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The purpose of this work is to (re)interprete some spectral and thermochemical propertiepludspholes.

The first topic covers the assignment of absorption bands in their photoelectron andgAlectronic spectra.

Our goal is to unravel the electronic origin of the observed bands. The second topic deals with their basicity.
We investigated the site of protonation and the basicitytfphospholes in both the gas phase and acidic
solution. To elucidate structurgoroperty relationships, we studied in a systematic way the influence of common
substituents on the electronic structure and emphasized the corresponding consequences for the spectral and
thermochemical properties. The geometric and electronic structures were investigated using adequate quantum-
chemical techniques including multiconfiguration SCF and density functional theory based methods.

Introduction C” CP CP
~/ H ~ \CH3 ~ \06H5

Phospholes form a class of compounds based on a fully
unsaturated five-membered ring containing a phosphorus atom.

Several recent and comprehensive reviews cover the rich ! 2 :
chemistry of phospholés?
The IH-phospholes are P-analogues of the better known CH3
pyrroles. For some time after their discovery, the key issue _A CHs__ CHy__
concerning phospholes was their potential aromaticity. Today, | A /QP J:/P\
the debate is apparently over, and it is widely accepted that L CeHs CHs CeHs CHs H
3

phospholes are nonaromatic. The stabilization of their planar
state by electronic delocalization is substantial but not sufficient 4 5 6
enough to overcome the intrinsically high inversion barrier of

phosphorus. As a result, phospholes remain pyramidal in their
ground state, albeit with a sharply reduced inversion barrier.

Because of the poor overlap between the phosphorus lone pairCH3/ . Chs__ CHs

and the cis-1,3-butadienicsr-orbitals in their ground state, o~ Nen J;)P\OCH(CH3)2 ~ P\N(CH3)2
phospholes behave as a loose combination of a phosphine and™s CHs CH,

a cis-1,3-butadiene unit and possess only a weak cyclic e 0

mr-conjugation. As a consequence, they chemically resemble Figure 1. 1H-phospholes considered: phosphal d-methylphos

cyclopentadienes more than pyrroles. Despite the large Wealthphgole ) 1-ph2ny|p$‘|osph0| ] 25, dime?hyl-f— phenylphosghrc))l o

of available literature, many basic properties of simple phos- 3,4-dimethyl-1-phenylphosphol&), 3,4-dimethylphospholes], 3,4-

pholes are not well established. dimethyl-1-cyanophosphol&y, 3,4-dimethyl-1-isopropoxyphosphole

The purpose of this work is therefore to (re)interprete some (8), and 3,4-dimethyl-1-dimethylaminophospho®. (

spectral and thermochemical properties Bfihospholes. The

first topic covers the assignment of absorption bands in their substitution at the P position of the five-membered ring.

PES and UV-vis spectra. Our goal is to unravel the electronic Subsequently, the influence of dimethyl substitution at 2,5- and

origin of the observed bands. The second topic deals with their 3,4-positions of 1-phenylphosphole was studied. Finally, we

basicity. We thus investigate the site of protonation and the considered the influence afacceptor and-donor substituents

basicity of H-phospholes in both gas phase and acidic solution. such as cynano and isopropoxy, dimethylamino groups, respec-

These spectral and thermochemical properties are closely relatedively, at the P position of 3,4-dimethylphospholes.

to the electronic structure, which is reliably described by

adequate quantum-chemical techniques. Computational Details

Different substituted H-phospholes, which are experimen- o )

tally known, have been considered and are presented in Figure lonization Energies.The Hartree-Fock (HF) methofiallows

1. The impact of substituent effects on the spectral and US to obtain approximate solutions of the electronic Sdimger

thermochem|ca| properﬂes was examined in a Systematlc Way_equauon. Here, the Ca|Cu|ated molecular Orbltal energles are

We started analyzing the influence of methyl and phenyl related to the experimentaértical ionization energieby using
Koopmans’ theorem. As such, HF wave functions can already

* Corresponding author. Fax: 32-16-32 79 92. E-mail: minh.nguyen@ D€ used for predicting and interpreting signals observed in a
chem.kuleuven.ac.be. UV—PES spectrum. Thadiabatic ionization energyorre-
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sponds to the lowest energy required to carry out the removal resulting active space, we considered six active electrons. The
of an electron from a molecule, and is related to the transition reported valencer* < x states belong to the 'Aand A’
from the lowest electronic, vibrational, and rotational level of symmetries. The RASSCF energies and wave functions were
the isolated molecule to the lowest electronic, vibrational, and obtained from average energy calculations in each symmetry.
rotational level of the isolated cation. In both A" and A" symmetries, the molecular orbitals were
Geometrical parameters of all structures considered were determined by averaging over the 11 lowest states. A level shift
optimized using the B3LYP functional of density functional parameter of 0.2 au was used. The multistate CASPT2 method
theory in conjunction with the 6-31G(d) basis set. Theetical is an extension of the multiconfigurational second-order per-
ionization energiesvere evaluated using HF/6-31G(d) wave turbation approach CASPT2. It considers the coupling of a
functions, based on B3LYP/6-31G(d) optimized geometries. The humber of CASPT2 states of the same symmetry, which is a
adiabatic ionization energiesere calculated at the B3LYP/6- ~ crucial condition to solve the erratic valencRydberg mix-
31G(d) level using thé\E procedur€. Thereby, the structures  ing. The treatment was performed on the same number of states

of the ionic ground state and the neutral molecule were as the averaging in the previously mentioned RASSCF calcula-
optimized separately. tion. For this purpose, a level shift parameter of 0.3 au was

