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Abstract
Numerous studies have highlighted the role of the proton donor characteristics of the phenol group of
17β-estradiol (E2) in its associationwith the estrogen receptor alpha (ERα). Since the substitutions at
position C(11) have been reported to modulate this association, we hypothesized that such
substitutions may modify the phenol acidity. Hence, phenol gas-phase acidity of nine C(11)-
substituted E2-derivatives were evaluated using the extended Cooks’ kinetic method, which is a
method widely used to determine thermochemical properties by mass spectrometry. To enhance
accuracy in data collection we recorded data from several instruments, including quadrupole ion
trap, triple quadrupole, and hybrid QqTOF. Indeed, we report for the first time the use of the QqTOF
instrument to provide a novel means to improve data accuracy by giving access to an intermediate
effective temperature range. All experimental gas-phase acidity values were supported by
theoretical calculations. Our results confirmed the ability of distant substituents at C(11) to modulate
the phenol acidity through electrostatic interactions, electron withdrawing inductive effects, and
mesomeric effects. However, no relationship was found between the phenol gas-phase acidity of
investigated steroids and their binding affinity for ERα assessed in solution. Thus, our results
highlight that the intrinsic properties of the hormone do not influence sufficiently the stabilization of
the hormone/ERα complex. It is more likely that such stabilization would be more related to factors
depending on the environment within the binding pocket such as hydrophobic, steric aswell as direct
intermolecular electrostatic effects between ERα residues and the substituted steroidal estrogens.
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Introduction

Structure-activity relationships (SAR) are of prime im-
portance for an extended understanding of protein/ligand
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interactions and for drug development. In this aim, steric,
hydrophobic, and electronic effects are commonly taken into
account. The latter are classically quantified by the empirical
Hammett and Taft equations [1–3]. Furthermore, since
electronic effects are strongly influenced by the environment
(e.g., solvent, dielectric constant, pH, salt, and counter-ion
effects), the meaning of calculated values for ligands of
interest is uncertain.

Since the 1980s, significant developments in mass
spectrometry have offered the possibility to explore the
intrinsic electronic properties of a molecule (i.e., without
solvent) by determining its gas phase acidity or basicity
values [4]. In this context, methods commonly used include
(1) the ion/molecule reaction equilibrium [5], (2) the
bracketing method [6], and (3) the Cooks’ kinetic method
[7, 8]. The first requires sufficiently pure compounds to
avoid unwanted reactions leading to formation of isomeric
intermediates. The second is based on proton transfer
processes from an analyte to reference compounds via a
one-step process which should be characterized by negligi-
ble entropy variations. The Cooks’ kinetic method [7–13] is
not subjected to such limitations of the other two techniques,
although several statements are assumed (see next section).
Therefore, this approach is widely used to establish the gas-
phase acidity or the gas-phase basicity of a large variety of
compounds (e.g., amino acids [14, 15], alcohols [12, 16],
substituted phenols [17], and nucleosides [18]). Thus, the
Cooks’ kinetic method seems particularly appropriate for the
determination of intrinsic electronic effects relevant to a
ligand in the context of the SAR investigations performed on
biologically active compounds bearing an acidic group.

Amongst molecules sharing acidic pharmacophores,
steroidal estrogens for which the acidic phenolic hydroxyl
is essential for biological activity appear appropriate to
conduct such a study. Accordingly, we investigated recently
the stereochemistry influence of substituents at the position
C(11) of the 17β-estradiol hormone (E2) on its gas phase
acidity (ΔH°acid) [19]. This work was carried out with the
11α-OH-17β-estradiol (7α) and 11β-OH-17β-estradiol (7β)
epimers (Table 1) and showed significant variation of acidity
between the two stereoisomers (28 kJmol–1). Remarkably,
the OH group at C(11)β plays a key role in the phenol gas
phase acidity of the steroid whereas no significant effect was
detected with its C(11)α homolog. We assumed that the
stereochemistry of 11β substituents modify phenol gas phase
acidity through intramolecular electronic mechanisms and
more specifically because the hydroxylic proton at C(11)β is
neighbor to the aromatic ring π-orbital cloud. It should be
noted that similar acidity values were recorded for the 17β-
hydroxy (1) and 17-desoxy (2) derivatives, which suggested
that the presence of an OH group at C(17) failed to
significantly influence the gas phase acidity of the investi-
gated steroids.

