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Abstract. The intrinsic acidity of cyclopentadiene and its PH2 and AsH2 derivatives has been investigated 
at the B3LYP/6-311+G(3df,2p)//B3LYP/6-31+G(d,p) level of theory. The calculated intrinsic acidity of 
cyclopentadiene is consistent with the available experimental data. Substitution of one of the H atoms of 
the C(sp3)H2 group of cyclopentadiene by PH2 and AsH2 leads to a significant acidity enhancement of 44 
and 34 kJ mol–1, respectively. This acidity enhancement is the result of the balance of two opposite ef-
fects: a) a decrease in the aromaticity of the anion on going from the unsubstituted to the substituted 
forms, b) the stabilization of the anion in the substituted derivatives, through an interaction of the -cloud 
of the ring with the X–H bonding orbitals of the PH2 or AsH2 groups. This renders the interaction of the 
substituent with the five membered ring stronger upon deprotonation, as reflected in a strengthening of the 
C–P and the C–As bonds. 
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INTRODUCTION 

One of the most important achievements in the last half 
of the last century was the development of gas-phase 
ion chemistry.1 The possibility of measuring the basicity 
and acidity of many chemical compounds in the absence 
of any interaction with the solvent provides a new vi-
sion of these chemical processes, because it was possi-
ble to measure the intrinsic reactivity of the systems.1,2 
One can say that this was the origin of a new chemistry, 
because in quite often the basicity or acidity trends 
observed in the gas phase were not only different to 
those observed in solution, but in many cases opposite. 
As a matter of fact, our previous knowledge on the 
basicity or acidity properties of the chemical com-
pounds, was determined mostly by solvation, rather than 
by the intrinsic basicity or acidity of the system. Fur-
thermore, the possibility of comparing gas-phase and 
solution magnitudes opened also the possibility of gain-
ing more insight on solvation effects. Soon after the first 
measurements of gas-phase acidities and basicities were 
reported in the literature, a particular attention was fo-
cused on the characterization of superbases and super-
acids in the gas-phase,3 with the final goal of finding a 
superacid able to transfer spontaneously a proton to a 
superbase, to finally produce an ion-pair in the gas-

phase. In this context, the contribution of theory to de-
sign and therefore to propose for their synthesis good 
candidates to behave as a superbase or as a superacid 
was crucial, and the efforts of the group of Zvonko 
Maksić were and still are remarkable.4–17 They have 
actually proposed different ways to enhance the basicity 
or the acidity of a compound, profiting in some cases 
significant changes in the electron delocalization trig-
gered by the protonation or the deprotonation of the 
system or combining these effects with the added stabi-
lization caused by intramolecular hydrogen bonds. 

In spite of the numerous papers devoted to analyze 
intrinsic basicities and acidities, many aspects govern-
ing these properties are not completely understood yet. 
In the last decade our group has devoted some efforts to 
investigate the influence of the substituents on the acid-
ity or basicity of a given functional group. In particular 
we have shown that for primary amines, phosphines, 
arsines, silanes, germanes, thiols and selenols a huge 
increase of the acidity takes place when the heteroatom 
is bonded to an unsaturated moiety.18–23 As a matter of 
fact this enhancement is particularly large for ,-
unsaturated derivatives, due to a strong stabilization of 
the anion produced upon deprotonation. It is well 
known that the cyclopentadiene ring possesses quite 
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acidic hydrogens in the condensed phase24,25 because the 
loss of a proton leads to a significant aromatization of 
the ring and, accordingly to a strong stabilization of the 
anion. The synthesis of unsubstituted cyclopentadienyl-
phosphine and cyclopentadienylarsine and their charac-
terization as non-aromatic systems have been recently 
reported.26 However, the corresponding amino deriva-
tive has never been isolated, because it rearranges to 
yield the corresponding imine, also a kinetically unsta-
ble compound. The question we address in this work, 
through the use of high-level density functional (DFT) 
calculations, is whether the attachment of a PH2 or AsH2 
substituent to the cyclopentadienyl moiety can lead to 
significant changes in its acidity, and whether the depro-
tonation is still favored from the five-membered ring. 