Excited States The accurate calculation of excited electronic Selected. _ L
states has long been a challenge for quantum chemistry. The The excitation energies to the lowest valence excited singlet
possibility for accurate calculations of such states in molecules States. the czorrespondlng oscillator strengths and expectation
has only recently been made possible through the deveIopment"""luelso 1f1°r [F*Uwere also determined usingme-dependent
of new quantum chemical techniques. Teenplete actie space ~ DF 17 The computations were performed ZQ/"P'_OV'”Q the
multiconfigurational method followed by second-order pertur- B3LYP functional. The basis sets used were TZV@iplet ¢

bation theory(CASPT2§ is currently one of the more successful Valence plus polarization set) augmented with diffuse s and p
methods for treating excited states and iingtistateoption of ~ functions on the phosphorus atom and SV(P) (split valence plus
it (MS-CASPT2J is capable of handling the valeneRydberg polarization set). TD-DFT is considered as a suitable method
mixing. However, the CASPT2 method has the basic limitation for the calculation 01_‘ excitation energies of organic mqlecult_as

of the size and selection of the active space in the preliminary whose ground state is well represented by a single configuration

state average restricted active space (RASSCF) step. In thisdnd for excited states dominated by a single orbital excitation

work, the valence excited singlet states of the parent phosphole™oM the ground staté.

(1) were investigated using both MS-CASPT2 and the time- The geometry optimizations have been carried out with the
dependent density functional theory (TD-DFF}t methods. By Gaussian 9@ program. The MS-CASPT2 calculayons were
way of comparison, we were able to evaluate the accuracy of Performed \(/Jwth Molca¥’ and the TD-DFT calculations with
the more economical TD-DFT method, which will then be TUrbomole? . _ _

applied to the larger substituted phospholes. All these calcula- Basicity. Thebasicityof phospholes igas phasés measured

tions were performed at the MP2/6-3&+G(d,p) optimized by their proton affinity (PA),. which is the negative of the
ground-state geometries. enthalpy change of the reaction

Before a MS-CASPT2 calculation can be performestzde-
average RASSCtave function should be available. Both types
of calculations are briefly described below. We also emphasize

the importance of the selection of proper active spaces angwhere B and BH ‘?'G”Ote the base and its conjugate acid,
appropriate diffuse basis functions. respectively. Equation 2 was used to calculate the absolute

Basis SetsGenerally contracted basis sets of the atomic proton affinity=*
natural orbital (ANO) typ&13 were used. The contraction 5
scheme employed was P[5s4p2d]/C[4s3p1d]/H[2s1p]. To be able PA= — AH = AE, + AZPE+ ERT (2
to handle the valeneeRydberg mixing, the original basis sets
were supplemented with a set of 1s1pld diffuse functions. These
functions were added at the charge centroid of the cation, as
suggested by Dunning and H&/As exponents for the diffuse

B+H" =BH" (1)

where AEg represents the difference in electronic energies
between the neutral and protonated forms at 0 AZPE
functions we used those optimized by Kaufmann éfal, correspondssto the dlffel_rence in zero-point energies, whereas
e the last term?/;RT, describes the thermodynamic temperature
State-Aerage RASSCHhe description of the ground-staté . yection. The absolute proton affinities were calculated by
electronic structure of phosphole suggests that at least the threqaans offensity functional theorst B3LYP/6-31+G(d,p)//

st and twosr* valence orbitals need to be included in the active HF/6-31G(d,p) level. It is evident that the higher the proton
space. For the parent phospholg, (which belongs to the £ affinity, the more basic the molecule.

point group, this set corresponds to threarad two & orbitals. The most convenient way of measuring thesicity of
However, _the valence states are not the only states present a{)hospholes iracidic solutionis to look at the acidity (i) of

low energies. In a gas phase spectrum of a neutral molecule e corresponding phospholium ions. Since a more strongly basic
the Rydberg states start to appear at energies above 5 eVphosphoIe holds a proton more tightly, its corresponding

Therefore, excitations to the 3s, 3p, and 3d Rydberg orbitals ,spholium ion is less acidic (higheky) and vice versa. The
must be simultaneously included in the calculations. The pKa value is define® 26 as

Rydberg orbitals can be classified into the point group as their

corresponding atomic orbitals. Accordingly, for phosphdlg ( pK. = — log K

the 3s, 3p 3p, 3de—y?, 3d2 and 3d, orbitals belong to the a a

irreducible representation’,awhereas the 3p 3dy and 3¢, AG®° = — 2.3RT x logK,

orbitals belong to'a The active space used for computing the o

valencer* — x states of phosphole thus comprises nine or- K, = AG 3)
bitals of symmetry ‘aand five orbitals of symmetry'aIn the a 2.3RT
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The thermodynamic cycle relevant to the solvation processes
is shown below:

. A Gy
BH'q) —— > By + H' (o)
A Gyyg(BHY) A Gpya(B) A Gpyg(H")
_+_
BH(G ———> B, + H' (g

A Gsolv

It follows that the X, value can be calculated from the Gibbs
free energy of the reaction

BH =B+H" (4)

whereby
1
PKy = 5 3r7lAGhdB) + AGh{H ") -
AG(BH™) + AG,(BH")] (5)
The gas-phase basicity for BHs given by
AGy{BH") = G(B) + G(H") — GyBH")  (6)

We notice that the experimental values fGg{H") and
Ghyd(H™) amount to—6.28 and—259.5 kcal/mol, respectively.

The Gibbs free energy change of the reaction in gas phase,

AGgas Was computed at the same level of theory used for the
gas phase proton affinity (B3LYP/6-31+4G(d,p)//HF/6-
31G(d,p)). The hydration Gibbs free energy different€gyy,

was calculated using the polarizable continuum solvation model
(PCM)?27 in which the UAHF definition was used for the
construction of the cavities. The computations for neutral and
protonated forms in solvent were performed at the HF/6-
31G(d,p) and HF/6-3tG(d,p) level, respectively. The presence
of diffuse functions is necessary in evaluating the solvation
energy of charged species. The basicity investigations were
carried out using the Gaussian 98 progrdm.

