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Tetraphenylcyclopentadienone, due to its intrinsically low HOMQMO gap, has been suggested as

a valuable repeat unit in conducting polymers for nanoscale electronics. The HOMO and LUMO of
tetraphenylcyclopentadienone appear to be associated with the relevartitals of unsubstituted
cyclopentadienone. Using previously developed carbonylative coupling reactions, a series of tetraaryl-
cyclopentadienones was synthesized, accessing a range of substituents not previously available: The UV
vis spectra of these molecules were compared to their calculated wave functions and predicted transitions.
A quantitative structureactivity relationship was discovered that may greatly simplify prediction of
band gaps for oligomers and polymers built from these tetraarylcyclopentadienones.

Introduction materials for LED$or photovoltaics.In particular, the fulvalene
and cyclopentadienone scaffolds have been suggested as useful

Molecules that contain strongly absorbing chromophores not repeat unit$ due to the low HOMG-LUMO gap of these
only have found use as pigments and dyes, but are also of currentnonomers and subsequent reduction of the band gap upon the
interest as building blocks for low band gap conjugated increase of conjugation upon oligomerizatighCyclopentadi-
oligomers and polymers.Such materials are of particular enones in particular are also synthetic precursors of phenyienes,
interest for their use as “organic metafsas semiconductors
for use in field effect transistofsand as emissive or absorbing (4) Harrison, M. G.; Friend, R. H. IElectronic Materials The Oligomer

Approach Millen, K., Wegner, G., Eds.; Wiley-VCH: Weinheim, Ger-

many, 1998. Robertson, Mingew. Chem2006 45, 2338. Shih-Chun Lo,
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which are target materials for the same applications. It is SCHEME 1. Tetraarylcyclopentadienones Synthesized and
therefore highly desirable to obtain a detailed understanding of Parent Cyclopentadienone

the electronic structure of the tetraarylcyclopentadienone moiety, o 1a R=H
in particular the HOMG-LUMO gap, and how that gap can be b R=NO, o SN
. . .. 1c¢ R= C020H3
tuned by substitution of the aryl groups. Herein is presented aR O O O R 4d R=NHBoc
spectroscopic and molecular orbital study of a series of le  R=0CH; - @
substituted tetraarylcyclopentadienones (TACPDs). O Q ]; E;g:ﬁ
Recent developments in time-dependent density functional 1th R=Cl 2

theory!® have allowed predictions of electronic transitions of
conjugated oligomerX,although systematic errors arising from of 2 in the absence of a solid matfd%.Substitution of the
long-range electron correlation are problematic for longer cyclopentadienone ring with phenyl rings provides enough steric
oligomers’ However, if Cl calculations indicate that certain  bulk to prevent intermolecular interaction to the extent tret
transitions are primarily single-electron excitations, simple DFT is stable at modestly high temperatures, but will react at high
can in principle give reasonable predictions of the transition temperature when an appropriate dienophile is preSent.
energies. This has been demonstrated by several groups for a The UV—vis spectra of substituted TACPDs have been
diverse set of moleculéd Ab initio MO and DFT computations  recorded earlier, and the electronic transitions have been
were therefore performed to model these transitions, and toassigned to different valence-bond structures associated with
determine the level of theory required to predict the magnitude the exited state’® While VB theory is well-known for its utility
of the HOMO-LUMO gap. A clear relationship between the for describing reaction mechanisms and other circumstances
calculated electronic structure and the spectra was identified.where strict knowledge of electronic structure is not necessary,
These results not only add to the wealth of experimental datathe quantitative nature of molecular orbital (MO) theory and
reported by other group$,but also provide a more quanti- its derivation from first principles make it a better suited model
tative explanation of the substituent effects on the electronic for the analysis and prediction of electronic structure and-UV
transitions of TACPDs that may guide the design of TACPD vis transitions. A marriage of VB and MO theories has long
oligomers. been pursued due to the valuable and quantifiable predictions
There are few reported examples of TACPDs bearing of the two modeld®
electron-withdrawing groups, and any investigation of the effect  The purpose of this study is to readdress the electronic spectra
of substituents on the electronic spectra of TACPDs should of TACPDs by using an MO description of the ground and
include members of this class. The use of appropriate carbo-excited states which may quantitatively predict the observed
nylative coupling reactions has allowed access to previously phenomena. The relationship between the electronic properties
unreported TACPDs with a range of electron-donating or of the substituent, which could in principle be modeled as a
electron-withdrawing groups. This extended library of TACPDs function of group electronegativityor a Hammett linear free
has allowed investigation of the electronic properties, and in energy parametét,and the corresponding absorption maxima
particular the electronic transitions. were analyzed to find a quantitative relationship. To describe

Tetraphenylcyclopentadienoneld, first synthesized by
Dilthey and co-workerd? is a stable analogue of the very
unstable cyclopentadienoethat was not isolated until years

the effect of various substituents on thhié1Os of the TACPDs,
the correlations between the molecular orbitalslafand the
well-known parent compoung were established.

later by matrix isolation in argot?. The reactivity of the parent

compound can be explained by the presence of an antiaromatiqregyits and Discussion

valence bond (VB) structure (Scheme 1) as one of the primary

resonance forms, a model that has been supported by DFT Synthesis of Substituted Tetraarylcyclopentadienone®y
calculationst® The compound spontaneously undergoes an using carbonylative coupling reactions developed by Collfan,

intermolecular Diels Alder cycloaddition with another molecule

des Abbeg?® and van Leused followed by Knovenagel
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2005 123 062206.