 

COMPUTATIONAL DETAILS 

The geometries of cyclopentadiene, and its PH2 and 
AsH2 derivatives, as well as those of the different depro-
tonated species derived from these compounds have 
been optimized using the B3LYP method. This DFT 
approach combines the Becke’s three-parameter non-
local hybrid exchange potential27 with the nonlocal 
correlation functional of Lee, Yang and Parr,28 and it 
has been shown to provide reliable geometries for a 
wide variety of compounds,29–33 with a rather good 
accuracy/cost ratio. The same approach has been used to 
obtain the structures of all possible deprotonated forms. 
For this purpose a 6-31+G(d,p) basis set was used, be-
cause the inclusion of diffuse functions is essential to 
get an adequate description of anions. The same func-
tional has been shown to provide reliable gas-phase 
basicities and acidities,14,16,17,34–39 provided that a flexi-
ble enough basis set is used. Hence, in our study final 
energies were obtained using the same functional to-
gether with a 6-311+G(3df,2p) basis set expansion. The 
harmonic frequencies of all the systems under investiga-
tion were obtained at the same level of theory used for 
the geometry optimizations in order to assess that all the 
stationary points found correspond to local minima of 
the potential energy surface and to calculate the contri-
bution of the vibrational degrees of freedom to the 
thermal corrections. 

The bonding in these systems has been analyzed 
by using three complementary approaches, namely the 
atoms in molecules (AIM) theory,40 the electron local-
ization function (ELF) theory41,42 and the natural bond 
orbital (NBO) approach.43 Within the framework of 
AIM theory we have located the bond critical points 
(bcp) of each compound, because the electron density at 
these points offers valid quantitative information on the 
strength of the bond. On the other hand, taking into 
account that as we mentioned above, the deprotonation 

of these systems triggers an aromatization of the five-
membered ring, an analysis of the ellipticity of the bond 
permits to follow the changes in its multiple bond char-
acter. This question can be also analyzed in terms of the 
weights of the different resonant structures contributing 
to the stability of the system, which can be obtained 
through the use of the natural resonance theory (NRT) 
in the framework of the NBO approach.43 Furthermore, 
a second order perturbation analysis of the Fock matrix 
within the NBO scheme provides information on the 
interactions between occupied and empty molecular 
orbitals which may offer some insight into the factors 
contributing to stabilize or destabilize a given com-
pound. The NBO approach, has been also employed to 
obtain the Wiberg bond orders (BO).44 These calcula-
tions have been carried out with the NBO-5.0 suite of 
programs.45 

ELF41 is an alternative analysis of the electron 
density. The ELF function, conveniently scaled between 
[0,1], identifies regions of space where electron pairs 
are localized. In this paper an ELF value of 0.80 will be 
adopted to locate the different electron pair basins, some 
of which are lone-pairs, whereas the others are bonding 
pairs. Their populations and synaptic orders provide 
useful information on the bond characteristics. ELF 
grids and basin integrations have been computed with 
the TopMod package.46 

 

RESULTS AND DISCUSSION 

The acidic site of cyclopentadiene is obviously the satu-
rated carbon atom, because, as already mentioned, when 
one of the protons of this group is removed, the result-
ing anion becomes aromatic. For the particular case of 
the PH2 and AsH2 derivatives, all possible deprotonation 
processes have been considered. However, as expected, 
the loss of a proton from any of the CH groups of the 
five-membered ring is systematically very unfavorable 
with respect to the loss of the proton attached to the sp3 
carbon atom, or the loss of a proton from the substitu-
ent. Hence, in what follows only these latter two possi-
bilities will be discussed in detail. 