Results and Discussion

Photoelectron Spectra and Energy Levelsln the case of
1-phenylphospholeg),?8 the photoelectron spectrum shows two
bands of equal intensity at 8.45 and 9.25 eV. First, we will try
to assign these two bands which are relategettical ionization
energies Subsequently, the splitting of the first two ionization
energies of the parent phosphaolg énd substituted phospholes
(2—9) (Figure 1) will be discussed. Finally, we will consider
adiabatic ionization energiesnd find out what sort of electron
is most easily removed in theséldphospholes.

In the study of the electronic structure of phospholes, an
understanding of ther-system is of basic importance. As
illustrated in Figure 2, the phosphatesystem can be built up
from thez-MOs of acis-1,3-butadiene unit and the HOMO of
a phosphine unit that carries electron density in the region of
the P-H bonds and the phosphorus lone pair. Tdig1,3-
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Figure 2. Orbital interaction diagram describing the formation of the
valence electronic structure of phosphole. Therbitals of cis-1,3-
butadiene are shown on the left, the HOMO of phosphine on the right,
and the resulting molecular orbitals of phosphole are in the center.
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Figure 3. Orbital interaction diagram describing the formation of the
valence electronic structure of 1-phenylphosphole. Zkarbitals of
phosphole are shown on the left, the degenerate HOMO of phenyl on
the right, and the resulting molecular orbitals are in the center.

Furthermore, when substituents are added, we need to
consider the interactions between the phosphole and substituent
orbitals whereby the possibility of an interaction is determined
by the energy and symmetry of the concerned orbitals. Let us
take 1-phenylphosphol8)as an example. Figure 3 shows that
the highest occupied MOs of 1-phenylphosphole can be
constructed from the HOMO and HOMO-1 of the phosphole
moiety and the degenerate HOMO of benzene. The HOMO of
phosphole interacts in a bonding and an antibonding way with
the HOMO of benzene, forming the HOMO-3 (9aand HOMO
(114") of 1-phenylphosphole at9.3 and—8.4 eV, respectively,
according to HF/6-31G* calculations. The interaction between
the HOMO-1 of phosphole and the HOMO of benzene is not
symmetry allowed. As a consequence, the HOMO-1 '(34&

butadiene HOMO has a nodal plane containing the P atom and1-phenylphosphole at-9.0 eV is almost the HOMO-1 of

thus remains unperturbed as the phosphole HOMO)(&
formed. Thecis-1,3-butadiene HOMO-1 shows a bonding and
an antibonding interaction with the HOMO of phosphine,
resulting in the HOMO-2 (133 and HOMO-1 (149 of
phosphole, respectively.

phosphole, whereas the HOMO-2 (1Ipat—9.1 eV corresponds
to the HOMO of benzene.

As mentioned above, the photoelectron spectrum of 1-
phenylphosphof& shows two bands of equal intensity centered
at 8.45 and 9.25 eV. According to Sdbret al.28 the intensity
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TABLE 1: Splitting between the First Two lonization
Energies (eV) of the Phospholes Consideréd

IE(1) IE(2) DIE
calcd expt calcd expt calcd expt 807
-8,2
1 8.7 9.4 0.7
2 8.5 8.9 0.4 B
3 8.4 8.45 9.0 8.45 0.6 0.00 > 86
4 7.9 8.00 9.0 8.50 11 0.50 > 88
5 8.2 8.8 0.6 e
6 8.4 9.1 0.7 g 90
7 9.1 9.8 0.7 B 92-
8 8.3 8.7 0.4 8 g4
9 8.1 8.3 0.2 o -
-9,6
aPhospholel), 1-methylphosphole?), 1-phenylphospholes], 2,5- o
dimethyl-1-phenylphospholdy); 3,4-dimethyl-1-phenylphosphol8)( ki

3,4-dimethylphosphole6], 3,4-dimethyl-1-cyanophosphol&)( 3,4- -10,0 -
dimethyl-1-isopropoxyphosphole8), and 3,4-dimethyl-1-dimethyl-
aminophosphole9). ® Reference 28.

6 7 8 9
8 Figure 5. Orbital correlation diagram of the two highestMOs of
3,4-dimethylphosphole6}, 3,4-dimethyl-1-cyanophosphol&)( 3,4-

— dimethyl-1-isopropoxyphosphole8); and 3,4-dimethyl-1-dimethyl-
s 22 HOMO aminophosphole9).
2 84
8 56+ eV. For 1-phenylphosphol&@), we computed that the HOMO
% 8.8 - and HOMO-1 orbitals are both destabilized about equally. As
g o0 a consequence, the splitting remains nearly unchanged.

HOMO-1 The influence of dimethyl substitution at 2,5- and 3,4-
positions of the five-membered ring of 1-phenylphosphole
appears to follow a different pattern as compared to 1-phenyl-
phosphole §). For the 2,5-dimethyl substitutior), a strong
antibonding interaction is observed between the methyl pseudo

8.2
9.4
9.6

_ 1 _ 2 _ 3 _ 4 5 _ s-orbitals and the HOMO of 1-phenylphosphole, whereas no
Figure 4. Orbital correlation diagram of the two highestMOs of interactions are symmetry allowed with the HOMO-1. This
phosphole 1), 1-methylphosphole2), 1-phenylphospholes], 2,5- results in an increase of the splitting by up to 0.5 eV. This is in

?si;nethyl'l'phenylphOSphOIGX' and 3,4-dimethyl-1-phenylphosphole o -o|jent agreement with the measured value of 0.5 eVApr (