(11) Salzner, U.; Karalti, O.; Durdags. J. Mol. Model.2006 12, 687.
Zade, S. S.; Bendikov, MDrg. Lett.2006 8, 5243. Fratiloiu, S.; Grozema,
F. C.; Koizumi, Y.; Seki, S.; Saeki, A.; Tagawa, S.; Dudek, S. P.; Siebbeles,
L. D. A. J. Phys. Chem. BR006 110 5984. Toivonen, T. L. J.; Hukka, T.
I. J. Phys. Chem. 2007 111, 4821.

(12) van Slageren, J.; Stufkens, D. J.; Zalis, S.; KleinJAChem. Soc.
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2007 111, 4436.
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Soc.1955 77, 60.
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Chem. Ber1985 118 3196.
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SCHEME 2. Synthesis of Series 1bh

NazFe(CO)4
™ e O
—>
3e, 3f, 3 \ 1
. e, 3f, 3g < R
PhCOCOPh O
« 1) TOSMIC, TBAI KOH, EtOH
40% NaOH Q O
H
* 1b-h
2) H;0
Br Pd/C, H2 3b, 3¢, 3h
Ca(OH),, (Boc),0
EtOAc 3d

condensation®, a variety of different TACPDs were synthesized raphy afforded TACPD4b—h. It should be noted that THF
to expand the library of UV vis data previously reported for ~ was substituted as solvent in the synthesislofto avoid
these compounds (Scheme 2). A convenient method of synthe-transesterification of the ester moiety with the solvent. Yields
sizing TACPDs involves the ethanolic potassium hydroxide- of the Knovenagel condensations were moderate to high in most
mediated Knovenagel condensation between a benzil and a 1,3€ases, and the products are stable for over a year if stored in
diaryl-2-propanoné34 The placement of substituents on the the solid phase. However, solutions of many of these compounds
aryl rings in 1 simply requires the use of appropriately decompose within weeks.
substituted benzils or 1,3-diaryl-2-propanones. Since Becker UV—Vis Spectroscopy of Tetraarylcyclopentadienones.
observed a greater shifting of the longest wavelength transition UV —vis spectra for the substituted TACPDs are shown in Figure
upon substitution of the 2- and 5-phenyl ring&substitution 1. All of the spectra were recorded in dioxane, at concentrations
of the 1,3-diaryl-2-propanone synthons was undertaken. of 0.02-0.04 mmol/L. Each spectrum was fitted by using a
Preparation and use of the Collman reagent toward the sum of Gaussian functiorf§the root-mean-square error of the
preparation of 1,3-diaryl-2-propanor@&om the corresponding ~ sum of Gaussians compared to the raw spectrum was minimized
benzyl bromides has been reported eafiefhe yields of3 as the height, width, anthax of each Gaussian was varied. The
were moderate to high when neutral or electron-donating sub- number of Gaussians used to fit each spectrum was determined
stituents were present, but low to zero when electron-withdraw- by evaluating the root mean square; if no appreciable improve-
ing substituents were present. Strict purification of all starting ment in the fit was observed upon adding an additional Gaussian
materials and solvents was necessary for the synthesis andunction, the next lowest number of functions was used.
reactions of NgFe(CO), toward the synthesis dde 3f, and The resulting absorption maxima are given in Table 1, along
3g. To avoid the poor yields of the Collman couplings that give Wwith the fitted extinction coefficients. All of the TACPDs
3b and 3c, which bear nitro and methyl ester groups, respec- exhibited three electronic transitions, which we have designated
tively, the tosylmethyl isocyanide-mediated carbonylative cou- as A' through 3. A fourth absorption maximumi?, was
pling methodology of van Leusen was used with benzyl observed for all of the TACPDs except fba and 1f. Each of
bromides bearing these strongly electron-withdrawing groups. these absorption maxima changed upon substitution of the para
Ketones3b, 3¢, and3h were synthesized by treating 2 equiv- positions of the 2- and 5-phenyl rings. The features at 210 nm
alents of 4-nitrobenzyl bromide, 4-methoxycarbonylbenzyl bro- in all of the spectra recorded were fitted in each spectrum by a
mide, and 4-chlorobenzyl bromide, respectively, with base and Gaussian function with dmax of 182 nm and a very large
tosylmethylisocyanide under phase-transfer conditions, followed extinction coefficient, which suggests they correspond to the
by acid hydrolysis of the resulting dibenzyltosylisocyanides. To dioxane solvent.
probe the effect of strongly electron-donating substituents on  The lowest energy transition?, exhibited a bathochromic
the optical spectra of TACPDs, an amino-substituted 1,3-diaryl- shift of 52 nm upon substitution of the electron-deficient
2-propanone was desired. However, the difficulty encountered TACPD, 1b, with aAlyax 0f 492.5 nm, to the electron-richd,
in preparing 4-aminobenzyl bromide necessitated an alternatewith a A'max of 544.7 nm. The extinction coefficients varied
route involving the reductive hydrogenation 8b, which from 1300 to 2000 L mal* cm™1, and showed no correlation
unfortunately gave a complex mixture of oligomeric products to the electron demand of the substituents. The second-lowest
that appeared to involve the condensation of the reduced amincenergy transitionsy?, exhibited a 53 nm bathochromic shift,

groups with the carbonyl groups. Addition of wir-butyl of larger energy, with increasing electron-donating capacity of
dicarbonate to the hydrogenation mixture did afford the Boc- the substituent, from 323.5 nm for electron-pddrto 376.1
protected diamin@&d in quantitative yield from3b. nm for electron-richld. The spectrum ofle had previously

The syntheses oftb—h were conducted with KOH in  been measured separately in isooctane and beAZewbjch
refluxing ethanol. Quenching the reaction with a mild acid allowed the observation of absorptions at 370 and 340 nm,

followed by simple aqueous extraction and column chromatog- respectively. In dioxane, two closely overlapping absorptions
at 375 and 329 nm were fit with the Gaussian functions. A

similar pair of absorptions was observed in dioxane Xdr

(25) Johnson, J. R.; Grummitt, Organic SynthesegViley: New York,
1955; Collect. Vol. Ill, p 806.
(26) Potter, R. G.; Hughes, T. 8rg. Lett.2007, 9, 1187. (27) Hu, Y.; Liu, J.; Li, W.Anal. Chim. Acta2005 538 383.
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FIGURE 1. UV—vis spectra ofLa throughlh in dioxane. The inset shows the visible region of the spectralangd for each compound.