Based on those results, we investigated a wider series of
11β-substituted estradiol derivatives (Table 1) to provide a
better understanding of the electronic effects responsible for

phenol gas phase acidity variations. Relative gas phase
acidity values associated with various steroidal estrogens
sharing a methyl (3), an ethinyl (4), a chloromethyl (5), or an
acetate (6) at the 11β position, or a 9–11 double bond (8)
were determined. The ΔΗ°acid values were evaluated by
tandem mass spectrometry following the extended Cooks’
kinetic method [7, 8, 20] and by using two complementary
instruments (i.e., quadrupole ion trap and triple quadrupole
mass spectrometers) to improve the estimation of the ΔΗ°acid
value [21]. In addition, our study demonstrated the advan-
tage of using a hybrid QqTOF mass spectrometer as a
complementary technique. Resulting experimental values
were compared to those obtained by a theoretical approach.
Since substitutions at position C(11) are known to modulate
the anchorage of E2 within the ligand binding pocket of the
estrogen receptor alpha (ERα) (Figure 1), we explored
whether the intrinsic electronic effects associated with a
substitution at C(11) may influence the binding affinity of the
hormone for the receptor, and consequently its biological
activity [22].

Method
The relative gas phase acidity (ΔH°acid) associated with a
compound is currently measured by using the Cooks’
kinetic method extended by and following mathematical
treatment proposed by Armentrout (alternative method).
This method consists of first determining the ki/k0 rate
constant ratio associated to the competitive dissociations
of a selected [A0 + Ai – H]– deprotonated heterodimer,
where A0 is the analyte and Ai is a reference with a
known ΔH°acid value (Scheme 1). In this extended
method, the entropy difference is maintained constant
(ΔΔS°acid(A0,Ai) ≈ cst) (i.e., the Ai references could be
different from the A0 analyte providing that all Ai

references have the same chemical function). The extended
kinetic method can be rationalized by the Equation (1) where
GAapp

Teff
is the apparent gas phase acidity (by homology to the

apparent gas phase acidity, GBapp). The GAapp
Teff

is related to
three thermochemical parameters: the gas phase acidity, the
entropic effect difference and the effective temperature (Teff),
as shown in the Equation (2).

1n
I Ai � H½ ��
I A0 � H½ ��

� �
Teff

� 1n
ki
k0

� �
Teff

� �ΔH0
acid Aið Þ
RTeff

þ
GAapp

Teff A0;Aið Þ
RTeff

ð1Þ
Teff' Effective temperature in K [23–26]; R' Boltzmann

constant ~8.31 Jmol–1K–1; GAapp
Teff

' Apparent gas phase
acidity in kJmol–1 [27].

GAapp
Teff

A0;Aið Þ ¼ ΔH
�
acid A0ð Þ � TeffΔΔS

�
acid A0;Aið Þ ð2Þ

Since we determined the relative gas phase acidity of
the studied steroids using the extended kinetic method,
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the ΔΔS°acid(A0,Ai) value was considered constant and
the ln(ki/k0) is linearly related to ΔH°acid(Ai). The slope
and the x-intercept of that linear relation corresponds to
−1/RTeff and GAapp

Teff
, respectively. The extended method

requires performing these experiments under variable
CID conditions to provide larger relative Teff changes
(i.e., fictive values reflecting the characteristics of the
competitive dissociation rate constants from the selected
(de)protonated dimer according to the time window
related to the instrument) [24–28]. The linear dependence
of GAapp

