liquid crystals'® and 7-gels."* Two models
are discussed in the recent literature to explain and quantify the
Ar---Ar" interaction. The first is based on polarization of the 7-
system,">'® while the second is derived from substituent
effects.'”'® Considering this element of uncertainty, a multi-
tude of co-crystals generated by a perfluorinated and a non-
fluorinated aromatic ring have been described. Furthermore,
stacking interactions in isolated structures have been
observed.'*'?7%°

In addition, significance of the C—F--H—(O,N) type
hydrogen bonding is currently discussed rather intensely and
controversially as well.>7*° Previous studies regarding
investigations of C—H---F and C—F---F contacts have reported
mainly on molecular systems without strong hydrogen donors
and acceptor groups. Instead crystal structure investigations on
cyclic imides,>** benzophenones,® pyridines,>* benzoni-
triles,>® benzylideneanilines36’37 and aromatic azo com-
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pounds**>?

compounds with strong hydrogen donor and acceptor groups
such as OH, COOH, and NH/NH, are benzanilide,*
phenylureas,*!

are reported. Examples of rarely described

amines,*” and fluorinated anilines. ™ With
reference to the Ar--Arf interaction, steric hindrance, large
torsion angles between adjacent phenyl rings, and bulky
substituents favor C—H--O and C—H--F contacts at the
expense of Ar--Arf stacking.33’47 Furthermore, it has also
turned out that a planar environment of the molecule is not an
absolute requirement for Ar---Ar" interaction but preferable. In
short, conditions enabling a sure prediction of Ar--Ar"
formation in a crystal packing being in competition with
other interaction modes are still rather shaky, requiring more
examination.

Here, we present the synthesis and crystal structure analyses
of the compounds 1-3 (Scheme 1) which could make a
contribution for investigating this question. They refer to
fluorinated dibenzalacetones 2—3 deriving advantage from (1)
an expected almost planar molecular geometry based on the 7-
conjugation and promoting the formation of Ar---Ar® stacks and
(2) the possibility to have one or two perfluorinated aryl rings.
In addition, we include the unfluorinated parent compound 1
in the study considering reasonable structural comparison and
also to probe feasibility of co-crystallization between fluorinated
and unfluorinated species. All this is subject to an interplay
between C—H--O, C—H---F, C—H:--z, C—F---7%, F---F, and
Ar--Ar contacts competing with the Ar--Ar® interaction under
discussion.
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Scheme 1. Preparation of Dibenzalacetones 1—3
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B EXPERIMENTAL SECTION

General Remarks. Melting points (uncorrected) were determined
using a microscope heating stage PHMK Rapido (VEB Wigetechnik).
IR spectra were measured on a FT-IR 510 Nicolet as KBr pellets. 'H,
BC, and F NMR spectra were recorded in chloroform solution at
room temperature on a Bruker Avance DPX 400 at 400, 100, and 376
MHyz, respectively. The splitting of proton and carbon resonances is
defined as s = singlet, d = doublet, t = triplet, and m = multiplet.
Resonances are assigned according to the calculation of increments of
groups. The same numbering is used as for the crystallographically
determined molecular structure (Figure 2). Elemental analyses were
performed on a Heraeus CHN rapid analyzer. Mass spectra were
obtained using a Hewlett-Packard GC-MS 5890. Powder diffraction
data were recorded on a Siemens D5000 at room temperature.

Materials. Organic solvents were purified by standard procedures.
Starting compounds 2,3,4,5,6-pentafluorobenzaldehyde (98%) and
benzaldehyde (98%) were purchased from ABCR (Germany). 4-
Phenylbut-3-en-2-one*® and dibenzalacetone 1*° were prepared
according to the literature procedures using NaOH in a water—
ethanol mixture.

Synthesis. Synthesis of 1-Phenyl-5-(2,3,4,5,6-
pentafluorophenyl)penta-1,4-dien-3-one, 2. A solution of sodium
hydroxide (1.24 g, 31.0 mmol) in 15 mL of water and 12 mL of
ethanol, 2,3,4,5,6-pentafluorobenzaldehyde (5.00 g, 25.0 mmol), and
4-phenyl-but-3-en-2-one (3.65 g, 25.0 mmol) was stirred for 30 min at
room temperature. The solid raw product was collected by suction
filtration and washed with water to remove the sodium hydroxide.
Recrystallization from n-hexane yielded 3.50 g (43%) of a yellow
crystalline powder. Mp 154—155 °C (from n-hexane). Found: C,
63.08; H, 2.96; C,,HyF;O requires C, 62.97; H, 2.80%. v, (KBr)/
ecm™ 3063 (w, CH,,), 1674 (s, C=0), 1612 (m, C=C), 1594 (s,
Ph); &y (400 MHz; CDCly; Me,Si) 7.78—7.38 (8H, m, Ph, HC=
CHPh), 7.02 (1H, d, ¥y = 16.0 Hz, HC=CHPh); 5. (100 MHz;
CDCl;; Me,Si) 188.1 (s, C=0), 144.9, 147.3 (d, YJor = —238.4 Hz,
C1/C5), 144.7 (s, C=CPh), 140.4, 143.0 (d, }Jcr = —258.5 Hz, C3),
136.6, 139.2 (d, YJcg = —257.5 Hz, C2/C4), 1344 (s, C12), 131.8 (t,
%Jcr = —6.9 Hz, C=CPhF;), 130.9 (s, C=CPh), 129.0 (s, C13/C17),
128.6 (s, C14/C16), 126.5 (s, C=CPhFy), 125.6 (s, C15), 1104 (t,
YJer = 13.4 Hz, C6); 6 (376 MHz; CDCl;) —139.8 (2F, m, F1/F5),
—151.8 (1F, m, F3), —162.3 (2F, m, F2/F4); m/z: 324 [M]*, 323,
193, 103.