The structures of the neutral compounds and the 
most stable deprotonated forms are schematized in Fig-
ure 1. A more detailed information on these optimized 
geometries is provided in Table S1 of the supporting 
information. The total energies, thermal corrections to 
enthalpy and entropy values are given in Table S2 of the 
supporting information. In Table 1 we present the calcu-
lated acidities, measured as the negative of the enthalpy 
or the Gibbs free energy of the process: 

–A H AH   (1) 
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It can be observed that for cyclopentadiene, which 
is the only compound for which the gas-phase acidity 
has been measured,47–49 our theoretical estimate is al-
ways within the experimental error, although the agree-
ment is better with the measurements of Bartmess et 
al.49 This indicates that our estimated values for the PH2 
and AsH2 derivatives should be considered reliable. It is 
also apparent from the values in Table 1 that the depro-
tonation of the substituent is unfavorable with respect to 
the loss of the proton attached to the same carbon atom, 
which, as in the case of the parent compound, leads to a 
significant aromatization of the system. 

It is worth noting however that the gap between 
the acidities of these two groups decreases significantly 
on going from the PH2 derivative, for which this gap is 
97.3 kJ mol–1, to the AsH2 derivative, where the gap 
becomes less than half (41.4 kJ mol–1). However, the 
most striking result is the significant acidity enhance-
ment predicted on going from the parent compound to 
the PH2 and AsH2 substituted derivatives. More precise-
ly, the replacement of one of the H atoms of the CH2 of 

cyclopentadiene by a PH2 group implies an increase in 
the intrinsic acidity of the system of almost 50 kJ mol–1. 
This acidity enhancement is certainly smaller for the 
AsH2 derivative but still significant (34 kJ mol–1). What 
is the origin of this acidity enhancement? 

We have mentioned several times along this paper 
as a well established fact that the significantly large 
acidity of cyclopentadiene is due to the aromatization of 
the system upon deprotonation, which is clearly reflect-
ed in an equalization of the C–C distances within the 
five-membered ring (Figure 1), as well as in the equali-
zation of the electron densities at the corresponding 
bcps. (Figure 2). 

No doubt a certain aromatization of the system 
should be also expected when the PH2 and AsH2 deriva-
tives lose the H attached to the C(sp3), as it is also mir-
rored in a certain equalization of the C–C bond dis-
tances within the ring (Figure 1). However, this aroma-
tization seems not to be as complete as in the case of the 
parent compound. As shown in Figure 2, the electron 
density is preferentially accumulated in the two C2–C3 
and C4–C5 bonds, C1 being the substituted carbon 
atom. This seems to indicate that a more localized struc-
ture is found for the anions of the PH2 and the AsH2 
derivatives than for the unsubstituted parent anion. This 
is ratified by the increase in the ellipticity of these two 
bonds with respect to that in the parent anion, indicating 
that the C2–C3 and C4–C5 increase their double bond 
character. Concomitantly the other bonds undergo a 
decrease in their ellipticity with respect to the parent 
compound indicating a decrease in their double bond 
character, in other words the ring becomes less aromat-
ic. 

This description is completely consistent with that 
obtained through the use of the NRT theory (Figure 3), 
which shows that while for the parent anion all possible 
mesomeric forms contribute equally to the bonding of 
the system, for the PH2 and AsH2 derivatives, structure 

Figure 1. B3LYP/6-31+G(d,p) optimized geometries of cyclo-
pentadiene, its PH2 and AsH2 derivatives (top line) and their
most stable deprotonated species (bottom line). Bond lengths
are expressed in Å and bond angles in degrees. 

Table 1. Intrinsic acidities (acidH and acidG) of cyclopentadiene derivatives 

Substituent Deprotonated group acid calc
1kJ mol

H



 

acid exp

1kJ mol

H



 acid calc

1kJ mol

G



 acid exp

1kJ mol

G



 

H C(sp3)H 1478.2 1481. ± 9.2 1446.6 1455. ± 8.4 

   1485. ± 12  1459. ± 8.4 

   1479. ± 5.4   

PH2 PH2 1527.8  1494.5  

 C(sp3)H 1430.5  1397.9  

AsH2 AsH2 1485.6  1452.9  

 C(sp3)H 1444.2  1411.8  
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a (Figure 3) is dominant. This is in agreement with the 
fact that for these two compounds, the C2–C3 and C4–
C5 bond orders (1.455) are greater than those of the 
other bonds in the ring (1.337 for the C1–C2 and C1–C5 
bonds and 1.446 for the C3–C4 bond) and also larger 
than the C–C bond orders in the parent anion (1.403), 
and in line with the AIM results. This picture is also 
consistent with that obtained when the ELF theory is 
applied (Figure 4) which shows that on going from the 
parent compound to the PH2 and AsH2 substituted de-
rivatives a significant accumulation of electrons takes 
place in the C2–C3 and C4–C5 basins, whose popula-
tion changes from 2.66 to 3.43 and 3.46 respectively. 