Teff
versus Teff (Figure 2) enables an estimation of

ΔH°acid(A0) and –ΔΔS°(A0, Ai) (i.e., the y-intercept and
the slope, respectively) by following the mathematical

treatment of Armentrout (alternative method). Based on
simulation approaches, Vekey et al. [29] proposed to
increase the Teff range by using different analyzers in
order to improve the accuracy of the proton affinity
value. The Teff depends on specific parameters such as
the excitation amplitude, the dissociation processes, the
time-scale window (i.e., kinetic shift) of the mass
spectrometer. Hence, the combination of the exmental
results recorded from different kinds of mass spectrom-
eters such as quadrupole ion trap (QIT) and triple
quadrupole instruments presented significant advantages.
All experiments reported here to measure the gas phase
acidity of 11β substituted 17β-estradiol were performed

Table 1. Listing of Studied Steroids

N° Compound Structure Mw (u) RBA* (%)

R3 R17 R11

1 E2 (17 -estradiol) OH OH H 272 100

2 17-desoxy-E2 OH H H 256 10 

3 11 -CH3-E2 OH OH CH3 286 100

4 11 -HC C-E2 OH OH C CH 296 30

5 (CME) 11 -ClCH2-E2 OH OH CH2-Cl 320 100

6 11 -OAc-E2 OH OH O-CO-CH3 330 50

7 11 -OH-E2 OH OH OH (  ) 288 10 

7 11 -OH-E2 OH OH OH (  ) 288 0.01 

8 9-11-dehydro-E2

OH

HO

270 50

*RBA 0 relative binding affinity for ERα in solution at 4 °C (competition with [3H]E2 for binding to the receptor).
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with these two instruments. Complementary data were
recorded using a hybrid time-of-flight (QqTOF) mass
spectrometer, which is another kind of mass spectrome-
ter, but which has never been used previously for such
studies.

Experimental
Chemicals and Sample Preparation

The estrogenic steroids used in this study (Table 1) were
purchased from Steraloids Inc. (Newport, RI, USA) and
Sigma (St. Louis, MO, USA) or were provided from the
J. C. Heuson laboratory (Jules Bordet Institute, Brussels,
Belgium). Methanol, triethylamine (TEA) as well as the
carboxylic acid and phenol references (Table 2) were
obtained from Sigma-Aldrich (Saint-Quentin Fallavier,
France). All compounds were used without further
purification. Steroid samples were separately dissolved
in methanol, and mixed in a 1:1 ratio with the
appropriate acid or phenol references (final concentra-
tions: 70, 30, and 10 μM for gas phase acidity experi-
ments performed on triple quadrupole, ion trap and
QqTOF mass spectrometers, respectively). Each sample
contained 0.2 % TEA to improve the formation of the
deprotonated dimer.

Gas Phase Acidity Measurements by Mass
Spectrometry

All experiments were performed with a triple quadrupole
instrument (Quattro I; Micromass, Manchester, England) or
an ion trap mass spectrometer (Esquire 3000; Bruker,
Bremen, Germany) equipped with an ESI source operating
in the negative ion mode. The gas phase acidity of
Compound 6 was determined by using these instruments
and a hybrid time-of-flight mass spectrometer (QSTAR
Pulsar Hybrid QqTOF; Applied Biosystems, Courtaboeuf,
France). CID experiments were carried out as followed:

(i) triple quadrupole mass spectrometer (TQ). Argon was
used as target gas (5.10–5mBar). The laboratory frame
kinetic energy was varied from 2 eV to 20 eV (by 2 eV
step) and from 20 eV to 60 eV (by 5 eV step).

(ii) ion trap mass spectrometer (ITMS). Helium buffer gas
was used as target gas for MS/MS experiments.
Resonant excitation was carried out with a low mass
cutoff (LMCO) [30] equal to 20 % of the m/z value of
the selected precursor ion for deprotonated hetero-
dimers. The excitation amplitude was increased from
0.20 Vp,p to 0.67 Vp,p (by 0.05 Vp,p step).

(iii) hybrid QqTOF mass spectrometer (QqTOF). The
nitrogen target gas was introduced in the collision cell
maintaining low pressure (arbitrary value of 1). Colli-
sion energy (Elab) values varied from 0 V to −11 V (by
1 V step).