Synthesis of 1,5-Bis(2,3,4,5,6-pentafluorophenyl)penta-1,4-dien-
3-one, 3. A solution of 2,3,4,5,6-pentafluorobenzaldehyde (5.0 g, 25.0
mmol) and acetone (0.73 g, 12.5 mmol) in 25 mL of sulfuric acid was
stirred for 4 days at room temperature. Sulfuric acid (S mL) was added
and the mixture was stirred for 5 additional days. After the mixture was
carefully quenched on ice, the solid was separated via suction filtration
and recrystallized from n-hexane to yield 1.71 g (33%) of a yellow
crystalline solid. Mp 125 °C (from n-hexane; lit.>° 127—-129 °C).
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Found: C, 49.25; H, 1.24; C;H,F (O requires C, 49.30; H, 0.97%.
Upmax (KBr)/cm™ 3032 (w, CyH), 1680 (s, C=0), 1618 (s, C=C),
1523 (s, Ph), 1497 (s, Ph). 8, (400 MHz; CDCly; Me,Si) 7.71 (2H, d,
Jan = 164 Hz, HC=CHPh), 7.31 (2H, d, ¥y = 16.4 Hz, HC=
CHPh); & (100 MHz; CDCly; Me,Si) 187.5 (s, C=0), 144.7, 147.2
(d, Ycr = —251.5 Hz, C1/CS/C13/C17), 140.7, 143.3 (d, Ycr =
—258.5, C3/C15), 136.6, 139.1 (d, YJcr = —254.5 Hz, C2/C4/C14/
C16), 131.7 (s, C=CPh), 127.8 (C=CPh, s), 110.0 (t, ¥Jcr = 13.4
Hz, C6/C12); 8¢ (376 MHz; CDCl;) —139.4 (m, 4F, F1/FS/F6/
F10), —150.8 (m, 2F, F3/F8), —161.9 (m, 4F, F2/F4/F7/F9); m/z:
414 [M]*, 395, 221, 193, 143.

Crystal Preparation and Crystal Structure Determination.
Single crystals of 2, 3, and 1°3 were obtained by isothermal
evaporation of solutions of ethanol (2) and chloroform (3, 1-3) at
room temperature. In an optically opaque sample tube 0.4 mmol of 2
(0.13 g, 0.4 mmol), 3 (0.16 g, 0.4 mmol), 1 (0.09 g, 0.4 mmol), and 3
(0.16 g, 0.4 mmol) were dissolved in ethanol (2) or chloroform (3, 1-
3). All crystals were measured on a Bruker Kappa Apex II using
graphite-monochromated Mo K, radiation (1 = 0.71073 A). Software
for data collection: SMART Version 5.628,%" cell refinement: SMART
Version 5.628°' and data reduction: SAINT Version 6.45a.'
Preliminary structure models were derived by Direct Methods using
the SHELXTL package®*® and were refined by full-matrix least-
squares calculation based on F? for all reflections.*>** All non-
hydrogen atoms were refined anisotropically. The hydrogen atoms
were included in the models in calculated positions and were refined as
constrained to bonding atoms. The crzrstal data and experimental
parameters are given in the References.’

B RESULTS AND DISCUSSION

Synthesis. Dibenzalacetones as representative of the
substance class of a,f-unsaturated carbonylic compounds are
normally accessible via Claisen—Schmidt reaction involving the
addition of a C—H acetic reagent to a carbonzlic carbon atom
followed by dehydratization (Scheme 1).**>7 This reaction
commonly requires a basic catalyst, for instance, sodium
hydroxide dissolved in ethanol which is used for compounds 1
and 2. However, using NaOH as the base was found unsuitable
for the synthesis of the decafluorinated derivative 3 due to the
nucleophilic attack of the hydroxide at the aromatic ring.
Mikhalina and Fokin described the synthesis of 3 applying
gaseous hydrogen chloride for several days.’® In exchange for
this acidic medium, stirring of the reaction compounds in
concentrated sulfuric acid at room temperature for 4 days was
applied, which was a more agreeable procedure in handling.
Here, sulfuric acid acts both as proton donor and hygroscopic
medium.
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Crystal Preparation. Single crystals suitable for diffraction
measurements were achieved via isothermal evaporation of
solutions of ethanol (2) and chloroform (3). In order to study
the potential behavior of the different compounds to form co-
crystals that might be stabilized by Ar--Ar" stacking
interactions, all possible 1:1 combinations of the dibenzalace-
tones 1—3 were dissolved in an equimolar ratio in chloroform
and crystallized from this solvent. The crystalline samples
obtained from each of the crystallization experiment were
subjected to unit cell measurements at 93 K using 15 single
crystals of each crystal batch. As a result of this analysis, it is
shown that only the combination of 1 and 3, ie, the 1:1
mixture of the non-fluorinated parent compound 1 and the
decafluorinated derivative 3, gave rise to the formation of the
1:1 stoichiometric co-crystal 1-3, whereas the other two
combinations (1-2 and 2-3) failed yielding only a mixture of
crystals of the single components.

