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The aim of this theoretical study is to provide an in-depth interpretation of the\i8/absorption spectra

and electrochemical data of two series of 2,5-dipyridyl- and 2,5-dithienylphosphole derivatives containing
0% or o*-P atoms. The geometric and electronic structures of those phosphole-contagongugated systems

were investigated using density functional theory (DFT). To assign the absorption peaks observed in the
UV —vis absorption spectra, we computed the energies of lower-lying excited states within the adiabatic
approximation of time-dependent DFT (TDDFT). All DFT calculations were performed using the B3LYP
functional and the split valence plus polarization SV(P) basis set. To elucidate stryatoperty relationships,

we studied in a systematic way the influence of different structural modifications on the electronic structure
and emphasized the corresponding consequences for the electrochemical and optical properties. More
specifically, we considered successively the influence of pyridyl and thienyl substituentscafpthstion,
flattening of the P atom, oxidation of the P atom by elemental sulfur, and fusion of a saturated six-membered
ring onto the phosphole core.

Introduction atoms. These authors made several structural variations for
tuning the Ph’s electronic properties and elucidating the
structure-property relationships. For example, heteroaryl sub-
stituents such as pyridyl and thienyl were introduced at the
o-position (the 2,5-positions) of the Ph ring in conjunction with

a variation of the size of the fused carbocycle and the
substituents on phosphorus. Finally, chemical modification of
the nucleophilic P atom was performed. Crystal structures;yUV

vis absorption and fluorescence spectra, and electrochemical data
of those compounds were abundantly reported. Nsafla

sm-Conjugated organic oligomers and polymers are showing
increasing potential as active components for a wide range of
semiconducting devicésncluding field effect transistor&light-
emitting diode? (LEDs), and photovoltaic componerftdhe
electrical and optical behavior of these materials originate from
their typical geometric and electronic structure; hence, their
electronic and optical properties could in principle be fine-tuned
by manipulation of their chemical structure. For example, the

width of the energy gap, which determines the optical properties performed ab initio calculations on the parent molecules and

of LEDs, can be changed upon chemical substitution. Be‘Causediscussed the energetics of different possible conformers of 2,5-

quantum mechanical methods are able to reliably describe SUChdiheteroar Iphospholes as well as the geometric and electronic
structure-property relationships, they are of great help when yipnosp 9

designing materials with enhanced (opto)electronic propéities. structure of 2,5-dithienylheterocyclopentadienes and derivatives.

Five-membered heterocycles such as pyrrole and thiopheneAnalyS'S of the electronic structure data was however restricted

have widely been used as building blocks for the design of well- to the hl_ghest occupied mo'ecu'af orbital (.HOMO) and lowest
defined linearzr-conjugated oligomers and polymers. Also, unoccupied molecqlar orbital (LUMO) energies. Some strueture
phosphole (Ph), the P analogue that possesses a uniqu(g;roper‘[y rglatlonshlps of these model comppunds were suggested
geometric and eiectronic structure, has recently attracted more2" the basis of the abovefme_nnoned experimental and th(_eoret|cal
attentiol¥—8 as a promising building block for the engineering plata. T_he ThPhTh derlvatlves appeared o be part_|cularly
of 7-conjugated systems with a chemically tunable energy gap. interesting, as their optical gnd electrochemical properties vary
In contrast to pyrrole and thiophene, ®Pk a nonplanar and over a wide range dependlng on the nature of the phosphorus
nonaromatic five-membered ring si;wce it contains a rigid moiety. These properties prompted them to prepare correspon-

pyramidal tricoordinated phosphorus atood-P atom), which il_’19 polymers by electrooxidation. Nevert_heles_s, several ques-
prevents strong cyclie-conjugation between the phosphorus tions related to structureproperty relgthnshlpg were not
lone pair and thecis-1,3-butadiene unit. In oligomers or answered ygt. For example,we did not T'nd N previous papers
polymers, the Ph P atom however retains a versatile reactivity an e_xplanatlo_n for the opposite .effeCt n the_a_b_sorptlon spectra
which thus offers an interesting possibility of tuning their (opto)- \Q/Itz;; mgngglngﬁllfi?d thienyl series when oxidizing the P atom
electronic properties by chemical modification. y i ' . . .