Theoretical Study

Calculations were performed using the Gaussian 03 software
[31]. Analytic gradient methods using the density functional
theory (DFT) were performed. All structures were optimized
using the Becke exchange functional (B) [32] with three hybrid
parameters (that consist of a combination of Slater, Hartree-
Fock, and Becke exchange function with the VWN local

Arg-394 

His-524 

N

N
H

NH O

Glu-353 

Phe-404 

Figure 1. Stabilizing interactions in the human E2/ERα
complex

0 + (Ai-H)-

(Ai + A0-H)-

i + (A0-H)-

ki

k0 A

A

Scheme 1. Formation of heterodimers in gas phase con-
ditions (Ai, reference; A0, analyte; ki and k0, dissociation
constants)

Figure 2. GAapp versus Teff plot for 11β-OAc-E2 (Compound
6). The data pairs GAapp

Teff
and Teff reported have been

obtained by using both the ion trap (inside the circle in
dotted line) and triple quadrupole instruments. (Linear
extrapolation was used under the known method limitations)
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correlation of Vosko, Wilk, and Nusair) along with the Perdew
(P86) non-local correlation functional correlation [33–35]. The
B3P86/6-31G* level of calculation was used to perform full
optimizations [19] because it has been shown previously that
this level of theory allows to be consistent with experimental
results such as cationic affinities for similar compounds [36–
39]. In this study, the B3P86/6-311++G** level was preferred
in order to improve the description of the correlation between
electrons. With the B3P86/6-311++G** level of calculation,
two diffuse and two polarization functions are used and each
core orbital is described using the combination of three groups
of Gaussians. As will be further discussed, different structures
were considered, built up and fully optimized for each
compound. For all optimized structures, frequency analyses at
the same theoretical level were used in order to assign them as
genuine minima on the potential-energy surface (PES), in the
absence of any imaginary frequency as well as to calculate
zero-point energies (ZPEs).

Results
Mass Spectrometry Data

ΔH°acid Determination Using Ion Trap and Triple Quadru-
pole Mass Spectrometers For the nine substituted steroidal
estrogens listed in Table 1, relative gas phase acidity
values were determined on an ESI-quadrupole ion trap

and ESI-triple quadrupole by using the extended kinetic
method. The data were refined by the Armentrout’s
alternative treatment as followed. First, the plot ln(ki/k0)
versus ΔH°acid(Ai) was defined for each steroid at several
collision energies. In a second stage the plot GAapp

Teff

versus Teff was drawn, as exemplified by Figure 2.
Finally, the alternative treatment was applied on the
( GAapp

Teff
, Teff) couples to estimate the gas phase acidity

(ΔH°acid) and entropy variation difference (ΔΔS°acid)
values (Table 3). To avoid underestimation of relative
ion abundances, molecular mechanisms in which consec-
utive decomposition processes occur were also consid-
ered. The relative abundance of the ions produced
through the consecutive decomposition to the acidic
monomer was included in the calculations. The 4-
pentenoic acid and meta-methoxy phenol used as
references yielded consecutive product ions through the
losses of a carbon dioxide molecule and a methyl radical
respectively. Using the triple quadrupole mass spectrometer
a consecutive dissociation was observed for the 11β-ClCH2-
E2 (Compound 5) deprotonated species, with the production
of the m/z 35 ion which is relevant to the chloride ion
(Figure 3a). Due to its relatively high electronegative
character, the departure of the chloride ion was favored by
the delocalization of the phenoxide charge and the C-ring
opening. Another second generation of product ion was
observed for 11β-OAc-E2 (Compound 6) at m/z 59 resulting