TABLE 1. Absorption Maxima and Extinction Coefficients for UV/VIS Spectra of 1a—h

compd AMmad el A2max €2 A3max €3 Atmax e

la(R=H) 503.8 1410 331.6 7080 259.4 26000

1b (R=NOy) 492.5 1960 323.5 7260 321.1 14700 248.9 9530
1c(R= CO,CHjy) 496.0 1950 341.0 6720 284.3 35000 233.5 14900
1d° (R = NHBoc) 5447 1960 376.1 3060 277.9 25300 242.9 12100
1€’ (R= OCH) 539.7 1650 375.3 3160 276.5 7390 255.9 16800
1f (R = CHa) 518.1 1340 338.6 5330 262.2 23300

1g(R=Br) 513.0 1330 345.2 4620 271.1 10000 253.7 17100
1h (R=CI) 510.0 1910 330.7 7700 264.5 33800 231.7 3560

a Amax reported in nm, and in L mol~1 cm™2, P 1d andlealso exhibited absorptions at 328.5 and 319.7 nm with extinction coefficients of 3950 and 4250
L mol~1 cm™1, respectively.

which also bears electron-donating substituents. The large rangesolobaf® to the unsubstituted, and one that can be treated as
of A%max Observed in this set of TACPDs makes it clear that the “ligand group” surrounding. Both 2 and this structure with
this transition is affected by substituents on the 2- and 5-phenyl orthogonalr systems 1a(Cy,)) are defined by theC,, point
rings, contrary to what was claimed earl#d on the basis of group. The four frontierr MOs of cyclopentadienone are
a more limited set of spectra. Although all substituents shift depicted in Figure 2, as are the four fronteMOs of 1a(Cy,),
the 231ax 257 nm absorption of the unsubstituted TACRB which contain components of these MOs from the cyclopenta-
bathochromically, again contrary to previous clait¥fsa clear dienone core mixed with very small contributions of the
relationship betweei3,,x and both the position and electron- orthogonalr MOs from the pendent phenyl groups. A signifi-
donating capacity of the substituent was not evident in this larger cant gap exists between the highest occupied and the lowest
set of substituted TACPDs. It should be noted thafor 1b unoccupiedr MOs of 2 and1a(C,,) that places the electronic
initially appeared to be absent, but the broad absorption transition in the UV manifold. The HF/6-31G(d)//B3LYP/6-
maximum at~323 nm for1lb was fitted well by the sum of 31G(d) energies and geometries are shown for each of the MOs
two gaussians, one centered at 321 nm and the other at 323nvolved, and agree with previous experimental data2fét
nm. To develop a tool for quantitatively predicting the spectra  As the phenyl rings are rotated with respect to the plane of
of TACPDs, in particular the long wavelength transitidnthe the cyclopentadienone core, theorbitals of the two types of
molecular orbitals and electronic transitionslafand its parent  rings begin to mix. The orbitals and energieslaf shown to
compound?2 were calculated. the right of Figure 2 are for the minimum energy structure, in
Electronic Structure and Electronic Transitions of Tet- which the less sterically crowded 2- and 5-phenyl rings have a
raarylcyclopentadienones. TACPDs can be considered as 37° dihedral angle.wnh respect to the cyclopentadlgnone core,
perturbations of the cyclopentadienone crby substitution ~ @nd the more sterically crowded 3- and 4-phenyl rings have a
of each hydrogen with an aryl ring, which can potentially lower dinédral angle of 52 The gray lines indicate MOs dfa(Co)
the C,, symmetry of 2 depending on their orientation. To tha’g arise frgm small contributions of the cyglopentagllerwne
demonstrate this descent in symmetry, consilsubstituted ~ °rPitals mixing with the pendent pheny orbitals, while the
with four phenyl rings that are each perpendicular to the inner black lines indicate the frontier orbitals dfa(C;) that are
cyclopentadienone ring, such that the dihedral afigie 90°. (28) Hoffmann, R. Nobel Lecture, 1981.
This molecule consists of two orthogonalframeworks, one (29) Koenig, T.; Smith, M.; Snell, WJ. Am. Chem. So4977, 99, 6663.
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2 1a(Cay)

1a(Cy)

FIGURE 2. Correlation diagram of HF/6-31G(d) molecular orbitals
of 2, 1a(Cy,) and 1a(Cy). Left: Upon substitution of the cyclopenta-
dienone with orthogonal phenyl rings, the cardlOs remain nearly
isoenergetic. Rotation of the phenyl rings to allow interaction ofithe
systems destabilizes themfand Br while stabilizing the Ac*. Note

that the energy of the B orbital does not change significantly upon
interaction with the pendent phenyl groups.

