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ABSTRACT: 4'-Acetyl-4-methoxybiphenyl (AMB) was synthesized via a catalytic Suzuki cross-coupling reaction, and the crystal
structure was determined. The crystals of AMB feature an orthorhombic unit cellawitt?.900(6) A,b = 5.429(4) A, andc =

26.80(2) A, and the crystals are noncentrosymmetric, space @road. The crystal structure of AMB features parallel alignment

of essentially planar molecules in tgnconformation with molecular dipole moments of about 5.4 D and affords about 53% of
maximal polar alignment. The polar crystal structurespftAMB contrasts with the nonpolar crystal structure of the homologue
4-methoxyacetophenonsy(*MAP). The fundamental difference between the packing motives of AMB and MAP is explained on

the basis of lateral arer@rene interactions. The lattice architecture of AMB is compared to the motives realized in the only two
other parallel-aligned polar biphenyls;@butoxy-4-cyanobiphenyl (nBCB) and-fdimethylamino)-4-cyanobiphenyl (DMACB).

The analysis provides conceptual insights to guide the rational design of polar materials, and several resulting hypotheses are stated
explicitly and can be tested.

Introduction Chart 1. Conformations of 4'-Acetyl-4-Methoxybiphenyl

i ) ) (AMB) and Definition of the Dihedral Angles g, 7, and a
We have accomplished high anisotropy and near-perfect polar

ordef in molecular organic crystals of unsymmetrically '4,4
disubstituted acetophenone azines using a rational dé3ige.
crystal structures of the (MeO,|)-aziA¢he (MeO,Br)-aziné;®

and the (MeO,Cl)-azin&respectively, are similar but differ in
subtle details because of the occurrence of one, two, and four
independent molecules, respectively. Deep analysis of these
prototypes® has led to improved designs of spacer-connected
diarenes as well as to new designs without spacers. Here we
apply the lessons learned from these earlier studies to the
problem of engineering parallel-aligned polar molecules bearing

. H,C” 0
biphenyl spacers. &

We are aware of only two reports of crystal structures of
parallel-aligned unsymmetrical diphenyls. In 1987, Haase%t al. syn-AMB anti-AMB

reported the crystal structure of-d-butoxy-4-cyanobiphenyl
(nBCB), and in 1991, Zyss et #lreported the crystal structure

of 4-(dimethylamino)-4-cyanobiphenyl (DMACB). In 1997, AMB; Chart. 1). and an analysis of the crystal strycture to gain
Desiraju et aFL employed halogen bondif#y™5 between iodine conceptual insights into the causes for parallel alignment. AMB

and nitro groups in an attempt to achieve parallel alignment in V&S synthesized by catalytic Suzuki cross-coupling of meth-
crystals of 4-iodo-4nitrobiphenyl (INB). The crystal structure oxyphgnylboronlc aC|d8and bromoacetophenone, employl_ng the
analysis could not be refined completely, but the reasonable conditions by Fu et af Th? crystal structure was qletermlned

claim of parallel alignment was based on crystal structure and analyzed. The analysis employed ab initio pair energies to

simulations. The proposed structure was consistent with the assess the strengths of intermolecular interactions and to

measured X-ray powder pattern and the occurrence of seconoch;nDUte theteff(icgve.tdﬁp:rc:le momelnt of eac;hl rr][olgaglzlfghThese
harmonic generation. Masciocchi, Bergamo, and Sironi later d2t@ are contrasted with the (nonpolar) crystal stru €

: e . logous “(MeO,Acetyl)-monophenyl”, the 4-methoxyaceto-
suggested that these crystals of 4-iodaitrobiphenyl contained ana S :
admixtures of 4,4dinitrobiphenyl (DNB)!® Hulliger and Lan- phenone ynMAP), which is nonpolar. We conclude with a

gley argued that preferred intrinsic defects in INB as well as description of the differences in the crystal architectures of AMB

substitutions by DNB admixtures cause faulted chains and the @5 compared to nBCB and DMACB.
presence of parallel and antiparallel aligned twisted biphenyl

chainst? Experimental and Theoretical Section
_In this context, we report here the realizat_ion of parallel  synthesis of 4-Acetyl-4-Methoxybiphenyl (AMB). The synthesis
alignment in crystals a$yn4'-acetyl-4-methoxybiphenykgn was carried out in a glovebox under nitrogen. All chemicals were bought

from Aldrich. Tris(dibenzylideneacetone)dipalladium £@ia), 0.068
glaserr@ 9: 0.074 mmol), potassium fluoride (2.74 g, 47.2 mmol), and meth-

*To whom correspondence should be addressed. E-mail:

missouri.edu. oxyphenylboronic acid (2.38 g, 15.7 mmol) were combined in a reaction
' Solid-state dipole moment calculations by Z.W. Crystal structure flask and stirred magnetically. To the mixture were added bromo-
determination by C.L.B. acetophenone (2.82 g, 14.2 mmol) in 15 mL of dry THF and 0.75 mL
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Figure 1. Crystal ofsyn(MeO,acetyl)-biphenyldynAMB), featuring perfect dipole-parallel alignment along the long axis within two-dimensional
layers and near-perfect dipole-parallel alignment in the stacking direction. In contrast, the crystal structure of the analogous “(Me@eagétyl)-p
aka 4-methoxyacetophenorg/(tMAP) is not polar.