Nevertheless, the 1:1 co-crystal 1:3 seems not to be a favored
crystal phase. Single crystals in this connection were either
identified as 1-3 or the isolated components 1 or 3. The XRD
pattern determined after the removal of the 15 single crystals
(the rest of the sample) is given in Figure 1b. Figure la shows

a)

intensity

|

2Theta in deg

Figure 1. (a) Calculated XRD pattern based on the single crystal data
of 1-3; (b) experimental XRD pattern of the sample from the co-
crystallization experiment of 1 and 3; experimental XRD pattern of the
single components of (c) 3 and (d) 1.

the calculated pattern based on the single crystal data of the co-
crystal 1-3, while Figure lc,d gives the experimental XRD
pattern of the isolated components 1 and 3.

The signal-to-noise ratio of the XRD pattern of co-
crystallization phase is very low showing an amorphous
character of the bulk material. Though crystallinity is indicated,
a clear assignment to a specific phase cannot be drawn.
Apparently, different amorphous and crystalline phases are
more or less equal during the crystallization process applied in
this experiment. It shows that the 1:1 co-crystal does not
represent the main product phase and the influence of several
aspects on crystallization of a specific phase is significant.
Possible aspects are temperature, solvent, and concentration. A
similar behavior may be the reason for the failed isolation of co-
crystals of 1 with 2 and 2 with 3. This latter finding is
remarkable since 2, due to its unfluorinated and pentafluori-
nated aryl units, has a chance to form Ar--Ar* stacking with
either 1 or 3. Finally, the co-crystal 1:3 was found to melt at
180 °C, in contrast to the single components showing a melting
point of 127—129 °C (1) and 111 (3). This thermal behavior
was observed earlier, e.g, the 1:1 mixture of benzene and
hexafluorobenzene melts at 23.7 °C."

Crystal Structure Description. Compound 1 has been
described to show a photoinduced rearrangement depending
on UV/vis irradiation and irradiation time.>® All independent
molecules determined in the respective experiment exhibit a
molecular disorder. The compound occurs in two different
orientations not symmetry related. The isomerism of the
olefinic moiety with respect to the C=0 bond®® can be
specified as follows: (1) The C—O double bond is orientated
almost parallel to the olefinic double bond (~180°); (2) the
angle between the C=0 group and the C—C double bond is
about 60°. A similar disorder was found in the crystal structure
of 1,5-bis(4-fluorophenyl)penta-1,4-dien-3-one in all three
independent molecules in the crystal structure.> In the current
study of 2, 3, and 1:3, however, the non-, penta-, and
decafluoro substituted dibenzalacetones, respectively, do not
exhibit a disorder.>® Instead, they show only one isomer with an
angle of about 60° between the olefinic and carbonylic double
bonds in their crystal structures (Figure 2). In conformity with
the behavior of 2, 3, and 1:3, the 2,6,2',6'-tetrafluoro
substituted dibenzalacetone was also reported to crystallize in
only one conformational isomer.*’

The two positions in the disorder of the unfluorinated
compound 1 derive from conformational isomerism involving
rotation around the C—C bond neighboring the carbonyl group
[0(1)-C(9)-C(8)—C(7) and O(1)-C(9)—C(10)—C(11)].
The corresponding torsion angles in 2, 3 and 1:3 are in the
range of —2.3 to 5.7°, while 1 shows angles of 21 and —164°
(Table 1). Obviously, the fluorinated compounds having more
than one fluorine atom per phenyl ring tend to crystallize with

Figure 2. Perspective views of the asymmetric unit of 2, 3, and 1-3 in the respective crystals including atom numbering scheme. Thermal ellipsoids
are at the 50% probability level.
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Table 1. Torsion Angles To Describe the Rotational Isomers
for Compounds 1-3 and 1:3

atoms involved in dihedral angle

angle in deg

1% 0Ola—C9a—C8a—C7a 21.06
01b—C9b—C8b—C7b —164.82
2 C7—-C8-C9-01 —2.3(4)
01-C9-C10-Cl11 32(4)
3 C7—-C8-C9-01 1.6(4)
01-C9-C10-Cl11 1.0(4)
C24—C25-C26—02 5.7(4)
02-C26—C27—-C28 —3.5(4)
1-3 C7—-C8-C9-01 —1.8(6)
01-C9-C10—-C11 1.3(6)
C24—C25-C26—02 3.2(6)
02—-C26—-C27—-C28 0.6(6)

only one isomer indicating an influence of the fluorine atoms
on the molecular geometry.

Both compound 1°° and the para-fluoro disubstituted
derivative mentioned above®® are not planar with respect to
the whole molecule. Due to the close similarity between the
two compounds, we limit the discussion to 1. While the
molecular structure of 1 shows a maximum atomic deviation

from the least-squares plane of about 0.38 A, the components
in the structures 2, 3 and 1+3 are almost planar with deviations
of only 0.06—0.10 A. The mean planes of the phenyl rings in
compound 1 form dihedral angles of about 52° but show an
average angle of only 4.8° in 2, 3 and the co-crystal 1-3. The
angles between the mean plane of the phenyl moiety and the
penta-1,4-dien-3-one unit are 10.91° in average for all
unsubstituted phenyl rings and 4.56° in average for all
pentafluoro substituted rings regarding 2, 3, and 1-3. In
compound 1 the corresponding angle is about 30°. Moreover, it
has to be considered that the penta-1,4-dien-3-one unit is not
planar in 1, while in 2, 3, and 1-3 this moiety shows an average
of the r.m.s. of 0.0196. Hence, it is obvious that the fluorine
substituents exert a distinct influence on the molecular
geometry. In summary, the molecular structure of 1
crystallizing as single molecule cannot be described as planar
but is forced to adopt a planar geometry in the 1:1 co-crystal
with the decafluorinated compound 3. In addition, 2 and 3
exhibit an almost complete planar molecular geometry. This
indicates that the molecular arrangement and planarity in detail
is influenced distinctly by the number of fluorine atoms bonded
to the aromatic ring.