predominantly derived from the cyclopentadienan®lOs. As
with many biaryl systems, the overlap between the adjazent
systems would reach its maximum when the two rings are
coplanar, but this places the neighboring phenyl rings into van
der Waals contact. The mixing of theorbitals of the pendent
phenyl rings destabilizes the &2HOMO (which is now At

in the C; point group), and at the same time it stabilizes two
other lower lying At MOs (indicated by the gray lines in Figure
2). This mixing also stabilizes, albeit to a much lesser extent,
the Blr* LUMO (now Bux in the C, point group) while
destabilizing two other higher lying B MOs. Two other
relevant cyclopentadienone MOs are also affected by the
interaction with the phenyt MOs; the occupied Bi is greatly
destabilized and the unoccupied #&2orbital is greatly stabi-
lized. The result is that these orbitals which were involved in
the high intensity but short wavelength transition®ibecome

JOC Article

interaction between the rings has a different effect on the
energies of what are the HOMO and LUMO fba(C,). Figure

4 shows that the HOMO is greatly destabilized asitlaystems
begin to interact, while the energy of the LUMO is essentially
unchanged. This is presumably the result of the relatively small
contribution of the phenyik orbitals in the LUMO, as can be
seen in Figure 2.

A thorough review of the UV-vis spectra of2 and its
theoretical description has been reported earlier along with other
fulvene-like molecule€® Two major absorption bands were
calculated at the INDO/S-CI level that matched observed
absorptiond? a relatively weak absorption from the HOMO
LUMO (A2w — BLlxz*) transition of B2 symmetry, as well as
a relatively strong HOMO— LUMO+2 (A2r — Blx*)
transition also of B2 symmetry. These results were reproduced
at the CIS/6-31G(d)//B3LYP/6-31G(d) level of theory, as shown
in Table 2. The lower energy transition of B2 symmetry
consisting of a HOMO—~ LUMO (A2 — BLlxz*) excitation is
the same as that found in the INDO/S model. However, the
stronger band was found at the higher level of theory to be a
mixed transition of A1 symmetry consisting primarily of the
HOMO-2— LUMO (B1lx — B1lx*) excitation mixed with the
HOMO — LUMO+1 (A27 — A2x*) excitation. Only seven
transitions were reported in the INDO study, so up to 30
transitions were calculated in the present study. In this larger
set of transitions, another was found consisting of a HOMO
LUMO+1 (A27 — A2x*) excitation, with a similar transition
dipole moment, and at a slightly higher energy. Since the
spectrum ofla has three absorptions, the identification of this
third transition in the parent compound served as a reference
point for the third transition present ite.

1a(Cy,) is predicted to have the same transitions arising from
the w MOs of the cyclopentadienone core as(Figure 2),
namely those consisting of the &2~ Blx*, Blx — Blx*,
and A2t — A2x* excitations, along with many higher energy
transitions associated with the phenyl rings. Again, the orthogo-
nality of thesr systems inla(Cy,) prevents significant mixing
of the central cyclopentadienone ringorbitals with those on
the pendant phenyl rings, which results in similar transitions to
those found fol; the slight destabilization of occupiedMOs
and the slight stabilization of the unoccupiedOs lower the
energies of the three transitions. The transition arising from the
HOMO-1 — LUMO (B2o — BLlx*) excitation is A2 and is
formally disallowed. The transition arising from the HOM®
LUMO+1 (A2r — B20*) excitation of B1 symmetry is
allowed, but is predicted to have a near zero probability in the
CIS/6-31G(d)//B3LYP/6-31G(d) model.

Whenlais relaxed toC, symmetry, the preferred geometry
at every level of theory examined, the same three major

close enough in energy that at least three transitions involving transitions are found at the CIS/6-31G(d)//B3LYP/6-31G(d)

these MOs move into the UWvis region.

Plots of the total energy dfa as a function of) as well as
the energies of the highest occupiea And lowest unoccupied
Bz* MOs are shown in Figure 3. To scan the relative total
energy as a function o, all four phenyl ring dihedrals were
constrained to be identical by the symmetry of the Z-matrix.
Despite this artificial constraint on the geometry Id, the
minimum energy agrees well with the fully optimized B3LYP/

level of theory. Since the mixing of the phenyl orbitals
destabilizes the highest occupied/Band A2t orbitals and
stabilizes the lowest unoccupied A2 orbital, the transition
energies are all calculated to be smaller than thoska(g,,).

The transition arising from the HOM©- LUMO (Ax — Bx*)
excitation remains present throughout the descent in symmetry
from 2, but becomes mixed with a transition from a lower lying
orbital of like symmetry (see the Supporting Information for

6-31G(d) geometry and other maxima correspond to expectedthe full listing of the excitations involved) that also contains

boundary conditionsta(C,,) exists as a local energy maximum,
and the total energy dfa rises rapidly a®) approaches zero,

which places neighboring phenyl rings in van der Waals contact.

Changing the dihedrad from orthogonality and increasing

significant phenyl and cyclopentadienaneverlap. The HOMO
— LUMO+1 (Anr — An*) and HOMO-1— LUMO (Bxz —

(30) Buemi, G.; Zuccarello, F.; Raudino, AHEOCHEM1981 76, 137.
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FIGURE 3. Phenylcyclopentadienone dihedral angular dependence of relative total energy and MOkedf: HF/63-1G(d) total energy dfa

as a function of the four dihedral anglés The maximum ap = 0° represents the lack of overlap between the core and phenyl rings. Right:
Highest occupied A& and lowest unoccupiedsB energies as a function @f. As the dihedral decreases from orthogonalty= 90°), the Az is
destabilized while the B* is nearly isoenergetic.
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FIGURE 4. Assignment ofA!, 12, and 43 to single electron excitations. Left: Effect of the phenyl substitution on the energies of the relevant
orbitals and thus transitions: energies of all transitions are lowered. Right: Effect on the orbital energies of electron-donating substiiaents on
phenyl rings: energies dft andA? are lowered, buf? is not necessarily lowered.