@ Web versions of the crystal structuresyitAMB (in @ html and® pdb formats) angynMAP (in @ html and@ pdb formats) are available.
Note that the free CHIME plugin is required for the display of the pdb files.

Figure 2. MP2(full)/6-31G* optimized conformersynAMB (left, 7 = 42.9, u = —0.3°, a = 0.3’) andanti-AMB (right, 7 = 42.9, u = —0.5°,

o = 0.0°).

@ Web versions of the optimized structures of AMB, with syn conformation, pland®(imtml and@ pdb formats) and twisted (i html and
@ pdb formats), and anti conformation, planar @html and@ pdb formats) and twisted (i) html and@ pdb formats) are available.

of a 0.20 M solution of trigert-butylphosphine in THF. The reaction  numerical variations of atom positioning, because the same errors are
mixture was stirred at room temperature fer&®h. The reaction mixture made in the calculation of the dimer and each of the two molecules.
was diluted with ether, cleaned first by pouring it through a silica gel

pad, and the product was isolated by silica gel column chromatography Results and Discussion
using a 40:60 mixture of hexane and chloroform as elu¢htNMR
(250 MHz, CDC}): 4 8.01 (d,J = 8.42, 2H), 7.64 (d) = 8.46, 2H), Molecular Parallel Alignment. In the crystal structure of

7.58 (d,J = 8.81, 2H), 7.00 (dJ = 8.81, 2H), 3.86 (s, 3H), 2.63 (s, - : ; ;
3H). %C NMR (250 MHz, CDCl): 0 197.7, 159.9, 145.4, 135.3. 132.3, AMB there is one unique molecule and the unit cell contains

128.9, 128.4, 126.6, 114.4, 55.4. 26.6. four m_olecules (FigL_lre 1). The bipher_1y|s _are_parallel aligned
Crystallography. Crystals of AMB were grown by slow evaporation ~ and oriented approximately along thelirection in layers that
from a chloroform solution. AMB crystallizes in the orthorhombic ~€xtend in thea andb directions. Successive layers are rotated
crystal system in the space groBpa2;, and experimental and structural by 180 about thec direction, and the unit cell is thus rather

details are given as Supporting Information. long in that directiona = 7.900(6) A,b = 5.429(4) A, ancc
Computed Structures and Binding Energies Ab initio electronic = 26.80(2) A.

structure theoretical methods were emplo$&d.Geometry optimiza- . .
tions of the monomer were performed with second-order Mgiesset Molecular Structure. The structure of AMB in the solid state

theory?2 employing the 6-31G* basis set MP2(full)/6-31G*. All binding ~ features thesyn conformation, and it is almosts symmetric
energies were determined with the same theoretical method and werewith 7 = 2.6°, u = 2.4°, anda = 0.8°. We designate theyn
based on the X-ray structure, MP2(full)/6-31G*//X-ray. Total energies andanti conformations via the relative position if the methyl
and Cartesian coordinates of the optimized structures are provided ingroups are as shown in Chart 4 for torsion,u for methoxy,
theTﬁu;f)p(irtlr;g Inf(:rmtf;tlon. tation of the bindi fa di anda for acetyl).
e fastest way for the computation of the binding energy of a dimer - ' o . .
is by way of eq :)L/ The betterpalternative involvesgthe cegll)::ulation of sy andant-AMB were fl.rSt. Optlmlzed V\.”th the constraint
to Cs symmetry and then optimized again without any symmetry
constraint and beginning with a chiral structure (Figure 2). The
relaxation of the planar structures € 4 = o = 0°) leads to
BE, = E(dimer)— E(molecule 1)- E(molecule 2) ) structures withoe ~ 0°andu ~ 0°, and the only sigr_lificant twis_t
angle ist ~ 43°. Thesynandanti structures are isoenergetic,
both molecules in the dimer and the determination of the binding energy and both prefer th? MISteq st_rucFur_e over the planar _structure
via eq 2. The difference between the two methods reflects on the quality _by 3:5 k_cal/mol. This situation is Slm"a.r to the case of bl_phenyl
of the software employed to compute the Cartesian coordinates of the tS€lf. Biphenyl famously favors the twisted structure witk:
dimer on the basis of the X-ray unit cell data. Equation 2 will always 43° in the gas phas&,2*while biphenyl appears planar in the
provide a binding energy that is essentially free of variations due to crystals at room temperatdfeand down to 110 K5 At very

BE, = E(dimer) — 2E(monomer) (1)
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Figure 3. Space-filling models of a 2d layer viewed down thédirection. Methoxy and acetyl groups, respectively, are in the foreground on the
left and right, respectively.