Table 2. ΔH°acid (kJmol–1) of the References

Carboxylic acids Mw (u) ΔH°acid* Phenols Mw (u) ΔH°acid*

4-Pentenoic acid 100 1441±12.0 para-fluoro phenol 112 1451±8.8
(E)-2-Pentenoic acid 100 1444±12.0 meta-methoxy phenol 124 1456±8.8
Cyclopentylacetic acid 128 1446±9.2 meta-t-butyl phenol 150 1459±8.8
Valeric acid 102 1449±8.8 meta-methyl phenol 163 1463±8.8
Butyric acid 88 1450±9.2 para-ethyl phenol 122 1464±8.8
Propionic acid 74 1454±9.2
Acetic acid 60 1459±9.2

*From NIST webbook (http://webbook.nist.gov/chemistry/)

Table 3. Experimental Values of ΔH°acid (kJmol–1) and ΔΔS°(A0, Ai) (Jmol–1K–1) of E2 and its Derivatives Substituted at C(11). Comparison with Theoretical
Values of ΔH°acid (kJmol–1)

Compounds ΔH°acid(A0)exp
a ΔΔS°( A0, Ai)exp

a ΔH°acid(A0)calc
d δe

1b E2 1442±10 −29±20 1440 +2
2b 17-desoxy-E2 1439±10 −34±20 1440 −1
3b 11β-CH3-E2 1444±10 −26±20 1451 −7
4b 11β-HC≡C-E2 1446±10 −19±20 1450 −4
5c (CME) 11β-ClCH2-E2 1427±10 −41±20 1433 −6
6c 11β-OAc-E2 1444±10 −25±20 1443 +1
7α

c 11α-OH-E2 1444±10 −26±20 1446 −2
7β

c 11β-OH-E2 1416±10 −49±20 1422 −6
8c 9-11-dehydro-E2 1429±10 −35±20 1433 −4

aΔH°acid and ΔΔS°(A0, Ai) determined using extended kinetic method following by the alternative Armentrout treatment.
bSubstituted phenols are used as references.
cCarboxylic acids are used as references.
dΔH°acid values obtained from DFT.
eDifference between experimental and theoretical ΔH°acid values.
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from the release of the acetate anion (Figure 3b). This
process, also initiated by the delocalization of the phenoxide
negative charge, could be relevant to the 1–2 hydride
transfer from C(9) to C(11), which is a mechanism that assists
the release of the acetate anion. It should be noted that these
departures of chloride anion and acetate anion from 11β-
ClCH2-E2 and 11β-OAc-E2 deprotonated species, respec-
tively, was confirmed by recording a MS/MS spectrum after
activation of these isolated anions in the triple quadrupole
instrument (Figure S1). In contrast, the recorded low m/z
consecutive fragment ions (i.e. Cl- and CH3COO

–) were not
detected with the quadrupole ion trap because of the low mass
cut-off (LMCO) effect. Nevertheless, such consecutive frag-
mentations should be limited in the quadrupole ion trap since
the precursor ions are exclusively activated with resonant
excitation and the product ions are quickly cooled down [40].

Evaluation of relative gas phase acidities of C(11) substituted
derivatives by the extended kinetic method (Table 3) allowed
us to distinguish two distinct classes of compounds: the first
one with gas phase acidity values close to that of 17β-estradiol
(Compounds 2, 3, 4, 6, and 7α) and the second one with
stronger gas phase acidity (i.e., lower ΔH°acid values)
(Compounds 5, 7β, and 8) (Figure 6, Table 3).

ΔH°acid Determination Using Additional Mass Spectrometer
Such as Hybrid QqTOF Instrument According to the
complementary kinetic shifts observed from both quad-
rupole ion trap and triple quadrupole analyzers, we
wondered what results could be obtained with another
kind of analyzer such as a hybrid QqTOF instrument.
Contrary to the quadrupole ion trap, this instrument is
not limited by the detection of low m/z consecutive
fragment ions. Moreover, we expected additional advan-

tages with this instrument including (1) enhanced
sensitivity and (2) completion of the Teff range. To
explore these possibilities, we measured the relative gas
phase acidity of the 11β-OAc-E2 (Compound 6) with an
ion trap mass spectrometer (ITMS), a triple quadrupole
(TQ) and a hybrid QqTOF (QqTOF). As shown in
Figure 4, the Teff values obtained from the ion trap
(200 K) were lower than those recorded from the triple
quadrupole TQ (400 K–1,100 K) while those recorded
with the hybrid QqTOF instrument (200 K–300 K) were
intermediary to the data obtained from ion trap (ITMS)
and triple quadrupole (TQ) mass spectrometers.