TABLE 2. Electronic Transitions Calculated with CIS/6-31G(d) Corresponding to Absorption Maxima

At A2x — Bla* @ A% Blx— Blx* A% A2m — A27*
E (kcal mol?) u° (D) ct E (kcal mol1) u (D) c E (kcal mol?) u (D) c
2 92.8 0.029 0.70 177.7 0.573 0.68 220.5 0.594 0.67
1laCs,) 74.9 0.057 0.69 162.9 1.099 0.60 182.4 1.372 0.28
1la(Cy) 73.9 0.069 0.65 116.9 0.697 0.62 161.3 0.888 0.35

aThree major absorption maxima and their corresponding primary single electron excitdlentric transition dipole moment in Debye<Coefficient
of indicated single electron excitation in overall wave function.

Bxr*) excitations mix, and give rise to a lower energy transition TACPDs studied. However, the level of theory required to make
that is primarily the lower energy A— Ax* excitation and a a quantitative prediction of the electronic spectrum had to be

higher energy transition that is primarily thexB— Bx* determined. The transitions were identified at the CIS/6-31G-

excitation, although the latter has significant mixing of several (d)//B3LYP/6-31G(d) level of theory, and in principle more

other MO excitations. accurate energies could be obtained from a configuration
Correlation of MO Energies and UV/Vis Spectra. To interaction computation that includes doubles, triples, and

correlate the computed transitions with those observed in the quadruples or a multiconfigurational self-consistent field cal-
spectra, computations were required on each of the eightculation such as a CASP32n which the active space includes
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FIGURE 5. Correlation of the observed and calculated electronic FIGURE 6. Correlation of the observed and calculated electronic

transitions ofla—h, using B3LYP/6-31G(d) calculated MO energies.  transitions ofla—h, using TD-B3LYP/6-31G(d) calculated excitation
energies.

the relevantr MOs. TDDFT could also be employed to calculate

the lowest relevant electronic transitions. However, since eachto within 5 nm?*2 The MOs oflawere calculated at the B3LYP/

of the three transitions identified involves one predominant 6-311+G(2d,p) level, and the HOMEGLUMO gap was found
single electron excitation, it is reasonable to expect that there to be 1 kcal/mol more accurate fbt, 0.5 kcal/mol less accurate

would be a correlation between the difference of the relevant for 4% and 3.5 kcal/mol less accurate faf. While it is
orbital energies and the observed transitions. reasonable to expect that the more complete basis set may give
more accurate MO energies for some if not all of the TACPDs
discussed herein, the error inherent in approximating electronic
transitions as single electron excitations may overwhelm this
benefit. Similarly, alternative functionals may give more accu-
rate energies, but this may not be reflected after the MO energy
gap approximation is made.

The observed!nax values show a linear correlation with the
HOMO—-LUMO gaps calculated fota—h, as can be seen in
Figure 5. The correlation was observed for the two levels of
theory performed, the HF/6-31G(d) and the B3LYP/6-31G(d)
methods. The correlation is best for the DFT method, with a

linear least-squares fit having &% value of 0.95, while for . .
; ’ At the B3LYP/6-31G* level, the two higher energy transi-
2
the HF methods, thB? value was 0.89. Higher levels of theory tions, 22 and 43, also show a straight-line dependence on the

couIc_i be expe_ctgd to give more accura_te orbital energies or more - 1~ied HOMO-£LUMO and HOMO-LUMO-+1 gaps,
detailed descriptions of the allowed optical transitions, but would

. . . . respectively. Not only do the values for each individual transition
not likely improve the fit of the experimental data to an extent )4y 5 well-behaved linear correlation with the computed MO
that would justify the computational expense.

gaps, but also all fall on the same line with a slope very close
To demonstrate this, TDDFT (B3LYP/6-31G(d)) computa- to one when plotted together, indicating that the DFT MO gaps
tions were carried out orla—1h to determine the three  are very good predictors of the actual UV/vis transitions across
electronic transition energies, and the linear least-squaresa large range of energies. A similar straight-line plot is obtained
correlation is 0.98, as is shown in Figure 6. While this is clearly with the HF computed MO gaps, but with larger systematic
a better correlation than that obtained for the simple DFT errors. The straight-line correlations observed suggest that the
method, the TDDFT methods required-80 times more three major electronic transitions féa—h, and by extension
computational time, despite the calculation of only the three 1a(C,,) and 2, are best described by the single electron
lowest energy transitions, which included orlly and 2. A excitations shown in Figure 4.
further comparison of the DFT MO method to the TDDFT A major goal of this study was to identify a computationally
shows that there is a larger systematic error in the DFT MO inexpensive method to predict the electronic spectra of TACPDs.
correlations; the largest computed error and average error forThe correlations described above can now be compared to the
At for the DFT MO method are 5.9 and 4.9 kcal/mol, VB models previously described by Becker and co-workers
respectively, while they are 2.9 and 2.0 kcal/mol for the TDDFT which proposed that the two longest wavelength transitions of
method. However, if the systematic errors in both methods are 1a correspond to the two charge transfer states depicted in
compensated for by performing linear correlations of both data Scheme 3, both of which eliminate the antiaromatic VB
sets foril, these errors are reduced to 1.2 and 0.5 kcal/mol for depiction of the ground state. The polarization of the CIS/6-
the DFT MO method and 1.1 and 0.4 kcal/mol for the TDDFT 31G(d) HOMO — LUMO excitation-derived transition is
method. Recent TDDFT methodological studies have shown thatconsistent with the polarization required fo¥ in Scheme 3,
the choice of functional and basis sém particular 6-31%G- and the same is true for the C1S/6-31G(d) HOMG~1LUMO