@ Web versions of the models with methoxy @ html and@ pdb formats) and acetyl (i html and@ pdb formats) groups are available.

Chart 2. View down the c Direction with Methoxy Groups in the Foreground?
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a SituationlV is realized in the crystal of.

low temperatures (20 K), another phase has been characterizethy a term (1234) where 1 and 2 are the arenes in one molecule
that contains twisted biphenyl with~ 10°.27 and 3 and 4 in the other and where 1 interacts with 3 and 2

Molecular Parallel Alignment in Layers. The long axis of  interacts with 4. The antiparallel alignment gives rise to two
synrAMB is aligned approximately with the direction, and  offset (ff|ff) interactionsA and B, and this mode of packing
all molecules within each 2d layer are parallel aligned in this  gccurs.

irection (Figur . Chart 2 illustrates the alignment within . o o
direction (Figure 3). Cha ustrates the alignme There is no polarity in the direction so long as the planes

the layers. T
The molecules are packed face centered, and this packingOf all molecules are parallel (top). The situations shown at the

may occur with parallel (left) or antiparallel (right) alignment bottom of Ch_art 2 are created by rotating the molecgles in th_e
in the b direction. The latter is favored by the dipeldipole corners and in the center by the same amount but in opposite
interactions between the substituents. The lateral interactiondirections. The change fromh to IV causes polarity in the
involves double arenearene interactions: that is, interactions and b directions and is beneficial, as it changes thefffff

in which both arenes of one biphenyl interact with both arenes contactsA and B into double-T (ffee) contactA andB. In

of a neighboring bipheny®2° Abbreviating “” for face and addition, the weak (fff) contact C becomes offset and the
“e” for edge, a double arerearene interaction can be specified additional (fiff) contactD emerges. The (fée) contacté&\ and
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B Contact: 10.8 kecal/mol

C Contact: 0.3 kcal/mol D Contact: 8.75 keal/mol

Figure 4. Each AMB molecule engages in two |g&) contact®A and two (flee) contact8 as well as two (ffff) contactsC and two (ffff)
contactsD. For comparison, the crystal structure of biphenyl (RT, BIPHEN) also contains planar biphenyls yei#) &nhd (ffff) contacts.

@ Web versions of the following structures are available: contacts A¥intml and@ pdb formats), B (in® html and@ pdb formats), C (in
@ html and® pdb formats), D (if® html and@ pdb formats), and bipheny! (i html and@® pdb formats) with ffee (in@® html and@ pdb
formats) and ffff (in @ html and@ pdb formats) contacts.

Figure 5. The dipole moments of the AMB molecules are additive in ¢tdirection. Dipoles are directed from “minus” to “plus”.

B and the (ffff) contactsC andD are shown in Figure 4, along  D. Hence, the degree of dipole alignment is about 53% of the

with the computed binding energies. maximal polar alignment (MPA). This corresponds to an angle
The arene-arene attractions result from van der Waals and of 58.1° between the directions of the molecular dipole moment

quadrupole-quadrupole forces. These interactions are supple- and the overall crystal dipole moment.

?n%n\tlzt:] ggr(:;\?::lésd;l?t?;itﬂgsgi?vczetilett;]Nee;r:attr?j ;’rli)zssgulgir:gtjre Interlayer Interactions. Each 2d layer igolar, with the

3illustrates well that the surfaces of the 2d layer are not “filled”, resilting dipole moment perpendicular to the layer surface, and

and the MeO and MeCO surfaces both feature ridges of Closelythzre 'SAth(;JS fa nattjhr.a : telndtencty :O ?tack thz(sj_et.lalyﬂalk.sptolallr
packed methyl groups. order. Aside from this electrostatic force, additional interlayer