In this context, Rau and co-workefs® prepared and The aim of the present work is to provide an in-depth

evaluated the photophysical and electrochemical properties of Nt€rpretation of the UV-vis absorption spectra and electro-
two series of 2,5-dipyridylphosphole (PyrPhPyr) and 2,5- chemical data of the two series of PyrPhPyr and ThPhTh

dithienylphosphole (ThPhTh) derivatives containisfgor o*-P derivatives obtained by Ret and co-worker$.® To assign the
absorption peaks, we computed the vertical lower-lying excited

* To whom correspondence should be addressed. Fax: 32-16-32 79 92.States. Furthermore, the redox potentials were related to the
E-mail: minh.nguyen@chem.kuleuven.ac.be. inherent electronic structure rather than ascribed to the electron-
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rich or electron-poor character of the substituents. The following ﬂ /A — N\ s
strategy was used to elucidate structtpeoperty relation- P M Q—@
ships: we studied in a systematic manner the influence of \ \ N \
different structural modifications on the electronic structure, and Ph
from there, we derived the consequences for the electrochemical

and optical properties. We paid particular attention to the

influence of pyridyl and thienyl substituents at theposition, — s / s
flattening of the P atom, oxidation of the P atom using elemental 7NN \ \ / P \ /
sulfur, and fusion of a saturated six-membered ring onto the =N P\ N \

Ph core.

PhPyr PhTh

PyrPhPyr ThPhTh

. . Figure 1. Molecules considered include Ph, PhPyr, PhTh, PyrPhPyr,
Computational Details and ThPhTh.

Geometric and electronic structures of the considered Ph- TABLE 1: Influence of o-Substitution on the Geometry of
containingz-conjugated systems were investigated making use the Ph Core
of density functional theory (DF T Lower-lying excited states Ph PhPyr PyrPhPyr PhTh ThPhTh
were computed within the framework of the adiabatic ap- ~gym ¢, c C. C C.
proximation of time-dependent DFT (TDDFP.All DFT Ph core
calculations were performed using the B3LYP functional and p_ca 1818 1.817/1.899 1.827 1.816/1.842 1.841

the split valence plus polarization SV{Ppasis set. C=C 1360 1.363/1.370 1.373 1.361/1.371 1.373
As shown in our previous study on Ph monomérs C-C 14el 1.452 1.443 1.452 1.442

combination of both geometric (Julg index, JI) and magnetic CPX 2(?%'47 2093'14 2093'71 %ggf (2)8%5

(nucleus-independent chemical shift, NICS) criterialeadsto an et 55 —42 -30 —43 o8

interesting approach to analyze thelectron delocalization in Interrin

conjugated heterocyclic systems. Because we are considering . 37 gl 16.7 14.4

a-substituted heteroarylphosphole derivatives, the interring bond ¢ a 1.465 1.464 1.450 1.447
distances dc,) are also taken into account in order to reflect
the strength ofr-electron conjugation between the Ph core and
the heteroaryl substituents.

The JI*is defined in terms of the deviations of the individual
C—C bond lengthsr() from the mean carboencarbon bond
length ¢) and constitutes a measure of the bond length ~We have optimized the geometry of the syn 2-pyridylphos-
alternation f-electron conjugation) in theis-1,3-butadiene unit. ~ pholes (PhPyr) and the anti 2-thienylphospholes (PhTh) with
Accordingly, thez-conjugation along theis-1,3-butadiene unit ~ no symmetry C), whereas the syn 2,5-dipyridylphospholes
will be more pronounced if the JI becomes closer to one. The (PyrPhPyr) and the anti 2,5-dithienylphospholes (ThPhTh) were
Jlis influenced by both the aromaticity of the Ph core and the optimized withinCs symmetry. Above-mentioned structures are
linear z-conjugation toward the heteroaryl substituents. presented in Figure 1. Table 1 records the influence of