(2d,p)—can play a significant role in achieving high accuracy,

(32) Jacquemin, D.; Preat, J.; Wathelet, V.; PepE. A THEOCHEM
2005 731, 67. Jacquemin, D.; Preat, J.; Wathelet, V.; Fontaine, M.; Rerpe

(31) Andersson, K.; Malmgyist, P.-A.; Roos, B. @.Chem. Phys1992 E. A.J. Am. Chem. So2006 128 2072. Jacquemin, D.; Preat, J.; Wathelet,
96, 1218. Serrano-Andee L.; Roos, B. OChem.-Eur. J1997, 3, 717. V.; Perpée, E. A.J. Chem. Phys2006 124, 074104.
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SCHEME 3. Valence Bond Descriptions of Transitionsi! and 42
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TABLE 3. Electronic Transitions Calculated with Modeling of - Although no 3- or 4-phenyl-substituted analogues were syn-
Solvation CIS/6-31G(d) Corresponding to Absorption Maxima with thesized in the current study, computations of such analogues
Average (unsigned) Errors in kcal mof™ and Largest Unsigned for which spectra had previously been recorded gave similar
Error in Parentheses P . P y : g .

results to thela—h series (see the Supporting Information).
While the DFT MO correlation to observed spectral absorp-

A A2g — A% Blmr— A3 A27g —

Bl @ Bl A7 ' ) TR .
RS 2869) 2702 10D tions is quantitative in nature, the simple and very elegant VB
SCRF B3l YP/6-31G* 4.9 (6.0) 43 (9'.0) 10 (2-.7) models described earlier are useful in making qualitative

predictions, and the buildup of positive charge on the pendent

& Three major absorption maxima and their corresponding primary single phenyl rings in each VB description of the electronic transitions
electron excitation. suggests that, as observed, electron-donating groups will stabilize
the excited state while electron-withdrawing groups will desta-
bilize the excited state, thereby blue-shifting the transition. This
is exactly what is observed in th&éa—h series, and it is

120

"1 * * ‘. , reasonable to search for a simple parameter that captures the
Tt s R*=02738 electron demand of the substituents as a model for the transition
£ energies, and by extension, the HOMOUMO gap in these
£ . materials.

§ . . - The plots oft1nax versus either Hammeitvalue$® or group

g . R™=07433 3 electronegativitie® gave random scatter, which suggested that

E . .2 the substituents were playing a greater role than just an inductive

[ Y perturbation of the MOs involved in the transition. The

8 ' paramete® has been determined for different substituents in
60 the ionization of phenyldimethylchloromethane where a formal

n———r-"""—"‘—’_’_‘ positive charge is present at tigso carbon. Such a positive
_  R*=0.8399

charge resembles those in the charge transfer states shown in
4 08 06 04 02 0 02 04 06 08 1 Scheme 3. A plot ob™ versus thellmax values is shown in
o Figure 7, and although the correlation is not as precise as for
the DFT MO method, it is still accurate enough to provide a
rough prediction of the HOMGLUMO gap for a TACPD
substituted at the para positions of the 2- and 5-phenyl rings.
excitation-derived transition polarization and that required for The VB model also suggested that a charge transfer was
A2. Thus, as has been stated earlier the valence bond versusvolved inA?, and Figure 7 also shows a reasonable correlation
molecular orbital theory dilemma is in fact an ill-posed one, betweens* values and the observéémax for La—h. A similar
and should be replaced by the notion that they are complimen-plot for the 13y, values shows no such correlation, however.
tary 19 Examination of the MOs in Figure 2 shows that the BUMO
Given the polarization suggested by the VB depictions and has relatively little contribution from the pendent phenyl ring
calculated at the CI and TDDFT levels, it is reasonable to s orbitals, and as a result, the energy of this orbital changes to
consider the effect of solvation on the energies of the electronic a lesser extent upon substitution of those phenyl rings. The other
transitions. SCRF B3LYP/6-31G* calculations were carried out three relevant orbitals, theBHOMO-1, the Ar HOMO, and
on la—h, and the results are shown in Table 3. Modeling of the Az* LUMO +1, have energies that change more upon
the solvation with the SCRF method did not improve the fit of substitution of the pendent phenyl rings. The result is ftat
the MO energy differences to the electronic transition energies and A2, which both involve excitation from a variable-energy
appreciably. The straight-line correlation did improve slightly MO to the relatively constant LUMO, show a stonger depen-
upon inclusion of the solvation effects, increasikfgrom 0.978 dence on the phenyl substituents than digsvhich involves
to 0.984. Overall, this does not appear to be a significant enoughan excitation from and to MOs whose energies vary with
improvement in the predictive power of the MO energy substitution. This is shown in Figure 4, in whithis substituted
differences to justify the computational cost. with electron-donating substituents to give a gengxici! and
In the smaller set of TACPDs Becker and co-workers A2 both decrease buf remains constant.
examined, the VB model was proposed because substitution of
the 2- and 5-phenyl rings predominantly shifted the high Conclusions

wavelength absorptioit and substitution of the 3- and 4-phenyl The dark purple color of the TACPDs arises from the very

rings predominantly shifted®. By examining a larger set of  proad visible absorption band around 510 nm that has been
substituents, including some electron-withdrawing groups,

perturbations of all three major transitions were observed. (33) McDaniel, D. H.; Brown, H. CJ. Org. Chem195§ 23, 42.