Table 2. Geometrical Parameters for Intermolecular C—H**O-, C—H-*"F, and C—F-Arf Contacts in Compounds 1-3 and 1-3“

interaction symmetry

1% C2A-H2A--Cgl” % —1—y, —-1/2+z

2 C11-H11--01 1—x-1-y —2
C17-H17---01 1—x-1-y -z
Cl4—-H14--F2 % 1/2 -y, —1/2 +z
C10—H10--F4 —x 11—y -z
C13—H13---F4 —x, 1 -y —z

3 C11-H11--02 —l+x7y2
C28—H28--01 1+xyz
C24—H24--F10 147z
C7-H7---F20 -1+x9z
C27—-H27--F8 % 1/2—y, —1/2 + z
C2—F2--Cg4” 2-x-1/2+353/2—-z

C32—F18--Cgd”
C15-F8---z(C27-C28)°

2—x-1/2+y3/2-z
—“1+x1/2—-y1/2+z

C1-F1--Cgs” %z
C3-F3--Cg3” 2-x1-y1-z
C13-F6--Cg2® 2-x1—y1-z
C17-F10--Cg4® %y, z
C18—F11-~~Cg3b Xz

C19-F12--Cgs?
C34—F20--Cg2”

“1+x1/2—-y1/2+z

X ) 2

13 C28—H28--02 l-x2-—y1-z
Cl11-H11---01 2—-x2-y1-2z
C8—HS8:-F7 1-x%1-y1-2z
C24—H24--F10 1-x2-y -2
Cl1-H1---F2 2—-x2-y —z
C3—H3---F8 1+xy -1+z
C3—H3--F9 1+xy -1+z
C18-F1--Cg2 l-xl-yl-z
C19—F2--Cg2 1—x1-y1-z
C21-F4--Cg2 —x1-yl-z
C31-F7---Cg3 -1 -y 1-z
C34-F10---Cg3 1=-x%1-y1-2z

d(X-+A) in A d(C---A) in A 0(C—X--A) in deg

3.176 3.717 119
2.52 3.420(3) 159
2.68 3.531(3) 149
2.58 3.526(3) 176
2.48 3.422(3) 174
2.64 3.544(3) 159
2.63 3.566(3) 170
2.65 3.590(3) 169
2.52 3.454(3) 168
2.54 3.474(3) 169
2.67 3.553(3) 156
3.546(2) 4.798(3) 155
3.634(3) 4.486(3) 122
3.015(3) 4225(4) 150
3.2198(19) 3.710(3) 101
3.4333(19) 3.694(3) 90

3.3179(19) 3.662(3) 94

3.365(2) 3.762(3) 96

3.2126(19) 3.698(3) 100
3.371(2) 4.593(3) 151
3.3401(19) 3.768(3) 98

2.44 3.363(5) 165
2.53 3.428(5) 158
2.41 3.339(4) 166
2.49 3.399(5) 161
2.60 3.250(4) 126
2.65 3.573(4) 165
2.65 3.320(4) 128
3.771(3) 3.479(4) 67

3.784(3) 3.488(4) 67

3.640(3) 3.420(4) 70

3.598(3) 3.355(4) 69

3.638(3) 3.462(4) 72

“d(C—H) = 0.95 A; X is the interacting atom, A is the acceptor. All angles are rounded off. ng is defined as the centroid of the rings (center of
gravity): Cgl: C1A—-C6A; Cg2: C1-C6, Cg3: C12—C17; Cg4: C18—C23; CgS: C29—C34. “Geometric parameter are given for C15—F8---C28.
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Table 3. Geometrical Parameters for Intermolecular Ar+Ar* Interactions in Compounds 2 and 1-3

symmetry code Cgl® CgJ” Cgl--CgJ/A CgImP(J)b/A CgJ--P(1)/A
2 1—x -y 2 cg2 Cg3 4.0255(16) 3.5444(11) 3.4208(12)
2— % -y, —2 cg2 Cg3 3.8088(16) 3.5029(11) 3.3874(12)
1-3 —x,1—-y1l-z Cg4 Cg2 3.736(2) 3.4681(16) 3.3939(16)
l-x1-y1-z2 Cgd Cg2 3.693(2) 3.4928(16) 3.4054(16)
—1—y1-z Cgs Cg3 3.641(2) 3.3879(15) 3.3459(16)
l-x1-y1-z Cgs Ccgd 3.791(2) 3.4471(15) 3.4075(16)

“Cg is defined as the centroid of the rings (center of gravity): Cg2: C1—-C6, Cg3: C12—C17; Cg4: C18—C23; CgS: C29—C34. bPerpendicular
distance of the centroid Cgl on ring plane J. “Perpendicular distance of the centroid CgJ on ring plane L

Cg3 VT o,

H H17 \252
4.0255(16) -

266 ~ Q01

b

(a) (b) a T

Figure 3. Views of the crystalline packing of 2: (a) along the b axis showing the shortest distances (A) between the centroids of adjacent stacks; (b)
along the a axis giving rise to the C—H--O and C—H:--F contacts of one selected layer. Noncovalent contacts are represented as broken lines.

c
b C
a
.-~"'5:’>46(2)
...A~<‘__;3.,634(2) M =
F18
(a) (b)

Figure 4. Crystalline packing of 3: (a) showing relevant intermolecular C—F--Ar contacts; (b) along the b axis giving rise to relevant C—H--O and
C—H--F interactions. Noncovalent contacts are represented as broken lines.

