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Planar 1,4-di-p-tolylbutane-1,4-dione was synthesized via one-flask ZnCl, Et;N-t-BuOH
mediated cascade condensation of 4-methylacetophenone and 2-bromo-4'-methylacetophenone. Non-
covalent interactions have been analyzed in the solid state from crystal analysis data. Moreover, the
hyperconjugation effects in this molecule and n-butane as model have been investigated and
compared employing the density functional theory (DFT) and potential energy scans.
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An understanding of the rotation barrier of organic compounds is fundamental for
structural theory and the conformational analysis and requires the consistent theoretical
models as well as experimental results to differentiate the steric and hyperconjugation
effects [1].

It is well known that a hyperconjugation in neutral hydrocarbons is a critical effect
for a prediction of possible conformers [2]. For example, the staggered conformer of ethane
is most stable. From potential energy (PES) scan of ethane, this had no connection to the
amount of electrostatic repulsions within the molecule. These results demonstrate that
Coulombic forces do not explain the favored staggered conformations [3]. Moreover, a
prediction of molecular structure in the solid and solution state is a key in the material
chemistry [4, 5] as well as in an investigation of the chiroptical properties of various
compounds [6, 7].

Single crystals of 1,4-di-p-tolylbutane-1,4-dione were grown from isopropyl alcohol by
slow solvent evaporation. The crystal structure from a crystallography analysis is displayed
in Fig. 1. The crystal system and space group was determined to be monoclinic and P2/n,
respectively. The aromatic p-tolyl moieties are located in a parallel to each other and
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partially overlapped. The dihedral angle between them is 0.00° was estimated from X-ray
analysis as well as from optimized structure using DFT. In addition, the energies (E;) of
intermolecular interactions in the D1-3 dimers were estimated employing the basis set
superposition effect. Due to the parallel structure, the strong face to face n--'w stacking and
C-H--m intermolecular interactions are found (dimer D1 in Fig. 1). For the D1 dimer, the
highest interaction energy was estimated to be -58.4 kJ mol”'. Moreover, a close side to side
C-H:-+O hydrogen bond

between the methyl and carbonyl groups is indicated, which connects the n--m stacked
structures (D2 in Fig. 1). For this dimer, E; of -22.9 kJ mol” was estimated. The D3 dimer
with lowest interactions energy of -8.0 kJ mol” connects only with a weak C-H--H-C
hydrophobic London dispersion force (Fig. 1).

D3

Fig. 1. Crystal structure (probability of ORTEP is 50 %) and intermolecular interaction
between the 1,4-di-p-tolylbutane-1,4-dione molecules

To explain the parallel structure of 1,4-di-p-tolylbutane-1,4-dione, the barriers of
rotation between the mid C9-C9’ (R1 rotation) and conjugated p-tolyl- carbonyl bonds (R2
rotation) in 1,4-di-p-tolylbutane-1,4-dione as well as n-butane C2-C3 bond as model
molecule were estimated using PES. For these calculations, high wB97X-D functional with
the London dispersion corrections and 6-31G(d,p) basis set with the polarization functions
on C and O atoms and hydrogen was used. First of all, from PES, most stable conformer of
this molecule is the same as that obtained from X-ray data. Secondly, the higher full
rotation barrier around the mid C9-C9’ (R1 rotation) in the molecule than in n-butane was
predicted to be 34.5 and 21.6 kJ mol™ in the gas phase, respectively, due to a higher steric
repulsion of the p-toluoyl than methyl moieties. However, the rotation barriers from the
stable staggered to gauche conformations of 1,4-di-p-tolylbutane-1,4-dione (R1) and n-
butane at angle of about 60° are 4.9 and 13.4 kJ mol™, respectively. Taking into account
that the steric repulsion of moieties is not influenced for this rotation, the hyperconjugation
effect in the n-butane is 2.7 times higher than in the 1,4-di-p-tolylbutane-1,4-dione case.
This effect is called a negative hyperconjugation [8]. For example, Murakami et al. reported
that boryl and silyl groups be-have as c-acceptors and prefer to rotate inward in the
cyclobutene ring-opening reaction despite the steric congestion [9]. For comparison, the
rotation between conjugated p-tolyl-carbonyl bonds (R2 rotation) was estimated.
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In this case, the barrier is 28.4 kJ mol™ when p-tolyl and carbonyl moieties are particular to
each other. In this case, it is possible to compare the energies in operation of
hyperconjugation and conjugation of carbonyl and phenyl moieties. The energy of R2
rotation is 5.8 times higher than rotation energy of negative hyperconjugated mid C9-C9’
(R1 rotation) was measured. In additional, vibrations between of angles using thermal
energy (i.e. k, T, where ky, is Boltzmann constant and T = 298 K) as a threshold of rotation
at room temperature were indicated to be +17° and +£33° for the n-butane/ R2 and R1
rotation of the corresponding molecule. Based on the theoretical and experimental data, the
intermolecular interactions parallel the 1,4-di-p-tolylbutane-1,4-dione structure in the solid
state because the interaction energies are much higher than the hyperconjugation effects.
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Fig. 2. PES scans of ground sates of 1,4-di-p-tolylbutane-1,4-dione
and n-butane (Line of k, T energy is shown in black line)