Effective Molecular Dipole Moment. The computed dipole interac_tions occur an_d help to st._abilize the stacking mode. Figure
moment of AMB isx = 5.40 D. The direction of the dipole 6 provides another view of the ridges formed by_rows of methyl
moment does not coincide with the long axis of AMB. Instead, 9rouPs on both layer surfaces, and the illustration at the top of
the dipole direction greatly depends on the direction of the Figure 6 shows how these ridges interlock. Dashed lines are
carbonyl bond. Figure 5 illustrates the dipole moments super- drawn between methoxy O atoms and acetyl methyl hydrogens
imposed on all four molecular orientations. Since successive and also between the acetyl O atoms and the methoxy methyl
layers are rotated by 18@bout thec direction, only the dipole ~ hydrogens. The €H bonds are mildly polar, because of their
moment component along the direction contributes to the  connection to electronegative atoms or positively charged atoms.
crystal polarity. On the basis of the crystal structure and While not hydrogen bonds in the strong sense, these interactions
computed molecular dipole moment, we computed= 2.88 contribute to the stabilization of the intersurface interactfon.
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Chart 3. C—H---O Contacts CausingSyn Conformation
and the Directional Interlayer Bonding

--""'H“qHz
I _.-0

e Oy Oz,

I
H-CHz o]

O---e- H—CH; H,C—H
A% O
H—CH, HaC—H------- o
stacking of successive polar layers in opposite directions and

with the weakness of the interlayer interaction between surfaces
decorated with methoxy groups.

Conclusion

The unsymmetrical donetacceptor substituted biphenyt4
acetyl-4-methoxybiphenyl (AMB) crystallizes in the noncen-
trosymmetric space groupna2;. The crystal structure of AMB
features parallel alignment of essentially planar molecules in
the synconformation with molecular dipole moments of about
5.4 D and affords dipole alignment of about 53% of the maximal
polarity.

Within the parallel-aligned layers of AMB, each molecule
engages in double T-contacts and double face-to-face contacts,
Figure 6. Across the layer interface, each AMB molecule engages in much like in the crystal structure of the parent biphenyl. It is
two EN—CH,—H-:-O contacts with another molecule AMB. These this mode of lateral arerearene interaction that differentiates
interactions are responsible for tlsgn conformation and the direc- AMB from nBCB and DMACP. nBCB and DMACP feature

tionality of the layer stacking. twisted biphenyls and different degrees of longitudinal slippage
@ Web versions of the crystal structure@ html and@ pdb formats between neighboring biphenyls. In DMCAP, every-iN
are available. moiety of one molecule aligns with the PRPh moiety of

another, and there are no double aream=ne contacts at all.
nBCB features some slipped PE&N/Ph—Ph interaction as well
as some double arenarene interactions. HencAMB is the
first representatie of a class of polar organic molecular
materials that are based on the lateral double areaeene
interaction mode of the parent biphenyl

The quantum-mechanical calculations of the pair binding
energies show strong lateral intermolecular bonding of-82%
kcal/mol (contactsA, B, andD; Figure 4) and much weaker
pair binding along the long axis (contagt Figure 7). Since
the intermolecular acetylmethoxy interactions should be very
Figure 7. Perspectives of the ENCH,—H-+O contacts that contribute ~ Similar forsynrAMB and synMAP, we consider the high lateral
to interlayer bondingd(OCH,—H++-0=C) = 2.672 A andd(COCH— binding to cause the fundamental structural difference between
H--0) = 2.715 A. synAMB and synMAP. Parallel alignment can only be
@ Web versions of contact E (if® html and @ pdb formats) are preferred over antiparallel alignment if the arergene inter-
available. actions are so much better in the parallel-aligned form that they

can overcompensate for the disadvantage associated with

. . . dipole—dipole repulsion in the antiparallel form. The probability
Figure 7 shows a small piece of the crystal structure comprisedyq; this condition increases with an increase of the overall
of two pairs of biphenyls engaged in such an interaction. arene-arene interaction. This argument suggests thatétyl-

Itis these weak interactions that cause sgaconformation 4-methoxyriphenylalso might prefer parallel alignment in the
of AMB so that infinite chains can be formed. Moreover, the ¢q)ig state, and this hypothesis can be tested.
C—H:---O contacts are contained in seven-membered rings, and Tnhe formation of acety® methoxyH contacts has been
this arrangement causes the kink between the long axes ofigentified as the most likely reason for the adoption of siya
molecules in successive layers (Chart 3). The analysis of the .onformation, and these contacts contribute dicectional
crystal architecture suggests that one strategy to achievinginerjayer attraction. Hence, the analysis suggests that a reason-
perfect parallel alignment in thedirection entails the disruption  4pe and rational strategy to achieve a higher degree of parallel
of these directional bonding interactions. alignment in thec direction entails the disruption of these

With the recognition of the €H---O contacts between the  girectional bonding interactions. This hypothesis also can be
layers, one wonders about an alternative stacking of the 2d layersegted by suitable choices of donors and acceptors.

in such as way as to provide for-&---O contacts between
pairs of acetyl groups, as shown at the bottom of Chart 3. The  Acknowledgment. This work was supported in part by the
disadvantages of such an arrangement, however, lie with theUM Research Board, the MU Research Council, and the NIH

E Contact: 4.5 kcal/mol
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