It seems clear then that the aromatic character 
should be smaller in the PH2 and AsH2 derivatives than 
in the parent compound. Indeed, when the nucleus inde-
pendent chemical shift (NICS) is evaluated for these 
three anions 1.0 Å above the center of the ring, what is 
usually known as NICS(1), the values obtained (–9.58 
ppm, –8.90 ppm and –8.90 ppm for cyclopentadiene and 
its PH2 and AsH2 substituted derivatives, respectively) 
indicate that cyclopentadiene anion is the most aromatic 
of the three. It seems then clear that the acidity en-
hancement observed upon substitution has to have a 
different origin. 

A clue on the possible origin of the calculated 
acidity increase is provided by the ELF description, 

which indicates that the lone pair of the heteroatoms 
exhibit a quite large electron population, in both cases 
larger than 2.0. This points out to the ability of second 
and third-row atoms to accommodate excessive electron 
charge, due to the large size of their orbitals. This effect 
should be clearly greater for As than for P as clearly 
illustrated in Figure 4. However this is not the only 
factor behind the observed acidity enhancement. A 
second order perturbation NBO analysis shows the 
existence of a significant interaction between the -
system of the ring and the XH bonding orbitals of the 
substituent, with interaction energies of about 28.0 kJ 
mol–1, and similar to that involved in a typical hyper-
conjugation effect. Due to a more effective overlap, this 
interaction is greater in the case of the PH2 than for the 
AsH2 derivative. At the same time in both derivatives 
there is also a significant interaction between the P or 
the As lone pair and the C1–C5 * antibonding orbital. 
Both effects contribute to reinforce significantly the 
interaction of the substituent with the five membered 
ring in the anionic form, which accordingly exhibits a 
C–P and a C–As bond distance much shorter than in the 
neutral form (Figure 1). Hence, although many arsines 
are usually more acidic than the corresponding 
phosphines,18,19 the particular nature of the cyclopenta-
dienyl substituent leads to two opposite effects resulting 
in a higher acidity for the cyclopentadienylphosphine. 

 

CONCLUSION 

Our theoretical estimates on the intrinsic acidity of cy-
clopentadiene agree very well with the available expe-
rimental data. Although all the measured values are 
affected by a significant error, our estimates seem to 
support the more recent measurements of Bartmess et 
al.49 Substitution of one of the H atoms of the C(sp3)H2 
group of cyclopentadiene by PH2 and AsH2 leads to a 
significant acidity enhancement, which for the P deriva-
tive is as large as 49 kJ mol–1, and a little smaller (34 kJ 

 

 

Figure 2. Molecular graphs of the deprotonated species of
cyclopentadiene and their PH2 and AsH2 derivatives. Electron
densities at the bond critical points are given in a.u. The values
within parentheses correspond to the ellipticity of the bond. 

 

 

Figure 3. Resonant structures contributing to the bonding in
cyclopentadiene and their PH2 and AsH2 derivatives. The
values correspond to the weight of the different forms ex-
pressed in percents. 