Apart from the molecular features, the crystalline state is On the other hand, compound 2 bearing a phenyl and a
influenced by the molecular arrangement and the interaction pentafluorinated phenyl ring should be able to form
between adjacent units. In the current study, compound 1 is the intermolecular strands of the Ar--Arf type>> In fact, the
only one not bearing a fluorine atom potentially competing structure of 2 features stacks of alternately arranged phenyl and
with the carbonyl oxygen atom.>® Unlike the expectation, the pentafluorophenyl rings in an offset face-to-face orientation of
carbonylic oxygen atom is not involved in any interaction. adjacent aromatic rings. The perpendicular distances of the
However, C—H:--w contacts form zigzag chains along the centroids of the interacting ring planes, as specified in Table 3
crystallographic ¢ axis (Table 2). and given in Figure 3a, are 3.8 and 4.0 A. While the latter
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Table 4. Geometrical Parameters for Intermolecular C—F-F Contacts in Compounds 2, 3, and 1-3¢

interaction symmetry
2 CS—F5-+-F5—CS§ %, 1=y —z
C2-F2---F3-C3 —x, =1/2+y,1/2 -z
3 CS—F5---F5—-C5§ 3—x-y2-2z
C2—F2---F14-C21 1—x—-1/2+y 15—z
C4-F4---F6—C13 1—%1/2+y 15—z
C20-F13--F17-C31 —1+x1/2+y 15—z
1=3 C19-F2---F2—-C19 1—%2—-y -z

C21-F4--F4—C21 l-x1-y -z

“All angles are rounded off.

C-F/A F---F/A C—F---F/deg Type
1.340(3) 2.700(3) 169 I
1.347(3) 2.881(2) 140 11
1.343(3) 151

1.338(3) 2.531(3) 156 I
1.344(3) 2.736(2) 126 1
1.337(3) 170

1.347(3) 2.767(2) 126 it
1.343(3) 166

1.350(3) 2.775(2) 140 II
1.339(3) 109

1.341(4) 2.866(4) 88 I
1.337(4) 2.822(4) 126 I

(a)

(b)

Figure 5. Crystalline packing of 1-3: (a) along the b axis showing the shortest distances (A) between the centroids of adjacent stacks; (b) along the a
axis giving rise to relevant C—H:--O and C—H---F interactions. Noncovalent contacts are represented as broken lines.

distance is quite long indicating only a weak contact, the other
one is in a range suggesting a stabilizing Ar---Arf interaction. In
addition, layers are formed involving C—H--0°%" bonded
dimers (2.5-2.6 A) that interact via C—H--F and F---F
contacts resulting in a herringbone mode of supramolecular
architecture [Table 2, Figure 3b]. The C—H--F interactions are
in the range of 2.5—2.6 A with angles of 159—176° indicating a
significant impact on the molecular arrangement. In contrast,
the distances between adjacent fluorine atoms are 2.700 A
(angle at F = 169°) and 2.881 A (angle at F = 140° and 151°).
However, their importance for the crystal packing seems
secondary. Instead, they support stabilizing the stacks of
molecules generated by the Ar--Ar" interaction.

Thus, C—H---O and C—H---F interactions occur in 2 not
only as connecting element between the stacks but also show a
significant impact on the strength of the Ar--Ar" synthon. The
longer distances between the adjacent stacks indicate a
weakened Ar---Arf interaction.

The crystal structure of the derivative 3, not containing any
aromatic bonded hydrogen atoms, does not feature stacking
interactions. The shortest distance between adjacent ring
centroids is 4.407 A. Instead, several robust C—F---Arf
contacts®™*® are found with angles around and below 100°
and some angles between 120 and 155° (Table 2) leading to
domains of molecular stacks. In addition, there is a C—F--- #
contact involving F(8) and the olefinic double bond as #-
moiety® with a distance of 3.015 A and an angle of 149.5°.
Apart from the interactions including the aromatic units, several
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other contacts are found, in particular of the C—H---O and C—
H--F type. As depicted in Figure 4 and Table 2, the C—H:--O
contacts with a distance of about 2.6 A give rise to dimer
formation within a layer. These layers are connected via C—H--
F interactions in the range of 2.5-2.6 A (Table 2).
Furthermore, several fluorine atoms are located closer to each
other than their sum of the van der Waals radii of 1.47 A.%®
They show distances in the range of 2.5—2.8 A with angles of
109—170° (Table 4). While in 2 types I and II of halogen—
halogen interaction® occur, the decafluorinated derivative 3
seems to prefer type II. These contacts connect the domains of
stacks generated by the C—F--z" interaction.

Hence, the C—F--Arf contact seems to be the interaction
with the greatest impact on the crystal structure of compound
3, similar to the C—H---7 interaction in compound 1. But in 3
additional C—H:--O and C—H--F interactions are found. This
suggests a weaker influence of the C—F---Ar" contacts on a
crystal structure than C—H:--7 in 1 since here the carbonyl
group is not involved in intermolecular interactions.