' reported by ScHar et al?® Furthermore, in the case of 3,4-
and the shape of the first band indicate that there must be twodimethyl substitution, the methyl pseudseorbitals interact in
distinct ionizations in this region, that were assigned to the an antibonding way with both HOMO and HOMO-1 orbitals
removal of an electron from the HOMO ais-1,3-butadiene of 1-phenylphosphole. Consequently, they remain parallel and
and the lone pair of phosphine, respectively. The second bandthere is no appreciable change of the splitting. We also notice
was related to an ionization from the HOMO of benzene. These that the interaction between the methyl pseudorbitals and
earlier investigations thus led to the assumption that the P lonethe HOMO of 1-phenylphosphole is less pronounced at the 3,4-
pair takes no part in a five-membered cyclic conjugation. By as compared to the 2,5-positions.
using the orbital energies, it seems possible to assign the first Finally, we considered the influence of-acceptor and
band to the ionization of the HOMO (1gof phosphole which s-donor groups such as cyano and isopropoxy, dimethylamino,
amounts to—8.4 eV, whereas the energy of HOMO-1 (8la  respectively, at the P position of 3,4-dimethylphosphb)eThe
at—9.0 eV is computed on the lower side of experiment. If the resulting 3,4-dimethyl-1-cyano?), 3,4-dimethyl-1-isopropoxy-
HOMO-1 participates in the first band, as suggested byfécha (8), and 3,4-dimethyl-1-dimethylaminophosphol®) (were
et al.28 then the second band could be assigned to electroncompared to 3,4-dimethylphospholé).( For the P-cyano
rejection form HOMO-2 (108 whose energy is at9.1 eV. substitution, we computed that the HOMO and HOMO-1

In our view, the first two ionization energies of the considered orbitals are both strongly stabilized. Nevertheless, due to the
1H-phospholes are likely related to the energies of the HOMO parallel downward shift, the splitting does not change. Following
and HOMO-1, respectively. These first two vertical ionization P-isopropoxy and-dimethylamino subsitution, the HOMO of
energies, tabulated from orbital energies are recorded in Table3,4-dimethylphosphole remains nearly equal, whereas the
1, and the corresponding orbital correlation diagrams are HOMO-1 gets destabilized by 0.4 and 1.0 eV, respectively. A
presented in Figures 4 and 5. possible explanation for this substantial destabilization is given

Let us investigate the influence & methyl andP-phenyl by the assumption that thedonor groups at phosphorus enforce
substitution on the splitting of the first two ionization energies. the interaction between the phosphorus lone pair anctithe
In both cases, the HOMO and HOMO-1 orbitals of the parent 1,3-butadienic orbital. The result is a lowering of the splitting
phosphole 1) are destabilized due to an antibonding interaction by 0.3 eV for 3,4-dimethyl-1-isopropoxyphospho&) &nd by
between both phosphole and substituent orbitals. In the case 0f0.5 eV for 3,4-dimethyl-1-dimethylaminophosphol@).(We
1-methylphosphole?), the HOMO-1 is more destabilized than remark that in the case d#-dimethylamino substitution, the
the HOMO, which results in a lowering of the splitting by 0.3 HOMO-1 (HOMO) of 3,4-dimethylphosphol&) interchanges
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TABLE 2: Optimized Geometries of Phosphole (1), 1-Methylphosphole (2), 1-Phenylphosphole (3),
2,5-Dimethyl-1-phenylphosphole (4), and 3,4-Dimethyl-1-phenylphosphole (5) and of the Corresponding Most Stable Radical
Cations at the B3LYP/6-31G* Level

Neutral Radical Cation
R>
R
seol,
/CQ:C/' R, 2 3 4 5 1 2 3 4 5
3\
R,
R, H CH; C¢Hs CgHs  C¢Hs H CH; C¢Hs CgHs C¢Hs
R, H H H CH;3 H H H H CH; H
R; H H H H CH; H H H H CHj
P-C; 1.817 1.813 1.815 1.833 1.813 | 1.813 1.764 1.812 1.823 1.811
Ci-C, 1.356 1357 1356 1.356 1357 | 1411 1361 1399 1412 1.402
Cr-C; 1460 1460 1.461 1460 1.481 | 1402 1.488 1413 1.399 1.434
ZCPCy 90.3 90.4 90.3 91.2 89.7 87.9 97.8 88.4 89.7 87.3
ZPC,C, 1099 110.0 110.0 1086 111.2 | 111.2 1055 111.2 109.3 112.8
Z£CiCaCs 1143 1142 1142 1153 1133 | 113.3 1155 1134 1145 1123
YCPX 293.1 300.6 302.5 300.2 300.7 | 294.5 3468 2974 3053 296.9

TABLE 3: Optimized Geometries of 3,4-Dimethylphosphole (6), 1-Cyano-3,4-dimethylphosphole (7),
1-Isopropoxy-3,4-dimethylphosphole (8), and 3,4-dimethyl-1-dimethylaminophosphole (9) and of the Corresponding Most Stable
Radical Cations at the B3LYP/6-31G* Level

R Rz Neutral Radical Cation
3 _c/
CFa
Coxe’
- C\FL Ri 6 7 8 9 6 7 8 9
2
R; H CN OCH(CH3)>»  N(CHs)> H CN  OCH(CH3),  N(CHi)>
R, H H H H H H H H
R; CH; CH; CH; CH; CH; CH; CH; CH3
P-C, 1.814 1815 1.814 1.813 1.815  1.825 1.820 1.787
Ci-C, 1.357 1354 1.353 1.356 1.409  1.403 1.400 1.356
Cr-G; 1479  1.484 1.490 1.484 1.428 1436 1.437 1.504
ZC\PCy 89.7 90.3 90.0 90.0 86.9 89.6 86.3 94.8
ZPC,C, 1111 1105 110.6 110.7 1128 1124 112.1 107.5
£CiCC; 1135 1137 1134 113.5 1123 1125 112.1 114.6
XCPX 292.1 2957 301.6 300.2 2911 2917 296.1 320.6

TABLE 4: Adiabatic lonization Energies (IEs) of Phosphole$ Obtained Using the AE Method at the B3LYP/6-31G* Level

neutral radical cation
structure state EP ZPEC state E ZPEC IE
1 A’ —496.74110 0.074 85 2A" —496.43630 0.074 31 8.3
2 A —536.06229 0.104 42 A’ —535.77140 0.103 29 7.9
3 1A’ —727.79646 0.157 91 2A" —727.51300 0.157 21 7.7
4 A —806.43466 0.21378 2A" —806.17192 0.21272 7.1
5 A’ —575.38069 0.13104 2A" —575.09339 0.129 69 7.8
6 A —806.43591 0.21375 2A" —806.16574 0.212 66 7.3
7 A’ —667.62393 0.131 45 2A" —667.31655 0.129 70 8.3
8 A —768.54929 0.221 80 2A" —768.27755 0.220 46 7.4
9 A —709.34430 0.205 66 A’ —709.10210 0.205 81 6.6