In the NICS approack the absolute magnetic shieldings are @-Substitution on the geometry of the Ph core.
computed at the ring center (nonweighted mean of the heavy '€ pyridyl and Ph rings are computed to be nearly coplanar,
atom coordinates). With respect to the familiar NMR chemical Whereas a small deviation from coplanarity (aroun) iSfound
shift convention, the sign of the computed values is reversed: P€tween thienyl and Ph. Heteroaryl substitution attfgosition
negative NICS values denote aromaticity; the more negative ©f Ph is found to lengthen the-fC bond and to increase the
the NICS value is, the more aromatic the system is. As a n-c_onjugatlon over thesls-l,s-butat_zhgne unit, as rgflected in
reference point, we would like to mention the NICS value for @n increase of the JI. The aromaticity of the Ph ring weakens
benzene, which amounts t10.5 ppm. The NICS values were as shown_ by a less negative NICS value. This |nd|_cates that
computed making use of the GIAO-HF/6-311G* metHé@he the sz-conjugation toward the phosphorus atom (cyaticon-
Turbomole prograd® was employed for optimizing molecular ~Jugation) weakens as a result afconjugation toward the
geometries and calculating lower-lying excited states, whereasheteroaryl substituents (linearconjugation). Both Jl and NICS

the Gaussian 98 prografwas used in computing NICS values. Vvalues also show that the-conjugation over thecis-1,3-
butadiene unit becomes more pronounced for disubstituted

phospholes (PyrPhPyr, ThPhTh) as compared to the monosub-
Results and Discussion stituted ones (PhPyr, PhTh), which is as expected, taking into

account the more extended linearconjugation. As a matter

Influence of Heteroaryl Substituents.Geometric Structure. of fact, the interring bond distanced,) between thienyl and

Solid state structure analysis revealed the pyridyl rings of Ph is smaller than that between pyridyl and Ph. Moreover, the
PyrPhPy# derivatives to have a syn arrangement with respect lengthening of the PC bond and the pyramidality of the P
to the central Ph ring. In contrast, the lowest energy conforma- atom, as reflected by thECPX value, is more pronounced in
tion of ThPhTH derivatives was found to be the anti arrange- thienyl derivatives. Therefore, we concur with the conclusion
ment. The simplicity of the'3C NMR spectra of those 2,5- of Nyulasz® that the most effective linear-conjugation is
diheteroarylphospholes favors symmetrical structures. However,achieved in thienyl-substituted phospholes (PhTh, ThPhTh).
the theoretical calculations performed by Nya#& have shown Electronic StructureThe valencer-MOs of PhX and XPhX
that the energy differences between possible conformers arewith X = Pyr(idine) or Th(iophene) are formed by allowing
small and barriers to rotation are rather low {16 kJ/mol) in the 7-MOs of Ph and X to overlap. The UWis absorption
those compounds. spectrum basically results from* < transitions. The wave-

aBond lengths are given in Angstronts_argest value corresponds
with the substituted sidé.Bond and dihedral angles are given in
degrees? NICS values are given in ppm.
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Figure 2. Orbital interaction diagrams describing the formation of the L . : " .
frontier MOs of (a) PhPyr and (b) PhTh. Figure 3. Orbital interaction diagrams describing the formation of the

frontier MOs of (a) PyrPhPyr and (b) ThPhTh.
length of absorption Amay) then forms a measure of the
separation of the energy levels of the orbitals concerned. The The HOMO-1 orbital energy of Pyr is at7.2 eV and lies
electronic excitation energy is related to the wavelength of g g eV lowerin energy than the HOMO of Ph, which is-e8.4
absorption by eV. The HOMOs of Ph and Th have very nearly the same
119x 10° energy. Because MOs interact less strongly as their energies
—— diverge, the HOMO energy of PhPyr is less raised and lies 0.3
A (nm) eV lower than the HOMO energy of PhTh. The LUMQ

The energy gap between both frontier orbitals, the HOMO, and orbital of Pyr and the LUMO orbital _of Th hqve similar energies.
the LUMO gives a rough estimate for the lowest electronic They are 0.7 and 0.9 eV, respectively, higher in energy than
excitation energy. the LUMO of_Ph, which is at-1.2 eV. As a consequence, the
Orbital interaction diagrams that describe the formation of LUMO energies of PhPyr and PhTh are virtually identical at
the frontier MOs of PhX and XPhX are shown in Figures 2 —1.7 €V. The HOMO energy of PyrPhPyr and ThPhTh is at

E (kJ/mol)=

and 3, respectively. The shape of the consideradds* MOs —5.6 and—5.2 eV, respectiyely, and their LUMO energy is at
is presented in Figures 4 and 5, respectively. The frontier orbital ~2-1 and—2.0 eV, respectwely..

energies and a description of the lowest allowed singtet If we take the above results into account, we could expect
transition are given in Table 2. that PyrPhPyr would have a higher oxidation potential than