 

 

Figure 4. Three-dimensional representations of ELF isosur-
faces with ELF = 0.80 for cyclopentadiene and their PH2 and 
AsH2 derivatives. Yellow lobes correspond to V(C,H), V(P,H) 
and V(As,H) basins, red lobes correspond to V(P) and V(As) 
basins associated with P and As lone-pairs. Green lobes corre-
spond to V(C,C), V(C,P) and V(C,As) basins. 
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mol–1) for the As derivative. An analysis of the bonding 
of the deprotonated species reveals that this acidity 
enhancement is the result of the balance of two opposite 
effects, a decrease in the aromaticity of the system on 
going from the unsubstituted anion to the substituted 
ones, which would result in an acidity dampening rather 
than in an acidity enhancement and the stabilization of 
the anion in the case of the PH2 and AsH2 derivatives, 
through an interaction of the -cloud of the ring with the 
X–H bonding orbitals of the substituent and the interac-
tion of the substituent lone pair with the closest C–C 
bond of the ring. As a consequence, the interaction of 
the substituent with the five membered ring becomes 
stronger upon deprotonation, as reflected in a strength-
ening of the C–P and the C–As bond. 

Supplementary Materials. – Supporting informations to the 
paper are enclosed to the electronic version of the article. 
These data can be found on the website of Croatica Chemica 
Acta (http://public.carnet.hr/ccacaa). 
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SAŽETAK 

Povećanje kiselosti ciklopentadienskog prstena supstitucijom s 
PH2 i AsH2 

Marcela Hurtado,a Otilia Mó,a Manuel Yáñeza i Jean-Claude Guilleminb 

aDepartamento de Química, C-9. Universidad Autónoma de Madrid. Cantoblanco. 28049-Madrid, 
Spain 

bSciences Chimiques de Rennes, Ecole Nationale Supérieure de Chimie de Rennes - CNRS,  
35700 Rennes, France 

Prirođena kiselost ciklopentadiena i njegovih PH2 i AsH2 derivata studirana je primjenom B3LYP/6-
311+G(3df,2p)//B3LYP/6-31+G(d,p) nivoa teorije. Izračunata prirođena kiselost ciklopentadiena u skladu je s 
dostupnim eksperimentalnim podacima. Supstitucija jednog H atoma C(sp3)H2 grupe ciklopentadiena s PH2 i AsH2 
grupama dovodi do značajnog povećanja kiselosti od 44 i 34 kJ mol–1 u istom slijedu. Ovo povećanje kiselosti re-
zultat je ravnoteže dva suprotna efekta: a) smanjenja aromatičnosti aniona idući od nesupstituirane prema supsti-
tuiranoj formi, b) stabilizaciji aniona u supstituiranim derivatima, interakcijom π-oblaka iz prstena sa  X–H vez-
nim orbitalama PH2 ili AsH2 skupine. Ovaj efekt povećava interakciju supstituenta s peteročlanim prstenom nakon 
deprotoniranja, što se odražava na jačanje C–P i C–As veza. 
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SUPPLEMENT 
 
 
 
Table S1. B3LYP/6-31+G(d,p) optimized geometries of cyclopentadiene derivatives and their 
deprotonated forms. Cartesian coordinates in Å 
 
 
Cyclopentadiene 
 
              6             0       -0.534340   -0.824297    0.721710 
              1             0       -0.541925   -0.836013    1.823047 
              6             0        0.867504   -0.834203    0.167546 
              1             0        1.591286   -1.618288    0.361454 
              6             0        1.052113    0.271930   -0.588077 
              1             0        1.959868    0.543421   -1.118073 
              6             0       -1.115665    0.451376    0.167566 
              1             0       -2.126907    0.792012    0.361491 
              6             0       -0.181275    1.071466   -0.588064 
              1             0       -0.304018    2.010972   -1.118051 
              1             0       -1.108326   -1.709736    0.406050 
 
Cyclopentadiene (anion) 
 
                     6             0        0.945698   -0.000054   -0.749000 
              6             0        1.004552   -0.000215    0.668019 
              1             0        1.911598   -0.000408    1.271020 
              6             0       -0.324777    0.000012    1.161782 
              1             0       -0.618271   -0.000007    2.210698 
              6             0       -0.420170    0.000073   -1.130855 
              1             0       -0.799383    0.000141   -2.151903 
              6             0       -1.205286    0.000190    0.050039 
              1             0       -2.293540    0.000331    0.095479 
              1             0        1.799491   -0.000095   -1.425211 
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PH2 derivative 
 