FIGURE 7. Correlation of observed electronic transitions with.
Correlations are found fot! andA?, but not forA3.
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represented by a formal charge transfer absorption. CIS acetate in hexanes on silica) and subsequent recrystallization in
computations determined that this transition consists primarily €thanol and ethyl acetate provided the desired ketone (0.518 g, 62%,
of the HOMO to LUMO single electron excitation, and the good Mp 139°C). *H NMR 6 7.99 (d,J = 8.6 Hz, 4H), 7.21 (d) = 8.6
correlation of the DFT computed HOMELUMO gap with the ~ HZ, 4H), 3.91 (s, 6H), 3.80 (s, 4HYC NMR 0 203.7, 166.8, 138.7,
observed absorptions dfa—h corroborated this assignment. 12290'29123567’552%1'1§fczégFT1'53§n§§t’12?623?2541823‘51178071'2%’7 10
Similar correlations of computed MO energy gaps to observed P S on o P e ol e

. . . .~ 1100.14, 1052.23, 1017.73, 964.64; PCIM& (- 1)/z calcd
absorptions allowed assignment of two other electronic transi- 357 1154 found 327.1.

tions to single-electron excitations. The use of this model IS 1 3-Bis(4-tert-butoxycarbonylamino)phenyl)propan-2-one (3d).
computationally less demanding than Cl or CAS computations 1 3-Bis(4-nitrophenyi)-propan-2-one (0.020 g, 0.067 mmol), Pd/C
of the electronic transitions, and can serve as a relatively rapid (0.014 g, 10 wt %), and diert-butyl dicarbonate (0.100 g, 0.458
screen for determining the shifts of TACPD HOMQUMO mmol) were dissolved in 15 mL of ethyl acetate, to which 0.243 g
gaps arising from substitutions on the aryl rings, or in principle (3.28 mmol) of Ca(OH)was added. The reaction was agitated in
band gaps of larger molecules for which more detailed @ Parrshaker for 18 h under 58 psi of. €olumn chromatography
computations would be prohibitively costly. Perturbation and (hexanes on silica gel) gave the desired product (0.027 g, 99.9%,

prediction of their HOMG-LUMO gaps are advantageous if mzp i%o%):g' (’t\>|r'\/|sR 26H7)'33? ég*‘(]S:fH‘)‘ '125;“?5) zé)F-SP;.(;dli I\=/|F§.64
these TACPDs are to be used as electronic materials. Thoughzof’3 0. 1527 1373 130.0 1285 118.8 483 28.3- FTIR {em

the production of high molecular weight oligomers is still under neat) 3329.69, 2926.12, 1717.64, 1699.84, 1593.93, 1520.14,

study, they may have utility as electronic materials due pri- 456,90, 1413.86, 1391.91, 1366.25, 1317.50, 1231.95, 1152.17,
marily to the tunable nature of the HOM@UMO gap of the 105144, 1051.44, 1018.35, 830.09, 771.11, 659.79, 503.45, 403.46;

monomer. HRMS (m + Li)/z calcd 447.2489, found 447.2466.
2,5-Bis(4-nitrophenyl)-3,4-diphenylcyclopenta-2,4-dienone (1b).
Experimenta| Section 3b (0156 g, 0.520 mmO'), benzil (0471 g, 2.240 mmol), and

potassium hydroxide (0.039 g) were dissolved in 10 mL of ethanol

1,3-Bis(4-nitrophenyl)-propan-2-oné* (3b). 4-Nitrobenzyl bro- and the solution was brought to refluxrf@ h prior to cooling to
mide (0.956 g, 4.425 mmol), tetrabutylammonium iodide (0.186 room temperature and quenching with saturated ammonium chloride
g, 0.504 mmol), and tosylmethylisocyanide (0.432 g, 2.213 mmol) in 0.5% HCI. The aqueous layer was extracted with three portions
were dissolved in 50 mL of methylene chloride and the solution of hexanes. Flash chromatography (5% ethyl acetate in hexanes)
was stirred vigorously until the additives were completely dissolved. yielded 1b as a bright purple crystalline solid (0.199 g, 81%, mp
After 5 min, 20 mL of 40% aqueous NaOH was added and the 245°C). IH NMR 6 8.10 (d,J = 9 Hz, 4H), 7.41 (dJ = 9 Hz,
reaction mixture was stirred as rapidly as possibledfd prior to 4H), 7.34 (t,J = 7.5 Hz, 2H), 7.24 (tJ = 7.5 Hz, 4H), 6.91 (dd,
neutralization with HCI. The resulting mixture was transferred to J= 8 Hz, 1 Hz, 4H)13C NMR ¢ 197.9, 157.5, 146.9, 137.0, 131.7,
a separatory funnel and extracted with three portions of methylene 130.8, 129.7, 129.0, 128.6, 124.2, 123.3; FTIR (neat,$8065.05,
chloride. Solvent was removed from the combined organic layers 2924.86, 2849.55, 1708.99, 1591.87, 1511.00, 1441.65, 1338.56,
and dissolved in 8 mL of methylene chloride. HCI (1.0 mL, 50%) 1307.07, 1114.41, 862.99, 745.92, 718.01, 697.11; HRMS-(
was added and the resulting red solution was stirred for 30 min. Li)/z calcd: 481.1376, found 481.1357.
The hydrolysis was quenched with aqueous sodium bicarbonate 2 5-Bis(4-methoxycarbonylphenyl)-3,4-diphenylcyclopenta-
and partitioned between water and methylene chloride. The organic2, 4-dienone (1c). 3¢0.119 g, 0.365 mmol), benzil (0.102 g, 0.485
layer was removed and the aqueous layer was extracted with threemmol), and potassium hydroxide (0.025 g) were dissolved in
portions of methylene chloride. Chromatography (methylene chlo- 10 mL of THF and the solution was brought to reflux ®h prior
ride on silica gel) followed by recrystallization from ethanol/ethyl to cooling to room temperature and quenching with saturated
acetate gave the desired product (0.379 g, 57%, mp-178°C). ammonium chloride in 0.5% HCI. The aqueous layer was extracted
H NMR ¢ 8.21 (d,J = 8.8 Hz, 4H), 7.34 (dJ = 8.8 Hz, 4H), with three portions of hexanes. Flash chromatography (5% ethyl
3.93 (s, 4H);C NMR ¢ 201.9, 147.4, 140.4, 130.5, 123.9, 49.0; acetate in hexanes on silica) yieldbelas a bright purple crystalline
FTIR (neat, cm?) 1719.94, 1598.68, 1507.55, 1407.68, 1342.06, solid (0.084 g, 71%, mp 263205 °C). IH NMR ¢ 7.91 (d,J =
1214.37, 1177.94, 1108.83, 1051.83, 1017.22, 855.29, 826.77,8.2 Hz, 4H), 7.31 (dJ = 8.3 Hz 4H), 7.26-7.30 (m, 2H), 7.19 (t,
790.06, 736.43, 707.67, 656.61, 631.25; PCINMSH 1)/z calcd J=7.5Hz 4H), 6.91 (ddJ = 8.5 Hz, 1 Hz, 4H), 3.89 (s, 6H}:C
300.0746, found 300.2. NMR 6 198.9, 166.8, 156.1, 135.2, 132.4, 130.0, 129.2, 129.1,