Figure 2 together with Figures 4 and 5 show that the HOMO ThPhTh and that both derivatives have a similar reduction
of PhPyr or PhTh represents an antibonding interaction between potential. First, anodic Hy)) peak potentiafs of 2,5-dihet-
on one hand, the HOMO (8 of Ph and, on the other hand, eroarylphospholes confirm that PyrPhPyr is in fact less easily
the HOMO-1 (1a) of Pyr or the HOMO (1g of Th, oxidized than ThPhTh. Because the catho#ig)(peak potential
respectively. On the contrary, the LUMO of PhPyr or PhTh of ThPhTh could not unambiguously be assigned, no statement
corresponds with a bonding interaction between the LUMO Iis given about the reduction potential.
(154) of Ph and the LUMG-1 (2&) of Pyr or the LUMO (4b) Table 2 shows that the singlet 1Astate of Ph and het-
of Th, respectively. When the molecular orbitals of Ph and Pyr eroarylphospholes involves the LUMEHOMO excitation and
or Ph and Th are brought into conjugation, the energy level of therefore corresponds to the lowest allowed— transition.
the HOMO is raised and that of the LUMO is lowered. Figure At first, when comparing the calculated absorption wavelength
3 shows that extension of theconjugated system by substitut-  (Amay) of PhX with that of XPhX, we see that the more extended
ing a second heteroaryl ring at Ph further lowers the HOMO the z-conjugated system, the longérax or the lower the
LUMO gap. corresponding excitation energy. An explanation for this
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Figure 4. Shape of ther andz* MOs involved in the orbital interaction diagrams that describe the formation of the frontier MOs of PhPyr and

PyrPhPyr.

TABLE 2: Frontier Orbital Energies and a Description of the Lowest Allowed Singlet #*—ax Transitions of Ph, PhPyr,

PyrPhPyr, PhTh, and ThPhTh

Ph PhPyr PyrPhPyr PhTh ThPhTh
€Lumo? —1.2 (153) —1.7 (43a) —2.1 (359 —1.7 (44a) —2.0(364)
€HOMO —6.4 (84) —5.9 (42a) —5.6 (284) —5.6 (43a) —5.2 (294)
1A Amas® 262 326 383 347 422
154—8d’ 43a—42a 355284’ 44a—43a 3656—294d'
fe 0.05 0.29 0.71 0.32 0.66

2 Frontier orbital energies are given in electronvotShe computedimax Values are given in nanometefOscillator strengthsfy.

observed red shift is given by the aforementioned decrease ofatom offers an interesting possibility to control the aromaticity

the HOMO-LUMO gap when extending ther-conjugated

(cyclic w-conjugation) in the Ph core. Indeed, the pyramidality

system by substitution of a second heteroaryl ring at Ph. A can be controlled by substituents. For example, bulky substit-
second finding is that the red shift induced by pyridyl is smaller uents at the P atom tend to reduce the pyramid&litgome

than the one induced by thienyl, since the HOMO of (Pyr)-

alkylarylphosphol€’$ even become aromatic although they are

PhPyr is less destabilized than the one of (Th)PhTh and bothnot completely planar. On the other hand, earlier computational
LUMOs are at virtually the same energy. Furthermore, when investigation&*18 have shown that a phenyl substituent at

comparing the oscillator strengtf) 6f PhX with that of XPhX,
we see that the longer theconjugated system is, the larger
or the more intense the absorption becomes.

Influence of Flattening the P Atom. Geometric Structure.

phosphorus causes practically no change in bond lengths, even
though the sum of CPX angleECPX) differs from that of the
parent. Thus, substituting a phenyl group at phosphorus does
not alter the Ph aromaticity. Another possibility to flatten the P

In its equilibrium structure, Ph is nonaromatic since it contains atom is the use of-acceptor groups either at phosphorus or at
a pyramidal tricoordinated phosphorus atom, which prevents athe neighboringx-carbonst319

strong cyclicr-conjugation between the phosphorus lone pair

A representation of 2,5-diheteroarylphopholes with a con-

and thecis-1,3-butadiene unit. On the contrary, planar Ph is strained planar P atom is given in Figure 6. Table 3 records the
aromatic. Thus, regulation of the pyramidality of the phosphorus influence of flattening the P atom on geometric structures.
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Ph(osphole) PhTh Th(iophene)
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HOMO-3 (40a)  HOMO-5 (27a”)

Figure 5. Shape of ther andz* MOs involved in the orbital interaction diagrams that describe the formation of the frontier MOs of PhTh and
ThPhTh.