The co-crystals between compounds 1 and 3, 13, generated
via crystallization of the components in a 1:1 ratio from
chloroform crystallizes in the triclinic space group P1 with two
independent molecules in the asymmetric unit. As mentioned
above, the molecular structure features planarity and shows no
disorder or isomerism. In keeping with the expectation, the
molecular arrangement in the crystal structure is mainly
determined by an Ar-Ar" stacking motif (Table 3). The
resulting strands with distances between adjacent molecules of
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3.6—3.8 A are illustrated in Figure Sa. The slippage of the
phenyl moieties indicates an offset face-to-face orientation.
Figure Sb shows one layer generated by the connection
between several stacks being realized by C—H---O and C—H---F
interactions in the range of 2.4—2.6 A (Table 2). Furthermore,
the distances between fluorine and the center of adjacent
pentafluorophenyl rings ranging between 3.6 and 3.8 A suggest
C—F---Ar" interactions (Table 3). Nevertheless, the contact
angles are below 72° and therefore indicate no significance.
Table 4 gives the geometric parameters of located type I C—F---
F contacts with distances of about 2.8 A and angles of 88° and
126°. These contacts assist in connecting the decafluorinated
molecules of adjacent stacks.

In the crystal structure of the co-crystal 1-3 a similar interplay
of the respective interactions is found as in 2. However, the
significance of the Ar---Ar" interaction is more important in 1-3
indicated by the distances of the aromatic moieties.

B CONCLUSION

Three different dibenzalacetones including the fluorine-free
parent compound and the pentafluoro- and the decafluoro
substituted derivatives have been prepared. They were studied
regarding their capacity to form a 77" stacking motif in the
crystalline state competing with or supported by other types of
possible noncovalent interactions, allowing for the potential
generation of co-crystals among one another. Considering the
raised questions and based on the results, conclusions can be
drawn as follows.

The mode of fluorine substitution exerts a distinct influence
on the geometry of the dibenzalacetone moiety in this
compound system in that a certain number of fluorine
substituents is required to prevent molecular disorder and
promote planarity of the molecule. If possible and in
competition with other types of noncovalent interactions, the
particular Ar--Ar" stacking interaction is found in the crystal
structures of 2 and also of the co-crystal 1:3. With reference to
the C—H---z, C—H:+-O, C—H---F, C—F-~Ar, and F---F type of
interactions, reflections regarding interdependency and domi-
nance are difficult to make. However, considering the current
and including the structures of di- and tetrafluoro deriva-
tives,””% it is apparent that the carbonyl oxygen atom starts
interaction to hydrogen atoms as soon as fluorine is present in
the molecule. Moreover, in 2 the C—H:-O and C—H:--F
contacts are more important than in 1:3 at the expense of the
Ar-+Ar" interaction. And finally, analogous to previous
findings,”">* one gets the impression that Ar-Ar" stacking
generated from phenyl and pentafluorophenyl moieties is also
essential to a successful co-crystallization between individuals of
this class of compounds. But this comes into conflict with the
experimental results concerning co-crystallization of 2 with
either 1 or 3. In these cases, we were unable to isolate
respective co-crystals, although the Ar--Ar" contact is a typical
interaction mode in the crystal structure of pure 2. One may
conclude that in these latter cases the energetic differences of
each possible crystal phase are small preventing experimental
isolation.

In summary, it is shown in this study that dependent on
certain structural conditions, the dibenzalacetone framework is
suitable for co-crystal formation.

2341

B ASSOCIATED CONTENT

© Supporting Information
Crystallographic information file. This material is available free
of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: Anke.Schwarzer@chemie.tu-freiberg.de. Fax: +49
3731-39-40S8.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

A.S. thanks the TU Bergakademie Freiberg for the Postdoctoral
Research Fellowship “Mary Hegeler”.

B DEDICATION

This paper is dedicated to Dr. Wilhelm Seichter on the
occasion of his 65th birthday.

B REFERENCES

(1) Pace, C. J;; Gao, J. Acc. Chem. Res. 2013, 46, 907—915.

(2) Berger, R; Resnati, G.; Metrangolo, P.; Weber, E.; Hulliger, J.
Chem. Soc. Rev. 2011, 40, 3496—3508.

(3) Reichenbicher, K.; Siiss, H. 1; Hulliger, J. Chem. Soc. Rev. 2008,
34, 22-30.

(4) Chopra, D. Cryst. Growth Des. 2012, 12, 541—546.

(5) Chopra, D.; Guru Row, T. N. CrystEngComm 2011, 13, 2175—
2186.

(6) Metrangolo, P.; Murray, J. S.; Pilati, T.; Politzer, P.; Resnati, G.;
Terraneo, G. CrystEngComm 2011, 13, 6593—6596.

(7) James, S. L. m—n Stacking as a Crystal Engineering Tool. In
Encyclopedia of Supramolecular Chemistry; Atwood, J. L.; Steed, J. W.,
Eds.; CRC Press: Boca Raton, USA, 2004; pp 1093—1099.

(8) Smith, C. E.; Smith, P. S.; Thomas, R. L.; Robins, E. G.; Collings,
J. C; Daj, C,; Scott, A. J; Borwick, S.; Batsanov, A. S.; Watt, S. W.;
Clark, S. J; Viney, C.; Howard, J. A. K; Clegg, W.; Marder, T. B. J.
Mater. Chem. 2004, 14, 413—420.

(9) Bacchi, S.; Benaglia, M.; Cozzi, F.; Demartin, F.; Filippini, G;
Gavezzotti, A. Chem.—Eur. ]. 2006, 12, 3538—3546.

(10) Coates, G. W,; Dunn, A. R; Henling, L. M,; Ziller, J. W,;
Lobkovsky, E. B.; Grubbs, R. H. J. Am. Chem. Soc. 1998, 120, 3641—
3649.