              6             0       -0.039176   -0.118416    0.677622 
              1             0       -0.030767   -0.193715    1.775630 
              6             0        1.347107   -0.107341    0.100594 
              1             0        2.061134   -0.911559    0.239484 
              6             0        1.524613    1.029252   -0.613846 
              1             0        2.417915    1.308729   -1.163413 
              6             0       -0.616974    1.193007    0.212449 
              1             0       -1.618123    1.531104    0.455912 
              6             0        0.302453    1.837222   -0.544087 
              1             0        0.171390    2.799579   -1.028687 
             15             0       -1.140257   -1.562592    0.107742 
              1             0       -0.799349   -1.491532   -1.272506 
              1             0       -0.206476   -2.606063    0.381053 
 
PH2 derivative (anion) 
 
              6             0        0.000000    0.000000    0.000000 
              6             0        0.000000    0.000000    1.425109 
              1             0        0.885901    0.000000    2.056584 
              6             0       -1.337577   -0.001036    1.865406 
              1             0       -1.666835   -0.001182    2.903362 
              6             0       -1.363857   -0.001056   -0.422588 
              1             0       -1.698289   -0.001315   -1.457654 
              6             0       -2.183906   -0.001580    0.721750 
              1             0       -3.272140   -0.002215    0.730273 
             15             0        1.364950    0.001057   -1.170283 
              1             0        2.235389    1.032823   -0.668390 
              1             0        2.237320   -1.029125   -0.668729 
 
AsH2 derivative 
 
              6             0        0.279471    0.332826    0.752881 
              1             0        0.259219    0.224299    1.844216 
              6             0        1.642890    0.308761    0.144599 
              1             0        2.358998   -0.488975    0.307248 
              6             0        1.796206    1.392067   -0.657251 
              1             0        2.662744    1.619515   -1.269501 
              6             0       -0.304633    1.617532    0.248454 
              1             0       -1.292520    1.979594    0.511871 
              6             0        0.581823    2.205582   -0.592849 
              1             0        0.424149    3.127361   -1.143658 
             33             0       -0.853225   -1.162785    0.046992 
              1             0       -0.433577   -0.961434   -1.411932 
              1             0        0.202870   -2.269076    0.236006 
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AsH2 derivative (anion) 
 
              6             0        0.000000    0.000000    0.000000 
              6             0        0.000000    0.000000    1.420917 
              1             0        0.884111    0.000000    2.053918 
              6             0       -1.338679    0.000084    1.860349 
              1             0       -1.668630    0.000021    2.897973 
              6             0       -1.360307    0.000085   -0.427111 
              1             0       -1.694952    0.000017   -1.462102 
              6             0       -2.182532    0.000136    0.716222 
              1             0       -3.270745    0.000100    0.721573 
             33             0        1.416405    0.000045   -1.246653 
              1             0        2.360411    1.092461   -0.666528 
              1             0        2.362113   -1.089574   -0.664195 
 
 
 
Table S2. Total energies (E / hartree), thermal corrections to the enthalpy (Hcorr) and entropy  
(S / cal mol–1 K–1) for cyclopentadiene derivatives and their deprotonated species 
 


System E(a) Hcorr
(b) S(b) 


Cyclopentadiene (neutral) -194.169273 0.097741 66.722 
Cyclopentadiene (anion) -193.594528 0.083635 66.021 
    
PH2-derivative (neutral)  -536.146411 0.108015 77.345 
PH2-derivative (deprotonated at the PH2 group)  -535.555164 0.09631 77.986 
PH2-derivative (deprotonated at the five-
membered ring )  -535.589916 0.094018 77.485 
    
AsH2-derivative (neutral) -2430.64498 0.10631 79.774 
AsH2-derivative (deprotonated at the AsH2 group) -2430.07102 0.095823 79.92 
AsH2-derivative (deprotonated at the five-
membered ring ) -2430.08359 0.09261 79.688 


 


(a) Values obtained at the B3LYP/6-311+G(3df,2p)//B3LYP/6-31+G(d,p) level of theory. 
(b) Values obtained at the B3LYP/6-31+G(d,p) level of theory. 