— S s TABLE 3: Influence of Flattening or Oxidation of the P
7 N\_[O O - v
\ \ / \ / Atom on Geometric Structures of Ph and
=N, T N F|> 2,5-Diheteroarylphospholes
3'0'8'3: A PIPh PyrPIPhPyr ThPIPhTh OxPh PyrOxPhPyr ThOxPhTh
PyrPIPhPyr ThPIPhTh sym - Ca G G & G G
Ph core
P—-C& 1.726 1.734 1.741 1.830 1.847 1.848
7 NI N (T So_ I \ S —C 1396 1409 1406 1348 1359 1.366
p \ \ / = \ / C—C 1424 1.411 1.413 1.482 1.463 1.454
=N s\ N S' N Jl 0.98 1.00 1.00 0.54 0.72 0.80
NICS® —18.4 —14.4 —15.7 -—-1.7 -0.4 -1.0
PyrOxPhPyr ThOxPhTh Interring
Figure 6. Structures of PyrPhPyr and ThPhTh considered with flattened aca 0.7 25.1 18.2 6.5
and oxidized P atom, respectively. deo 1.460 1.451 1.463 1443

aBond lengths are given in AngstromfsNICS values are given in
Comparison of the structural parameters of XPIPhX witk=X ppm. ¢ Dihedral angles are given in degrees.

Pyr or Th in Table 3 with those of XPhX in Table 1 shows that

the P-C and C-C bonds shorten and the=C bonds lengthen.  narity between pyridyl and Ph is probably the result of hydrogen
The Jls reach their upper limit (1.00), and the NICS values bond formation between-FH of Ph and the nitrogen lone pair
become much more negative. This confirms that flattening of of pyridyl as illustrated in Figure 6. The interring bond lengths
the P atom results in an aromatic Ph moiety characterized by (dc,) of both heteroarylphospholes are only slightly affected
strong cyclicz-conjugation. The change of thevalues when (Adcy, = 0.004 A) when flattening the P atom. Therefore, we
comparing XPhX with XPIPhX points out that flattening of the presume that the pronouncedconjugation between the het-
P atom enforces the coplanarity between the central Ph and thesroaryl substituents and the Ph core is preserved. The presence
pyridyl rings, whereas it increases the deviation from coplanarity of linear z-conjugation in XPIPhX is also reflected by the
between Ph and thienyl rings. Thevalue for PyrPIPhPyr and  increase in JI and NICS values when going from PIPh to
ThPIPhTh amounts to 0.7 and 25%.Xespectively. The copla-  XPIPhX.



Phosphole-Containing-Conjugated Systems J. Phys. Chem. A, Vol. 107, No. 6, 200343

PyrPhPyr PyrPIPhPyr PyrOxPhPyr ThPhTh ThPIPhTh ThOxPhTh

r  LUMO
HOMO
T
HOMO-2

Figure 7. Shape of frontier MOs of PyrPhPyr and ThPhTh derivatives.

TABLE 4: Values of the Phosphorus IB of Ph, PyrPhPyr, HOMO energies. As a consequence, we may expect a serious
and ThPhTh increase of the reduction potential, whereas the oxidation
Ph PyrPhPyr ThPhTh potential should remain almost unchanged. Furthermore, we
Enin? —496.36749 —989.90321 1599 24527 computed that the'A" state of PyrPhPyr and ThPhThs, which
(= —496.33831 —989.87859 —1599.20964 involves the LUMG—HOMO transition, is blue-shifted by 39
IBP 77 65 94 and 60 nm, respectively. The corresponding oscillator strengths

aTotal energies are given in HartréePhosphorus IBs are given in () beco_me stronger; therefore, we may expect more intense
kJ/mol. absorptions.