@ Phosphole ¥), 1-methylphosphole2), 1-phenylphosphole3], 2,5-dimethyl-1phenylphosphold)( 3,4-dimethyl-1-phenylphosphol&)( 3,4-
dimethylphospholeq), 1-cyano-3,4-dimethylphospholé)( 3,4-dimethyl-1-isopropoxyphosphol®)(and 3,4-dimethyl-1-dimethylaminophosphole
(9). ® Energies (E) and zero-point energy corrections (ZPEC) are given in haftrégigbatic ionization energies taking ZPECs into account are
given in eV.

becoming the HOMO (HOMO-1) of 3,4-dimethyl-1-dimethyl-  cations are recorded in Tables 2 and 3. The adiabatic ionization
aminophospholed) and that the splitting between the firsttwo  energies of these molecules are given in Table 4.

ionization energies is now reduced to 0.2 eV. The HOMO of  As shown in Tables 2 and 3, it is mainly this-1,3-butadiene
3,4-dimethyl-1-dimethylaminophospho® fio longer correlates  unit which is disturbed when ionizingHtphospholes, except
with the cis-1,3-butadiene HOMO. This could explain why, in  for 1-methyl- ) and 3,4-dimethyl-1-dimethylaminophosphole
contrast to 3,4-dimethyl-1-cyanophosphdiggnd 3,4-dimethyl- (9). The G—C; bond lengthens by around 0.05 A, whereas the

1-isopropoxyphosphole 8], no cycloaddition with acrylo- central G—C3 bond shortens by a similar value. This indicates

nitrile was observed for 3,4-dimethyl-1-dimethylaminophosphole that the electron is removed from the HOMO which resembles

(9).2° the cis-1,3-butadiene HOMO, possessingbonding character
Selected optimized geometrical parameters of tHephos- between @ and G and z-antibonding character between C

pholes considered and the corresponding most stable radicalind G. As such, ionization weakens the-€C, bond when
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TEs TABLE 5: Calculated Lowest-lying Valence Excited Singlet
* States of the Parent Phosphole (1) Using MS-CASPT2 and
o] + t TD-DFT Methods

T — state method Ee@ AP f© [m20M orbital transition

X1A' MS-CASPT2 78 L=LUMO, H = HOMO
TD-DFT' 83

1IA" MS-CASPT2 4.2 294 008 83
TD-DFT 46 268 0.05 88 L(13p— H(8d")

1A' MS-CASPT2 4.8 260 023 81
TD-DFT 5.0 248 0.11 82 L(13p— H-1(144)

aThe excitation energies are given in éVlThe corresponding
absorption wavelengths are given in niThe oscillator strengttsThe
expectation values for the second Cartesian moments are given in
TT al. ®* MS-CASPT2/ANO-L+diffuse basis functions using MP2/6-
311++G(d,p) optimized geometry.TD-DFT/TZVP + diffuse basis
m functions using MP2/6-3Ht+G(d,p) optimized geometry.

Figure 6. Possible electronic transitions irHiphospholes. TABLE 6: Lowest Valence Excited Singlet States of the
Considered H-Phospholes Obtained Using the TD-DFT/

going from the neutral to the radical cation. For 1-methg)- (  B3LYP Method in Conjuction with the SV(P) Basis Set
and 3,4-dimethyl-1-dimethylaminophospho®, (it is the G— state Eex@ Ama? ¢ [20 main contribution
Cs bond that lengthens by around 0-6203 A (the other bonds 7 x1a/ 82
are not changed that much), and the P-unit is flattened 1:A" 458 259 0.05 87 HOMO(83— LUMO(15d)
considerably in the most stable radical cation as shown by a 1A’ 5.1 245 0.10 80 HOMO-1(14g— LUMO(154d)
strong increase of the sum of phosphorus bond angigfX). 2 XA 96
This result points out that the electron is ejected from an orbital ﬁﬁ, j-g ggg 8'(1)3 g;’ :gmg(ia_’ LUMO(184)

; : ) ) -1(17p— LUMO(184d)
which possess-bonding character between @nd G and lone 3 XIA! 154
pair character at the P atom as well. For 1-methylphosphole ~ 11a" 44 280 0.02 155 HOMO(113— LUMO(324)
(2), the corresponding HOMO-1 orbital is stabilized through 1A' 47 265 0.02 154 HOMO(113— LUMO+1(124")
hyper-conjugationThe o-electrons in the neighboring methyl HOMO-1(318) — LUMO(32d)
C—H bond also help stabilizing the positive charge. In the case ~ 2'A" 4.8 259 0.09 154 HOMO(113—LUMO+1(124)
of 3,4-dimethyl-1-dimethylaminophosphol8)( it can be as- XIA” 183 HOMO-1(318)~LUMO(324)
sumed that an electron is removed from the HOMO, WhiCh, as 1IA" 4.3 290 0.07 182 HOMO(153— LUMO(364)
mentioned above, corresponds to the HOMO-1 of 3,4-di- 2!A' 4.7 264 0.01 188 HOMO-1(35a— LUMO(36d)
methylphosphole §). As expected, the computed adiabatic HOMO(15&') — LUMO+2(174')
ionization energies presented in Table 4 are significantly lower ~ 3'A" 4.8 256 0.09 188 HOMO-1(35a~LUMO(36d)
than the vertical ones recorded in Table 1 due to large relaxation HOMO(154) — LUMO+2(174)