Theoretical Calculation

It is experimentally and theoretically well established that
the deprotonation occurs at the 3-position (phenol group).
Thus, only this site of deprotonation was considered for
our present work. In order to define precisely the
conformation of the steroids studied in the experiments,
a set of structures was considered by electronic density
functional theory (DFT) for each substituent, and fully
optimized to probe the whole potential energy surface
and to determine the global minimum. In this goal, we
first optimized the steroid skeleton structure as described
in details in our previous investigation. Then, the
conformation of the –CH2Cl (Compound 5) and the -
OCOCH3 (Compound 6) substituents at the C(11) position
were both characterized by free rotation around the C–C
and C–O bonds. In the case of Compound 6, the OAc
group can interact sterically with the hydrogen atom at
C(8) and the CH3 group at C(13) and electronically with
the aromatic A ring (Figure S2). These different
possibilities of conformations were considered although

Figure 3. Mechanisms of secondary product ions formation
from deprotonated heterodimer containing a reference Ai and
the following analyte A0 (a) 11β-ClCH2-E2 (Compound 5), (b)
11β-OAc-E2 (Compound 6)

Figure 4. GAapp versus Teff plot for 11β-OAc-E2 (Compound
6). The data pairs GAapp

Teff
and Teff reported have been

obtained by using ion trap, triple quadrupole and hybrid
QqTOF instruments. (Linear extrapolation was used under
the known method limitations)
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the steroid skeleton can be considered rigid and quasi-
plan (Figure S2). Thus, the theoretical ΔH°acid values
obtained for the most stable substituent conformation of
each compound (Table 3) allow a comparison with
experimental values. All of the experimental values were
in agreement with the DFT theoretical values.

Biological Data

The potential relationship between gas phase acidity of
investigated steroids and their binding affinity (RBA) in
solution for ERα was assessed. For the experiments,
compounds were submitted to a classical [3H]E2 competition
assay using a highly purified human recombinant receptor
[22], which provides a measure of relative concentrations of
investigated compounds and E2 (reference) able to produce
50 % decrease of [3H]E2 binding ; RBA, E20100) (Table 1).

Although solution and gas phase behaviors must be
compared with care, several insights can be obtained. For
example, Compound 5 (11β-ClCH2-E2) was of particular
interest for this SAR investigation because it displays an
extremely high affinity for the receptor in solution which
is enhanced at high temperature (25 °C) [41]. Strikingly,
the large difference (−15 kJ mol–1) between the gas
phase acidity of Compound 5 (11β-ClCH2-E2) and the
endogenous hormone (E2) was relevant to electronic
effects appropriate for modulating phenol gas phase
acidity. Extension of this study to other C(11) substituted
derivatives confirmed that some of them could reinforce
significantly the gas phase acidity of the phenol group.
Thus, the chemical linkage of groups/functions at C(11)

of the steroidal core that are aimed to modulate the
acidity of this group may influence the binding affinity
of the hormone with the receptor. However, no relation-
ship was clearly established between the gas phase
acidity (Table 3, Figure 6) and the binding affinity for
ERα in solution (Table 1) of investigated steroids.

Discussion
Advantage of Using Hybrid QqTOF Instrument
to Determine the Gas Phase Acidity by Mass
Spectrometry

Why Teff Values Depend on the Kinetic Shift? In these
studies the relative gas phase acidity values were
measured by the kinetic method using triple quadrupole
or ion trap instruments. As described previously, the
combination of both instruments improved the precision
of gas phase acidity or proton affinity measurement by
spreading out Teff range, the latter being significantly
different from each of these instruments. Collision into
the triple quadrupole RF-only cell yielded higher Teff

values and a broader variation than those observed with
the quadrupole ion trap [19, 21, 42] due to the
decomposition time-window scales (τ) (related to kinetic

shift) and ion population internal energy distribution
(ΔavgE) see Equation (3).