Influence of Oxidation of Phosphorus by Elemental
Sulfur. Geometric StructureA representation of 2,5-dihet-
eroarylphospholes with an oxidized-P atom is given in Figure

Phosphorus Ipersion Barrier (IB). Table 4 tabulates the
values of the phosphorus IB of Ph and heteroarylphospholes.
The IB of PyrPhPyr is computed to be 65 kJ/mol, which is 12 . S
kJ/mol lower in energy than that of Ph. Stabilization of the Gé(;rr:str'igﬂsuti:]&irg i(;xigig?(?e(;)finp‘?gts)lpe hgrus by sulfur on
planar transition state PyrPIPhPyr due to hydrogen bond ¢ ) ) .
formation between PH of Ph and the nitrogen lone pair of When comparing the structural parameters of XOxPhX with

pyridyl, as shown in Figure 6, appears to be a reasonable X = Pyr, Th recorded in Table 3 with those of XPhX in Table
explanation for the lower IB. On the other hand, the IB of 1, we see that both thefC and the C-C bonds lengthen but

ThPhTh is calculated to be 17 kJ/mol higher in energy than the G=C bond shortt_ens. TthIs decrease, and the NICS values

that of Ph. In ThPIPhTh, there is no stabilization possible due P€come less negative. This demonstrates that-tR¢=S)R

to H-bonds and the cyclie-conjugation in the planar Ph moiety ~ Moiety switches off the cyclice-conjugation in Ph. A larger

is lowered (PIPh, NICS= —18.4; ThPIPhTh, NICS= —15.7) deviation from coplanarlty,_as reflected hy; is found for

by a strong linearr-conjugation between thienyl and planar PYrOXxPhPyr as compared with PyrPhPyr (18.2 vS)oulhereas

Ph. This destabilization of the planar Ph core due to a decrease? Smaller deviation from coplanarity is computed for ThOxPhTh

in cyclic z-conjugation could explain the enhanced IB. as compared with ThPhTh (6.5 vs 1%).4Becauselc, is hardly
Electronic Structure.The shape of the frontier MOs of ~ Shorter fdc, < 0.004 A), we can conclude that oxidation of

PyrPhPyr and ThPhTh derivatives is drawn in Figure 7, whereas the P atom by sulfur only weakly enforces theconjugation

their energies and a description of the lowest allowed singlet between the heteroaryl substituents and the Ph. The presence

7*<— transitions are presented in Table 5. Because flattening Of linearz-conjugation is also here reflected by the increase in

of the P atom allows a stronger interaction between the J! and NICS values when going from OxPh toward XOxPhX.

phosphorus lone pair and this-1,3-butadiener(by) orbital 2021 Electronic StructureTable 5 points out that oxidation of the

the antibonding LUMOs of both heteroarylphospholes get P atom by sulfur affects both the HOMO and the LUMO of

destabilized by around 0.5 eV in energy. On the other hand, XPhX with X = Pyr or Th. As visualized in Figure 7, the

flattening of the P atom does not significantly influence the HOMO of PyrPhPyr interacts in a bonding way with the sulfur
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TABLE 5: Frontier Orbital Energies and a Description of the Lowest Allowed Singlet #*< Transitions of PyrPhPyr and

ThPhTh Derivatives

PyrPhPyr PyrPIPhPyr PyrOxPhPyr ThPhTh ThPIPhTh ThOxPhTh
€Lumo® —2.1(358) —1.6 (358) —2.6 (418) —2.1 (364 —1.5 (363) —2.6 (428)
€HoMO —5.6 (284) —5.5 (284) —5.3 (304) —5.2 (294) —5.1 (294) —5.5 (314)
€HOMO-2 —6.0 (293() —6.2 (303’)
1A Amas 383 344 648 429 369 468
354284’ 354284’ 414304’ 364294’ 364294’ 424314’
42d-—304d’
fe 0.71 0.82 0.00 0.66 0.85 0.43
21A" Amax 398 441
41d—294' 42d-—304d’
42d4—314d’
f 0.62 0.16
a Frontier orbital energies are given in electronvot€omputedimax values are given in nanometefsOscillator strengthsf).
3p; orbital and results in the HOMO-2 (29gof PyrOxPhPyr.
The HOMO (294) of ThPhTh undergoes a similar interaction,
but at a lesser pronounced extent, and results in the HOMO S /\ s
(31d") of ThOXPhTh. Table 5 shows that the HOMO-2 energy \_/ P \ /
of PyrOxPhPyr is at-6.0 eV and lies 0.4 eV lower in energy N
than the HOMO of PyrPhPyr. The HOMO energy of ThOXPhTh PyrPhFRPyr ThPhFRTh

is at —5.5 eV and lies thus 0.3 eV lower in energy than the
HOMO of ThPhTh. When going from a3- to a ¢*-P atom
with the presence of sulfur, the LUMO of XPhX is stabilized
by 0.5 eV and results in a LUMO of XOxPhX that amounts to
—2.6 eV. Our computational findings agree well with the
experimental electrochemical data of d&Reand co-worker$.
Both results point out that when oxidizing the P atom by sulfur,
lower reduction and higher oxidation potentials are obtained
and that the oxidation potential of the thienyl compound is less
reduced than that of the pyridyl counterpart.