(11) Xu, R; Gramlich, V.; Frauenrath, H. . Am. Chem. Soc. 2006,
128, 5541—5547.

(12) Babudri, F.; Farinola, G. M.; Naso, F.; Ragni, R. Chem. Commun.
2007, 1003—1022.

(13) Kishikawa, K;; Oda, K.; Aikyo, S.; Kohmoto, S. Angew. Chem.
2007, 119, 778—782; Angew. Chem, Int. Ed. 2007, 46, 764—768.

(14) Babu, S. S.; Praveen, V. K; Prasanthkumar, S.; Ajayaghosh, A.
Chem.—Eur. ]. 2008, 14, 9577—9584.

(15) Cozzi, F.; Ponzini, F.; Annunziata, R.; Cinquini, M.; Siegel, J. S.
Angew. Chem. 1995, 107, 1092—1094; Angew. Chem., Int. Ed. 1995, 34,
1019-1020.

(16) Hunter, C. A.; Sanders, J. K. M. J. Am. Chem. Soc. 1990, 112,
5525—-5534.

(17) Wheeler, S. E; Houk, K. N. J. Am. Chem. Soc. 2008, 130,
10854—1085S.

(18) Wheeler, S. E.; Houk, K. N. J. Chem. Theory Comput. 2009, S,
2301-2312.

(19) Patrick, C. R.; Prosser, G. S. Nature 1960, 187, 1021.

(20) Williams, J. H.; Cockeroft, J. K.; Fitch, A. N. Angew. Chem. 1992,
104, 1666—1669; Angew. Chem., Int. Ed. 1992, 31, 1655—1657.

(21) Potenza, J.; Mastropaolo, D. Acta Crystallogr., Sect. B 1975, 31,
2527-2529.

dx.doi.org/10.1021/cg5000342 | Cryst. Growth Des. 2014, 14, 2335-2342


http://pubs.acs.org
mailto:Anke.Schwarzer@chemie.tu-freiberg.de

Crystal Growth & Design

(22) Weck, M,; Dunn, A. R; Matsumoto, K; Coates, G. W.;
Lobkovsky, E. B.; Grubbs, R. H. Angew. Chem. 1999, 111, 2909—2912;
Angew. Chem., Int. Ed. 1999, 38, 2741—-2745.

(23) Ponzini, F.; Zagha, R.; Hardcastle, K; Siegel, J. S. Angew. Chem.
2000, 112, 2413—2415; Angew. Chem., Int. Ed. 2000, 39, 2323—2325.

(24) Collings, J. C.; Roscoe, K. P.; Thomas, R. L.; Batsanov, A. S;
Stimson, L. M.; Howard, J. A. K;; Marder, T. B. New J. Chem. 2001, 25,
1410—1417.

(25) Czapik, A; Gdaniec, M. Acta Crystallogr. Sect. C 2011, 67,
0341—0348S.

(26) Dunitz, J. D. ChemBioChem. 2004, S, 614—621.

(27) Dunitz, J. D.; Taylor, R. Chem.—Eur. J. 1997, 3, 89—98.

(28) Howard, J. A. K; Hoy, V. J; O'Hagan, D.; Smith, G. T.
Tetrahedron 1996, 52, 12613—12622.

(29) Shimoni, L.; Glusker, J. P. Struct. Chem. 1994, S, 383—397.

(30) Mele, A,; Vergani, B.; Viani, F.; Meille, S. V.; Farina, A.; Bravo,
P. Eur. J. Org. Chem. 1999, 187—196.

(31) Schwarzer, A.; Weber, E. Cryst. Growth Des. 2008, 8, 2862—
2874.

(32) Schwarzer, A,; Weber, E. Acta Crystallogr. Sect. C 2011, 67,
0457—0460.

(33) Schwarzer, A; Seichter, W.; Weber, E.; Stoeckli-Evans, H.;
Losada, M.; Hulliger, J. CrystEngComm 2004, 6, 567—572.

(34) Vasylyeva, V.; Merz, K. J. Fluorine Chem. 2010, 131, 446—449.

(35) Vasylyeva, V.; Merz, K. Cryst. Growth Des. 2010, 10, 4250—4255.

(36) Kaur, G; Panini, P,; Chopra, D.; Choudhury, A. R. Cryst.
Growth Des. 2012, 12, 5096—5110.

(37) Kaur, G; Choudhury, A. R. Cryst. Growth Des. 2014, 14,
1600—1616.

(38) Karanam, M.; Choudhury, A. R. Cryst. Growth Des. 2013, 13,
4803—4814.

(39) Priimagi, A,; Cavallo, G; Forni, A; Gorynsztejn-Leben, M,;
Kaivola, M.; Metrangolo, P.; Milani, R.; Shishido, A.; Pilati, T.; Resnati,
G.; Terraneo, G. Adv. Funct. Mater. 2012, 22, 2572—2579.

(40) Chopra, D.; Guru Row, T. N. CrystEngComm 2008, 10, 54—67.

(41) Abad, A; Agulls, C.; Cuifiat, A. C; Vilanova, C.; Ramirez de
Arellano, M. C. Cryst. Growth Des. 2006, 6, 46—57.

(42) Chopra, D.; Thiruvenkatam, V.; Guru Row, T. N. Cryst. Growth
Des. 2006, 6, 843—845.

(43) Gdaniec, M. Acta Crystallogr., Sect. E 2007, 63, 02954.

(44) Betz, R;; Kliifers, P. Acta Crystallogr, Sect. E 2008, 64, 02242.