5 XA’ 182
of electron and geometry. _ o A" 44 280 001 182 HOMO(153— LUMO(364)
In summary, we would conclude that the above investigations ~ 2!A’ 4.7 261 0.12 185 HOMO-1(3%a— LUMO(364)
demonstrate that a simple MO approach can be useful for giving 6 X'A’ 113

a qualitive interpretation of not only the PES spectra but also ﬁﬁ ‘S‘I gig 8-23 igé :gmg(izla‘” Lfaﬂﬁélig;
the observed reactivity of theHtphospholes considered. A 7 XA a7 (182~ (194)
comparison of the structure of the ionic ground state to thatof = 11av 46 270 0.02 151 HOMO(13a— LUMO(244)

the neutral molecule is necessary to trace the identity of the 11A’ 49 255 0.08 134 HOMO-1(23a— LUMO(244)

removed electron. 8 XllA' 160
—\/i ; ; 1'A" 4.0 309 0.01 161 HOMO(183— LUMO(294)
uv—Vis Electronlc_: Spectra. The understandln_g of the _ LA 41 301 013 164 HOMO-1(28a— LUMO(294)
ground-state electronic structure of phosphole provides us with g 14 150
a solid basis for the investigation of its excited states. Because 11a* 33 380 0.06 145 HOMO(25a— LUMO(264)
of the existence of close-lyingalenceandRydberg stateghe 1'A" 43 288 0.02 153 HOMO-1(17a— LUMO(264d)

electronic a_lbsorption spectrum QfHélphosphoIgs Is rather_ aThe excitation energies are given in éVThe corresponding
complex. Figure 6 shows a manifold of possible electronic apsorption wavelengths are given in nfiiThe oscillator strengttsThe
transitions including the valencef — 7, 0* ~— 77, and Rydberg expectation values for the second Cartesian moments are givefi in au
transitions. From a technical point of view, the computed
energies of the valence states are extremely sensitive to the
mixing with Rydberg states. This mixing is reflected in the two moieties have typical absorption bands near this region.
orbital extension as given biyi?[](second Cartesian moment). Hence, this band seems to be clearly descriptive for the
Valence states have an orbital extension similar to that of the phosphole ring system. In this context, it is of importance to
ground state. Rydberg states, on the contrary, usually have ainvestigate the electronic origin of the observed band and the
more diffuse character. As such, if clear and compact valence effect of substituents on its location in the absorption spectrum.
states are not observed, then some mixing has likely occurred.A comparison between the lowest valence excited states of the
SimpleP-alkylphospholes possess a unique absorption band, parent phospholelf obtained with both the MS-CASPT2 and
of moderate intensity, in the region 28290 nm. First noted TD-DFT methods, is given in Table 5. Table 6 describes the
with 1-methylphosphof€ (Amax = 286 NM 0rEey. = 4.3 €V in lowest valence excited singlet states obtained for &t 1
isooctanef = 0.17), this band cannot be associated either with phospholes considered using the TD-DFT method.
the cis-1,3-butadiene component of the ring or with the Table 5 points out that the lowest excited’ and!A’ states
phosphine unit, if considered separately, since neither of the of the parent phospholéel) are of single-reference character
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H _— = TABLE 7: Computed PA'’s (kJ/mol) at Different Sites in
N—H CN—H CN-CHs Gas Phase of the H-Phospholes 9 and Structures 10-16*
=
H N/P G Cs expP
10 T 12 1 844.1 844.5 797.4
2 896.9 873.0 852.4
3 909.9 889.8 871.3
H H H 4 933.9 913.2 894.7
P ,P-CHs ,P—CHCH, 5 950.1 932.4 882.2
H H CH,CH 6 885.7 892.0 870.8
7 823.0 840.9 741.7
13 14 15 8 950.2 934.4 869.5
9 965.9 964.4 903.2
10 854.0 853.5
EP_H 11 789.6 878.0 854.6 875.3
12 811.7 903.6 886.5
16 13 783.9 786.6
] ) 14 852.6 851.4
Figure 7. Structure of ammonialQ), pyrrole (L1), 1-methylpyrrole 15 930.5 869.5 870.2
(12), phosphine 13), 1-methylphosphineld), divinylphosphine 15), 16 890.7 760.9

and phospholen€el ).
phosp 0 aPA values computed at B3LYP/6-3t3%+G(d,p)//HF/6-31G(d,p)

b
and related tor’ —  transitions. They are dominated by the '€Vel-"Reference 35.

LUMO(15d) — HOMO(8d') and LUMO(158) ~— HOMO- In view of the systematic deviation, it seems reasonable to
1(144) transitions, respectively. Th@?(values show that the  use the more economical TD-DFT method to predict the shifting
lowestzr" <— x transitions do not mix with Rydberg states. The of the lowest excitedA” and!A’ states along the series of
vertical excitation energy leading to théAl' state is computed ~ substituted phosphole rings. Table 6 reveals that substitution
in gas phase to be 4.2 eV with a weak oscillator strengfrrof of a methyl or phenyl group at the P atom of the parent
0.08 at the MS-CASPT2 level, whereas the excitation energy phosphole 1) red-shifts the 1A" state by 10 and 21 nm,
for the 1!A’' state is calculated at 4.8 eV, with a stronger respectively, whereas, thé Al state is red-shifted by 22 and
oscillator strength of = 0.23. Since the experimental spectrum 14 nm, respectively. We also notice that in the case of
exhibits only one band, we could assume that both closely lying 1-phenylphosphole3j, the lowest!A’ states are described by
transitions may be overlapped in the experimental band. two electronic configurations. Dimethyl substitution at 2,5-
Furthermore, Table 5 shows that the TD-DFT method position of the 1-phenylphosphole ring causes a red-shift of the
computes the valence excitation energies systematically higherl!A" state of 8) by 10 nm, whereas the absorption wavelengths
and the oscillator strengths systematically lower than those of the lowest!A’ transitions remain nearly unchanged. In the
derived using the MS-CASPT2 method, whereas the expectationcase of dimethyl substitution at 3,4-positids),(neither of the
values forli?Clare similar. The difference between the TD-DFT low-lying z* < 7 transitions are seriously shiftédThe 1!A"
and MS-CASPT?2 values is consistent and amounts up to 0.4and ZA’ states of 3,4-dimethylphosphol6)(are predicted to
eV. From this comparison, it can be concluded that the TD- red-shift by around 10 nm when putting a cyano grodpa(
DFT approach yields results that are qualitatively comparable the P atom. For 3,4-dimethyl-1-isopropoxyphosphdg we
to those obtained with the MS-CASPT2 method but quantita- found that these states are red-shifted by arouné3s0nm as
tively less accurate. compared to 3,4-dimethylphospho®®.(Finally, we computed