The lowestr*— transition of PyrOxPhPyr with a significant
oscillitor strength corresponds to the LUM@HOMO-2 transi- TABLE 6: Geometric Structures of
tion and the 2A" excited state. This excited state correlates 2,5-Diheteroarylphosphole Derivatives that Carry a
with the ZA" excited state of PyrPhPyr and is red-shifted by Saturated Six-Membered Ring onto the Ph Core

PyrOxPhFRPyr ThOXPhFRTh

Figure 8. Structures of 2,5-diheteroarylphosphole derivatives consid-
ered that carry a saturated six-membered ring onto the phosphole core.

15 nm relative to that state. ThéAl" excited state of ThOXPhTh PyrPHRPyr ThPHRTh

is mainly described by the LUM©&HOMO transition, whereas PHR opt X-ray? opt X-ray’

the ZA"" excited state is dominated by the LUME@HOMO-2

transition. The oscillator strength of th&Al’ state is larger than sym CS G o C C5 C

that of the 2A" state. Because theP8)R group more strongl core

stabilizes the LUMO than the HOMg), thgéAL' 'pstate turns ogu¥ p=C 1.819 llé%%fl 118'82%3?) 1.835 1 213.1881(75()4)

to red shift by 39 nm when going from ThPhTh to ThOXPhTh.  c—c 1360 1.378  1.354(8) 1376  1.336(6)
Influence of a Fused, Saturated, Six-Membered Ring. 1.377 1.356(9) 1.356(6)

Geometric StructureStructures of 2,5-diheteroarylphosphole c-C 1.472 1.462 1.478(9) 1462  1.465(7)

derivatives that carry a saturated six-membered ring onto the 1.463

Ph core are presented in Figure 8. These structures are ZCPXe 2926 3%%4:",,4 2993 289.7 2993

comparable to the ones prepared and discussed by Red Jl 0.68 0.82 081

co-workers5—8 except that a phenyl group on phosphorus is 0.8

replaced by a hydrogen atom. Tables 6 and 7 list a selection of NICS -5.2 -4.0 -3.7

their geometric structure and reveal that the optimized bond -3.7

lengths deviate less than 0.025 A from the experimental Interring

(X-ray) results. On the other hand, it is difficult to compare the a® 27.4 25.6 29.9 16.7

computed and experimental interring bond angle} 6ince ot f%gjs 1171&(5) 1.453 1131.35‘36(6)

rotational disorder was ruled out by optimizing the structures ca 1.466 1.467(5) 1.457(6)

in Cs symmetry.

Comparison of the structural parameters of XBhwith
X = Pyror Thin Table 6 with those of XPhX in Table 1 points
out that fusion of a saturated six-membered ring tends to

aRef 6. Ref 7.¢Bond lengths are given in Angstronfsvalues
obtained when substituting a phenyl group at the P atd®ond and
dihedral angles are given in degreeNICS values are given in ppm.

lengthen the €C bond by 0.02 A. As a consequence, the to 27.4 in PyrPHRPyr and from 14.4in ThPhTh to 29.9in

conjugation over theis-1,3-butdiene unit weakens, which is

ThPHRTh. The increase in €C bond length and the resulting

reflected by a smaller JI value. Because of steric interactions decrease in Jl are also found when comparing the structural
between the fused six-membered ring and the heteroaryl parameters of XOxPRX in Table 7 with those of XOxPhX in
substituents, the deviation from coplanarity between central Table 3. Also here, the deviation from coplanarity between Ph

phospole and heteroaryl rings increases froni ;ByPyrPhPyr

and heteroaryl rings increases from 18i2 PyrOxPhPyr to



Phosphole-Containing-Conjugated Systems J. Phys. Chem. A, Vol. 107, No. 6, 200345

PyrPh™Pyr  PyrOxPh™Pyr | ThPh™Th  ThOxPh™Th

TE* LUMO
HOMO
T
HOMO-2

36a” 37a”

Figure 9. Shape of frontier MOs of PyrPhPyr and ThPhTh derivatives considered that carry a saturated six-membered ring onto the Ph core.