Because the negative hyperconjugation causes an elongation of the o-bond by
adding electron density to its antibonding orbital, the bonding highest occupied (HOMO)
and antibonding lowest unoccupied (LUMO) molecular frontier orbitals of 1,4-di-p-
tolylbutane-1,4-dione and n-butane were generated and analyzed (Fig. 3). An electron
density on antibonding LUMO is delocalised on the @~ of conjugated p-toluoyl and small
part of 6~ orbitals of hydrogen of the central ethylene fragment. However, in the n-butane
case, the electron density of LUMO exhibits on corresponding central ethylene fragment
due to hyperconjugation of the C2-C3 bond. Density of the bonding HOMO orbitals of 1,4-
di-p-tolylbutane-1,4-dione is delocalized on the n of carbonyl and o orbitals of central
ethylene fragment. This is well suited the negative hyperconjugation image.

In additional, a length of the central C9-C9’ bond was estimated to be same value of
1.518 A from X-ray data and DFT calculation, respectively. For comparison, the C2-C3
bond length of n-butane is 1.529 A at the wB97X-D/6-31G(d,p) theory level. Due to
accepting properties of p-toluoyl group, the C9-C9’ bond length is lower to be 0.011 A than
corresponding bond in n-butane as model molecule.
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HOMO

LUMO

Fig. 3. Frontier HOMO and LUMO orbitals of 1,4-di-p-tolylbutane-1,4-dione
and n-butane (isovalue is 0.032)

1,4-Bis(4-methylphenyl)butane-1,4-dione was obtained by the method close to
reported procedure [10].

Br
+ ZnCL/EtN/t--BuOH
Y o)
CH,CH,

Commercial anhydrous ZnCl, (0.14 g, 1.0 mmol) was placed into a one-neck, 25-
mL round-bottom flask and dried by melting under vacuum (10-20 torr) at 250-350 °C for
15 min. After cooling under vacuum to r.t., toluene (1.4 mL), tricthylamine (0.104 ml, 0.75
mmol), and ~BuOH (0.07 mL, 0.75 mmol) were successively added. The mixture was
stirred until zinc chloride was fully dissolved (approx. 2 h), and 4-methylacetophenone
(0.104 g, 0.75 mmol) and 4-methylphenacyl bromide (0.110 g, 0.5 mmol) were
successively added. The mixture was stirred for 1 h, allowed to stand for 4 days at r.t.,
quenched with 5 % aq H,SO, and filtered. Crystalline product were washed successively
with benzene, H,O and MeOH, and recrystallized from 2-propanol. The 1,4-di-p-
tolylbutane-1,4-dione was obtained as white crystalline mass (mp = 158—160 °C).

Details of the crystal analysis

A colourless chip crystal of C;gH;30, having approximate dimensions of 0.84 x 0.11
x 0.10 mm was mounted on a glass fibber. All measurements were made on a Rigaku
XtaLAB mini diffractometer using graphite monochromated Mo-Ka radiation. The data
were collected at a room temperature to a maximum 20 value of 55.0°. A total of 540
oscillation images were collected. The structure was solved by the SHELX97 method and
expanded using Fourier techniques. The non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were refined using the riding model. All calculations were performed
using the CrystalStructure crystallographic software package. For the intermolecular
interactions visualization, the Mercury 3.7 program was used. CCDC 1587824 contains 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/structures.
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Table 1
Data of crystal analysis of 1,4-di-p-tolylbutane-1,4-dione structure

Empirical Formula ClgHmO2

Crystal Color, Habit Colorless, chip

Crystal Dimensions 0.84x0.11 x0.10 mm

Crystal System/Lattice Type Monoclinic/Primitive

Lattice Parameters a=5.6184(10) A
b=06.482(11) A
c=20.08(3) A
B=97.25(2)°

3

V=17252) A

Space Group P21/n (#14)

Z value 2

Dealc 1.219 g/cm3

RI* 0.0744

wR2° 0.2459

?R1 =X |[Fo| - |[Fc|| / Z |Fo|.
bWR2 =[Z (w (Fo —Fc) Y EwFo)]

Details of the theoretical calculations

The geometry optimizations and single point energy calculations using density
functional theory (DFT) in vacuum at 298 K temperature were performed. The geometry of
the compound was optimized by the wB97X-D with the London dispersion corrections
functional method and 6-31G(d,p) basis set. The intermolecular interaction energies
between the molecules in dimers were estimated using the basis set superposition effect
(BSSE) concept [11] and at wB97X-D functional and 6-31G(d,p) basis set. The dimers of
molecule with intermolecular interactions from the X-ray analysis data were generated. The
potential energy (PES) scans of molecule were conducted by rotating the corresponding
moieties in steps of 10° from 0 to 180° employing the wB97X-D/6-31G(d,p) method. Full
optimization of geometries was carried out in PES calculations. All DFT calculations were
done with the Spartan’14 program in the gas phase [12].