1,3-Bis(4-methoxycarbonylphenyl)propan-2-on® (3c). Meth- 129.0, 128.9, 128.2, 124.9, 52.0; FTIR (neat, €m2949.94,
yl-4-(bromomethyl)benzoate (1.169 g, 5.103 mmol), tosylmethyl- 1730.17, 1706.79, 1604.17, 1435.12, 1406.20, 1274.84, 1186.27,
isocyanide (0.483 g, 2.47 mmol), and tetrabutylammonium iodide 1101.38, 1074.02, 1018.52, 959.01, 863.85; HRMSHLi)/z calcd
(0.231 g, 0.625 mmol) were dissolved in 35 mL of methylene 507.1784, found 507.1777.
chloride and the solution was stirred as rapidly as possible until it 2 5-Bis(4-(ert-butoxycarbonylamino)phenyl)-3,4-diphenylcy-
was completely homogeneous. After 5 min, 20 mL of 40% aqueous clopenta-2,4-dienone (1d). 3¢0.104 g, 0.264 mmol), benzil (0.115
NaOH was added slowly to maintain the high stirring rate. The g, 0.547 mmol), and potassium hydroxide (0.011 g) were dissolved
reaction was stirred vigorously ff@d h prior to neutralization with in 10 mL of ethanol and the solution was brought to reflux for 2 h
HCI. The resulting mixture was transferred to a separatory funnel prior to cooling to room temperature and quenching with saturated
and extracted with three portions of methylene chloride. Solvent ammonium chloride in 0.5% HCI. The aqueous layer was extracted
was removed from the combined organic layers and dissolved in 8 with three portions of hexanes. Flash chromatography (5% ethyl
mL of methylene chloride. HCI (1.0 mL, 50%) was added and the acetate in hexanes) yieldddl as a bright purple crystalline solid
resulting red solution was stirred for 30 min. The hydrolysis was (0.049 g, 30%, mp 137C).'H NMR 6 7.20-7.25 (m, 6H), 7.14
quenched with aqueous sodium bicarbonate and partitioned betweery.19 (m, 8H), 6.91 (dd) = 8.3 Hz, 1 Hz, 4H), 6.44 (br s, 2H),
water and methylene chloride. The organic layer was removed and1.50 (s, 18H)3C NMR ¢ 200.9, 153.7, 152.5, 137.6, 133.3, 130.8,
the aqueous layer was extracted with three portions of methylene129.2, 128.3, 128.0, 125.5, 124.4, 117.9, 74.7, 28.3; FTIR (neat,
chloride. Two column chromatographic purifications (10% ethyl cm™%) 3362.22, 2975.29, 2930.17, 1706.62, 1585.65, 1518.83,
1455.04, 1408.19, 1392.32, 1366.39, 1316.44, 1230.19, 1152.31,
(34) Campaigne, E.; Edwards, B. E.Org. Chem1962 27, 3760. 1084.12, 1051.61, 1027.15, 846.49, 769.07, 730.46, 702.37; HRMS
(35) Inaba, S.; Rieke, R. OJ. Org. Chem1985 50, 1373. (m + Li)/z calcd 621.2941, found 621.2913.
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Computational Details. Geometry optimization of the cyclo-  optimized parameters from this structure were then held fixed while
pentadienones was carried out with the Gaussian 03 softwareall four of the pendent phenyl rings were rotated fréns 90° to
packagé® at the B3LYP/6-31G(d) level of theoRy,and the minima 0° to generate the energy plot in Figure 3.
were confirmed by the presence of no imaginary frequencies in
frequency calculations. Singl_e point energies were then (_:al_culated Acknowledgment. We thank the University of Vermont for
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calculation of integrals. The symmetry enforced structurd af
(Cz,) was optimized by a symmetry-constrained Z-matrix. The  Supporting Information Available: Complete ref 25; NMR
spectra; UV-vis spectra of novel compounds; detailed description
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(38) Roothan, C. C. Rev. Mod. Phys1951, 23, 69. the HF method and tetraphenylcyclopentadienones substituted at
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