TABLE 7: Geometric Structures of Oxidized TABLE 8: Frontier Orbital Energies and a Description of
2,5-Diheteroarylphosphole Derivatives that Carry a the Lowest Allowed Singletz*—ax Transitions of
Saturated Six-Membered Ring 2,5-Diheteroarylphosphole Derivatives that Carry a
OxPIF® PyrOXPRRPYT ThOxPFRTh Saturated Six-Membered Ring
sym C. C C PyrPHRPyr PyrOxPHRPyr ThPHWRTh ThOxPHRTh
'S S
Ph core eumo® —1.8(438)  —2.1(494 —1.7 (448 —2.3(508)
p—ca 1.826 1841 1.842 enomo —5.4(354) —5.4(374) —5.1(364) —5.4(384)
_ : : : €HOMO-1
c—g i-igg i-igg i-igf €HOMO-2 —6.0 (364) —6.0 (374)
: : : VA" Amald 372 505 403 449
JI 0.45 0.57 0.68 434—35d4'  494—37d' 44d—36d' 50d—384
Interring fe 0.60 0.01 0.56 0.28
oc 39.6 25.0 2'A" Amax 358 424
deo® 1.470 1.452 49d-—36d’ ggiﬁiéii
aBond lengths are given in AngstronfsNICS values are given in f 0.43 0.19
ppm. ¢ Dihedral angles are given in degrees. expt  Amal 395 364 41z 43z
Log e 4,02 3.2¢ 3.94¢ 3.98
. R . . a Frontier orbital energies are given in electronvdtt€omputed and
39.6" in PyrOxPIRPyr and from 6.5 in ThPhTh to 25.0in experimentalmax values are given in nanometef€scillator strengths

ThOXPHRTh, due to steric hindrance between the fused ring (f).  Ref 6.¢Ref 7.
and the heteroaryl substituents. The small increaselgf
indicates that ther-conjugation between Ph and heteroaryl  Comparison of the frontier MOs of XPhX and XOxPhX with
substituents is weakened by the increased deviation fromxX = Pyr or Th in Figure 7 with those of XPRX and
coplanarity. However, the increase in Jl and NICS values when XOxPHRX in Figure 9 shows that when fusing a saturated six-
going from PRR/OXPHR toward XPHRX/XOxPHRX proves  membered ring onto the Ph core, the order and nature of these
that linears-conjugation is still present. orbitals are not really altered. Comparing their frontier orbital
Electronic Structure.The shape of the frontier MOs of energies in Table 5 with respect to those tabulated in Table 8,
XPHRX and XOxPHRX is presented in Figure 9. Their frontier ~ we notice that the LUMO is more destabilized than the HOMO
orbital energies and a description of the lowest allowed singlet and HOMO-2 following ring fusion. As a consequence, the
w*<— transitions are given in Table 8. absorption wavelengths associated with the LUMBOMO
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and/or LUMO—HOMO-2 transitions are blue-shifted. We we would suggest further synthetic work aiming to reduce the
computed that for 2,5-diheteroarylphospholes (XPhX), the blue steric hindrance resulting from the fused rings.
shift upon ring fusion is more pronounced in ThPhTRA'L Because the validation of computational methods is an
Admax = 26 nm) than in PyrPhPyr {A": AAmax = 11 nm). important aspect within the domain of computational chemistry,
On the contrary, for oxidized 2,5-diheteroarylphospholes (XOx- we would also like to emphasize the successful use of TDDFT
PhX), the blue shift is more pronounced in PyrOxPhPyr in evaluating quantitatively lower-lying excited states and
(2'A"": Admax = 40 nm) than in ThOXPhTh {A": Aldmax = interpreting U\V~vis absorption spectra.
19 nm, 2A": Admax = 17 nm). The oscillator strength§ ©f
the considered transitions are actually lowered upon fusion. The = Acknowledgment. We thank the FWO-Vlaanderen and the
lowering is larger for XOxPhXAf = 0.15-0.19) than for XPhX Flemish government as well as the KULeuven Research Council
(Af = 0.10-0.11). Furthermore, because the LUMO is desta- (Concerted Research Action, GOA program) for continuing
bilized, we would predict an increase in reduction potential upon support.
ring fusion.
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