11 1

Figure 8. Calculated electron density in pyrrol@l) and parent phosphold)( The picture shows the surface where the electron density is 0.002
electrons/& The color code shows the electrostatic potential at this surface, reddish portions representing negative potential.
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Figure 9. Calculated electron density in 3,4-dimethylphosphé)e 1-cyano-3,4-dimethylphosphol@)( 3,4-dimethyl-1-isopropoxyphosphol®)(
and 3,4-dimethyl-1-dimethylaminophospho®.(The picture shows the surface where the electron density is 0.002 elecfofistAcolor code
shows the electrostatic potential at this surface, reddish portions representing negative potential.

the A" and A" absorption wavelengths for 3,4-dimethyl-1- in a systematic way. All structureproperty relationships have
dimethylaminophospholed) at 380 and 288 nm, respectively. been analyzed both igas phaseand inacidic solution
As a consequence, we expect a very large red-shift of the 1 The molecules selected for the PA anHapcalculations
state AMmax= 135 nm) when substituting H by a dimethylamino  include ammonia 10), pyrrole (11), 1-methylpyrrole {2),
group at the P atom of 3,4-dimethylphosphole (fréno 9). phosphine 13), 1-methylphosphineld), divinylphosphine 15),
Basicity. A remarkable property of H-phospholes is the  phospholenel(), and the H-phospholes¥—9). These struc-
observed reducethasicity relative to phospholenes and di- tures are presented in Figure 7 and Figure 1, respectively.
vinylphosphines:® We have thus attempted to find out the The computed PA values at different protonation sites in the
reasons for such low basicity by a simple comparison of gas phasare given in Table 7 for theH-phospholed—9 and
geometric and electronic structures. Furthermore, it has beenfor structuresl0—16 along with experimental data. We notice
suggested that phospholes undergo protonation at the P*atom, that the computed PA values deviate from the available
whereas in pyrroles, the Caton?2 is actually preferred. To  experimental ones by at most 3 kJ/mol. The results are organized
check further this information, thgite of protonationn these as follows: first, we will discuss the sites of protonation of the
systems has been reexamined. Besides this, the effects offorementioned molecules. Subsequently, the basicity of phos-
substituents on the basicity of phospholes have been investigateghhole (), divinylphosphine 15), and phospholenel§) will be
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TABLE 8: Internal OOCPC Bond Angles (deg) of Neutral
and Protonated Forms of Divinlyphosphine (15),
Phospholene (16), and Parent Phosphole (1) and the
Deviation from the Tetrahedral Angle for the Protonated
Structures

gcpC OCPGi+ A1ooz OCPGy+
1 90.2 95.5 14.0
15 100.9 115.6 6.1
16 91.6 98.9 10.6

compared. Finally, we will comment on the basicity of the
substituted H-phospholes.

Site of ProtonationThe results tabulated in Table 7 indeed
confirm that that for pyrrole 1) and 1-methylpyrrole 12),
protonation takes place at thg @om, whereas for divinylphos-
phine (L5), phospholenel), and 1-methylphosphole&), the
P atom protonation is favored. For phosphdlg the PA values
at both P and ¢ sites are nearly identical. In view of their
geometry, consideration of the correspondmgystems may

help us to understand the above results. Pyrrole is an aromatic

five-membered ring in which the nitrogen lone pair is strongly
delocalized toward theis-1,3-budiene unit. On the contrary,

pyramidal phosphole is nonaromatic, since the phosphorus lone

pair is only weakly delocalized toward ttes-1,3-butadiene

unit. As a consequence, we expect on one hand that the nitroge
lone pair is less available for proton bonding than the phosphorus
lone pair. On the other hand, the carbon atoms of pyrrole becom
more electron-rich than those of phosphole and therefore more
basic. These findings are visualized in Figure 8 which illustrates

e

Delaere et al.

TABLE 9: Computed and Experimental pK, Values at
Different Protonation Sites in Acidic Solution of
1H-Phospholes 9 and Structures 10-16

N/P G G expt
1 53 -83 -18.1
2 -0.3 -438 -73 0.9
3 2.0 -5.1 ~115
4 0.8 -53 9.7
5 4.6 -1.0 ~11.7
6 -06 -35 -18.8
7 -4.9 -96 -30.7
8 ~1.2 ~11 ~14.3
9 2.2
10 9.2 9.3
11 ~13.8 1.0 —4.0 ]
12 ~13.3 1.2 21
13 2.0
14 0.7
15 4.7 5.2
16 3.2

aReference 36° Reference 30.

basicity of phospholes as compared to phospholene and di-
vinylphosphine. The above explanation is similar to the sug-
gestior#334 that one of the likely causes of the reduced

rpucleophilicity of 1,2,5-triphenylphospholes, as compared to

triphenylphosphines, is the inherent increase in ring strain of
the five-membered phosphole ring upon conversion from a
tervalent into a quaternary coordination state. However, in the
gas phase, parent phosphol® {s more basic than parent

the computed electron densities and molecular electrostaticPNosPhine 13) thanks to a stabilization of the positive charge

potentials in pyrrole and phosphole.