The synthesized planar 1,4-di-p-tolylbutane-1,4-dione structure has been
investigated using crystal analysis and DFT. From the theoretical calculations, a main
reason of the structure planarization is intermolecular interactions in the solid state due to a
low influence of hyperconjugation.
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Potauiiini 6ap’epy B OpraHiyHHUX CHOJIYKaX € OJHUM 3 HAWTOJOBHIMIMX YWHHUKIB, SKi
BIUTMBAIOTh HA CTPYKTYPHI OCOOJHMBOCTI PEUOBHHH y TBEPIOMY CTaHi. B CBOKO uepry, mpocTopoBe
pO3MIIeHHsT Ta KOH(pOpMaLlisi MOJIEKYJ Y TBEpJOMY CTaHi BHpIIIAJIbHUM YHHOM BIUIMBA€ Ha (i3W4HI
BJIACTUBOCTI MatepianiB. O4eBUIHO, MO KOHPOpPMAIIHHUN aHali3 OpPraHiYHUX CIOJIYK € BaXKIMBUM
IHCTPYMEHTOM, HE TUIBKH Yy TEOPETHYHOMY IUIaHI, a i Mae MpaKkTHYHE 3HAUEHHS IS JOCIIJDKCHHS
B32€MO3AJICKHOCTI CTPYKTypa — BIACTHBOCTI. Y Wiif poOOTI MH OOCHTIIKyBajdH BIUIMB CTEPHUYHOTO
eeKTy Ta eQeKTy TinepKoH foranii Ha KOHPOPMAII0 MOAETbHOI conykd - 1,4-au-n-TominOyTaH-
1,4-miony. 3 mi€t0 MeTor0 OTpUMaHO 1,4-mu-n-ToninOyraH-1,4-1i0H 3a TOMIOMOTO0 OJHOPEAKTOPHOT
KackaJHOi KOHIeHcalii 4-meTmnaneTodeHoHy Ta 2-Opomo-4'-mermnanerodeHoHy, KaTai30BaHOL
kommiekcom  ZnCly Et;N-#-BuOH. Peakiiis  BinOyBaeThest mpoTsrom 4 JHIB 32 KIMHATHOI
TeMIeparypy. BUpomeHo MOHOKpHCTaI 3raIaHoro AiOHY TOBUIbBHUM BHIIAPOBYBAaHHSIM PO3UMHHUKA 3
po3uuHy i3ompomnanony. [IpoaHanizoBaHO HEKOBAJCHTHI B3aEMOJIi Y TBEPAOMY CTaHi, OMHPAIOYUCH
Ha JaHi PEHTreHOCTPYKTYpHOro aHamizy. [loOymoBaHo TeopeTwuHi Mozemi aumepiB 1,4-mu-n-
ToNinOyTaH-1,4-1i0Hy. 3poOJIEHO TOPIBHSAIBHUNA aHali3 e(eKTiB TimepKoH foramii A7 MOJEKYIT
OTPUMAHOTO AWKETOHY Ta OyTaHy 3 BHKOPUCTaHHAM Teopil ¢pyHkionamy rycturau (DFT) ta 3pi3iB
noreHnianeHOi eHeprii (PES). 3’sicoBaHo, MmO TOJOBHOIO TNPHYMHOK IUIAHAPHOCTI 1,4-1u-n-
TONiNOyTaH-1,4-1i0Hy y TBEpPIOMY CTaHi € IHTEPMOJEKYJSApHi 3B’SI3KM Y KPHUCTANiuHIM pemriTi, a
e(eKT TimepKoH foramii Bifirpae APYropsgHy poib. Bci TeopeTHYHI po3paxyHKH IPOBEAEHO 3
BUKOPUCTaHHSIM Tporpamu Spartan’14 B ra3oBiii ¢asi Ha piBHi Teopii ryctunu ¢yHnkuionany (DFT)
meroaom wB97X-D/6-31G(d,p).

Kniouosi cnoea: rinepkon’roranisi, 1,4-mi-napa-toninbyran-1,4-m1i0H, Teopis (GYHKIIOHATY
TYCTHHH, 3pi3H MOTEHIIaTbHOI €HepTii, pEHTTeHOCTPYKTYPHUH aHaIi3.
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