(45) Gdaniec, M. CrystEngComm 2007, 9, 286—288.

(46) Kirchner, M. T.; Bldser, D.; Boese, R; Desiraju, G. R.
CrystEngComm 2009, 11, 229-231.

(47) Schwarzer, A.; Bombicz, P.; Weber, E. J. Fluorine Chem. 2010,
131, 345—-356.

(48) Becker, H. G. O.; Domschke, G.; Fanghinel, E.; Fischer, M,;
Gewald, K; Mayer, R.; Pavel, D.; Schmidt, H.; Schwetlick, K.; Berger,
W.,; Faust, ].; Gentz, F.; Gluch, R.; Miiller, K.; Schollberg, K.; Seiler, E.;
Zeppenfeld, G. Organikum, 22nd ed.; Deutscher Verlag der
Wissenschaft: Berlin, Germany, 1990; pp 521-522.

(49) Williamson, K. L. Macroscale and Microscale Organic Experi-
ments; Houghton Mifflin Company: New York, 1999; pp 441—446.

(50) Mikhalina, T. W.; Fokin, E. P. Izv. Sib. Otd. Akad. Nauk SSR Ser.
Khim. 1986, 119—122.

(51) SMART (Version 5.628), SAINT (Version 6.45a); Bruker AXS
Inc.: Madison, Wisconsin, USA, 2004.

(52) Sheldrick, G. M. Acta Crystallogr., Sect. A 2008, 64, 112—122.

(53) Sheldrick, G. M. SHELXS-97: Program for Crystal Structure
Solution; University of Gottingen: Germany, 1997.

(54) Sheldrick, G. M. SHELXL-97: Release 97—2 Program for Crystal
Structure Refinement; University of Gottingen: Germany, 1997.

(55) Crystal data for 1-3: C;,H,F,,0-C;;H,,0, M = 648.48, triclinic,
a = 7.4146(12) A, b = 11.1034(17) A, ¢ = 17.304(3) A, «
86.917(8)°, = 79.945(8)°, y = 74.085(8)°, V = 1348.9(4) A3 T =
93(2) K, space group P1, Z = 2, u(Mo Ka) = 0.146 mm™', 28 298
reflections measured, 4865 independent reflections (R, = 0.0673).
The final R, values were 0.0700 (I > 26(I)). The final wR(F?) values
were 0.1687 (I > 20(I)). The final R, values were 0.1121 (all data).

2342

The final wR(F?) values were 0.1864 (all data). The goodness of fit on
F* was 1.046. CCDC no. 742630. Crystal data for 2: C;;H,F;O, M =
324.24, monoclinic, a = 7.6428(4) A, b = 6.1654(3) A, ¢ =
29.1997(16) A, B = 91.079(2)°, V = 1375.67(12) A3, T = 173(2) K,
space group P2,/c, Z = 4, u(Mo Ka) = 0.143 mm ™", 12 809 reflections
measured, 1917 independent reflections (R;,, = 0.0316). The final R,
values were 0.0428 (I > 26(I)). The final wR(F*) values were 0.1086 (I
> 20(I)). The final R, values were 0.0550 (all data). The final wR(F?)
values were 0.1175 (all data). The goodness of fit on F* was 1.058.
CCDC no. 742633. Crystal data for 3: C;H,F (O, M = 414.20,
monoclinic, a = 5.6259(8) A, b = 24.346(4) A, ¢ = 21.186(3) A, f =
90.348(5)°, V.=2901.8(7) A%, T = 93(2) K, space group P2,/c, Z = §,
u(MoKar) = 0.206 mm™', 33777 reflections measured, 5246
independent reflections (R, = 0.0376). The final R, values were
0.0457 (I > 26(I)). The final wR(F?) values were 0.1203 (I > 26(I)).
The final R, values were 0.0622 (all data). The final wR(F?) values
were 0.1281 (all data). The goodness of fit on F* was 1.090. CCDC
no. 742634.

(56) (a) Claisen, L.; Claparéde, A. Ber. Dtsch. Chem. Ges 1881, 14,
2460—2468. (b) Claisen, L. Ber. Dtsch. Chem. Ges 1881, 14, 2468—
2471.

(57) Schmidt, J. G. Ber. Dtsch. Chem. Ges 1881, 14, 1459—1461.

(58) Turowska-Tyrk, L. Chem. Phys. 2003, 288, 241—247.

(59) Butcher, R. J.; Jasinski, J. P.; Sarojini, B. K; Yathirajan, H. S,;
Bindyad, S.; Narayana, B. Acta Crystallogr.,, Sect. E 2007, 63, 03213—
03214.

(60) (a) Huang, J.-D.; Tang, Q.-Q; Chen, X.-Y,; Ye, Y,; Wang, Y.
Acta Crystallogr, Sect. E 2011, 67, 0758. (b) Schwarzer, A. Ph.D.
Thesis, TU Freiberg, 2007. (c) Schwarzer, A.; Weber, E. Acta
Crystallogr. Sect. C 2014, 70, 202—206.

(61) Desiraju, G. R.; Steiner, T. The Weak Hydrogen Bond; Oxford
University Press: Oxford, 1999; pp 29—121.

(62) Kirchner, M. T.; Blaser, D.; Boese, R. Chem.—Eur. J. 2010, 16,
2131-2146.

(63) Bondi, A. J. Phys. Chem. 1964, 68, 441—451.

dx.doi.org/10.1021/cg5000342 | Cryst. Growth Des. 2014, 14, 2335-2342