The PA values recorded in Table 7 reveal that for 3,4-
dimethylphospholef) and 1-cyano-3,4-dimethylphospholg,(
protonation now preferentially occurs at,,Cwhereas for
1-phenylphospholes), 2,5-dimethyl-1-phenylphosphold)( 3,4-
dimethyl-1-phenylphosphole5), and 3,4-dimethyl-1-isopro-
poxyphosphole8), the P atom remains the most basic site. For
3,4-dimethyl-1-dimethylaminophosphol8)( the PA values at

through thecis-1,3-butadiene unit.

Furthermore, the results in Table 7 indicate that alkyl-, aryl-,
and s-donor groups tend to increase the basicity -1
phospholes, whereasacceptor groups such as cyano weaken
it. The increase in basicity is calculated to be strongest in the
case ofP-dimethylamino substitution.

The computed and experimentaKp values at different
protonation sites of theH-phopholes1—9) and structure40—

both P and ¢ sites are computed to be almost equal. To predict 16 in acidic solutionare recorded in Table 9. We notice that

in a qualitative way the site of protonation in substituted

the computed and experimental values are in reasonable

phospholes, the molecular electrostatic potential (MEP) can beagreement with each other with deviation of less than dfe p
plotted on an isodensity surface. Comparison of the MEP plot unit. The results also show that for all the molecules considered,

of phosphole 1) in Figure 8 with the MEP plot of 3,4-
dimethylphospholef) in Figure 9, reveals that the MEP a§,C

the preferregbrotonation siteén acidic solution remains the same
as in gas phase, except for phospha)e §,4-dimethylphosphole

becomes more negative when putting methyl groups at 3,4- (6), and 1-cyano-3,4-dimethylphosphold,(where the P atom
position of the phosphole ring, and supports the assumption thatbecomes more basic than thg &om. We also see that the

for 3,4-dimethylphosphole protonation will take place at C
Figure 9 also clearly illustrates the influencesofaicceptor or
m-donor groups at the P atom oHiphospholes. As could be

relative basicitybetween phosphole, phospholene, and divinyl-
phosphine is not changed in going from the gas phase to acidic
solution. However, in a few cases, the relative ordering is

expected, the cyano group withdraws electron density from the modified. Relative to PH (13), the parent phospholel)

phosphorus lone pair. As a result, the MEP at phosphorus becomes substantially less basic in acidic solution, which is in
becomes more positive, and the probability of protonation at contrast to the PA ordering found in the gas phase. Thus, the
the P atom is weakened. As also shown in Figure 9, the reversemost marked result here is a reversed basicity ordering between
trend holds true forz-donor groups such as isopropoxy and PH; and phosphole following solvation. As far as we know,
dimethylamino. there is actually no reliable experimental value for thg pf
Basicity. The following ordering is obtained when comparing PHs. It can however be admitted that the PHation is more
the gas phase P atom PA’s of phosphdlg divinylphosphine stabilized in solution due to the presence of four H atoms that
(15), and phospholenel6): PA (phosphole)< PA (phos- give rise to additional H bonds. It appears that H bonds in the
pholene)< PA (divinylphosphine). Table 8 points out that the protonated form of PEimodify the basicity ordering between
deviation of the internal bond angle of the quatervalent PHs;and phosphole. Itis apparent that the basicity of phosphines
protonated form[(ICPG,+) from the ideal tetrahedral bond angle could be changed upon solvation, and this problem needs to be
(109.5) is largest in phospholel) and smallest in divinylphos-  investigated in detail in future studies. Furthermore, thg p
phine (L5). Therefore, we expect that the difficulty encountered values indicate thaP-alkoxy andP-amino phosphole deriva-
for protonation is the largest in phosphole and the smallest in tives, bearing strong electron donors, become significantly more
divinylphosphine, which could in part explain the reduced basic than the parent phospholes.
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Concluding Remarks

In summary, the above theoretical investigations demonstrate

J. Phys. Chem. A, Vol. 107, No. 38, 2008523

(15) Kaufmann, K.; Baumeister, W.; Jungen, 84.Phys. B: At., Mol.,
Opt. Phys.1989 22, 2223.
(16) Schéer, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100,

that a simple MO approach can already be useful for giving a 5829.

qualitive interpretation of not only the PES spectra but also of

the observed reactivity of theHtphospholes considered. A

(17) Polly, R.; Taylor, P. RJ. Phys. Chem. AL1999 103 10343.
(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,

comparison of the structure of the ionic ground state to that of R. E., Jr.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,

the neutral molecule is necessary to trace the identity of the
removed electron. We were also able to assign the typical

absorption band dP-alkylphospholes to the lowest excitetAl

K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.

and PA’ states, whose dominant transitions originate from the V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;

HOMO and HOMO-1, respectively. The effect of substituents

on the relatedr* < s transitions could be clearly described.
Thereby striking is the very large red-shifi{max = 135 nm)

of the T!A’ state when substituting H by a dimethylamino group

Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
A. Nanayakkara, C. Y.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. SAUSSIAN 98Revision A.5.
Gaussian Inc., Pittsburgh, PA, 1998.

(19) Andersson, K.; Barysz, M.; Bernhardsson, A.; Blomberg, M. R.

at the P atom of 3,4-dimethylphosphole. As what concerns the 4 . “Carissan, Y.; Cooper, D. L. Cossi, M.; Fleig, T.:I5cher, M. P.;
basicity, our computations support the idea that one of the likely Gagliardi, L.; de Graaf, C.; Hess, B. A.; Karlstnp G.; Lindh, R;

causes of the reduced basicity of phospholes, as compared t
phospholenes and divinylphosphines, is the inherent increas

eJ.;

dvialmqvist, P.-A.; Neogrdy, P.; Olsen, J.; Roos, B. O.; Schimmelpfennig,

B.; Schiz, M.; Seijo, L.; Serrano-Andee L.; Siegbahn, P. E. M.; Stalring,
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in ring strain of the five-membered phosphole ring upon MOLCAS Version 5.2. Lund University, Lund, Sweden, 2001.

conversion from the tervalent into the quaternary coordination
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phosphole 1) and the parent phosphing3d) in going from the
gas phase to acidic solution.
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