Teff ¼ ΔavgE

R s� 1ð Þ 2ntð Þ1 s�1ð Þ= � 1
h i ð3Þ

(i) Dissociation kinetic shift effect on Teff. The lowest
accessible Teff value depends on the instrument time-
window (τ). For example, the broad time-window of the
ion trap allows detection of ion produced through low
rate constant (Figure 5a). Such features imply a low
kinetic shift (ks) (Figure 5b) corresponding to the
minimum internal energy excess allowing decomposi-
tion to occur within the analyzer time-window. In the
quadrupole ion trap, this allows to reach low Teff values.
Note that Teff is relevant to ion species dissociating with
a non-thermal internal energy distribution.

(ii) Internal energy effect on Teff. The highest reached Teff

value depends on the internal energy associated with the
precursor ions. Indeed, the triple quadrupole allows to
access higher collision energy because of its on-axis
geometry together with the use of heavier target gas (Ar)
which yield higher Teff values [43]. Conversely, the ion
trap induces a cooling effect associated with the collision
(involving helium and a relaxation of the ion energy
resulting in a slow heating). Therefore, the ion trap
yielded lower and narrower Teff range (Figure 5b).

Figure 5. Wahrhaftig diagram: (a) Evolution of the kinetic
constant rate as a function of the internal energy. (b)
Distribution of the internal energy of ion populations, which
decomposed in ion trap mass spectrometer (ITMS), triple
quadrupole (TQ), and hybrid QqTOF. s: number of identical
classical harmonic oscillators, υ: frequency factor character-
izing the transition state of the reaction, E: internal energy of
the studied specie before fragmentation, E0: activation
energy and C: instrumental time window for metastable ion
dissociation
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Teff Range Using QqTOF The ions decomposing in the
collision cell of the hybrid QqTOF instrument are
characterized by Teff values lower than those reached in
the collision cell of the triple quadrupole instrument and
slightly higher than with the ion trap mass spectrometer.
In principle, similar Teff values may have been expected
with the quadrupole ion trap and the QqTOF instruments
since the collision cell of the QqTOF instrument is
considered as a linear ion trap [44]. In fact, two aspects
should be considered; (i) the ion residence time in the
collision cell of the QqTOF instrument (that is similar to
that of the quadrupole ion trap) and (ii) the internal
energy of precursor ions that is relaxed by collisional
cooling. This cooling is required to reduce the ion’s
kinetic energy in radial and axial directions before their
analysis with the TOF. Therefore, the Teff values were
almost as low as in the quadrupole ion trap (QIT). The
slightly higher values of Teff with the QqTOF compared
with those from the QIT could be explained by the mass
difference between the target gases used (N2 compared to
He in the QIT). Interestingly, the range of Teff values
obtained with the QqTOF instrument was broader than
that with the quadrupole ion trap and narrower than that
with in the triple quadrupole (Figure 5b).

ΔH°acid Value Accuracy As shown in Figure 4, the linear
dependence obtained from combination of the ( GAapp

Teff
,

Teff) couples provided from the three mass spectrometers
utilized in the experiments are characterized by an
improved linear regression (R200.9812) than that
obtained with only the use of the ion trap and triple
quadrupole mass spectrometers (R200.9756). Thus, the
additional points supplied by the QqTOF instrument are
helpful to refine the determination of ΔH°acid and ΔΔS
°acid values. Moreover, the ΔH°acid and ΔΔS°acid values
obtained from GAapp

Teff
versus Teff plots using only the

hybrid QqTOF instrument (ΔH°acid01441 kJmol–1, ΔΔS
°acid0−36 Jmol–1K–1) was in agreement with those
recorded using ion trap and triple quadrupole mass spectrom-
eters (ΔH°acid01444 kJmol–1, ΔΔS°acid0−25 Jmol–1K–1)
(Figure 4).

Thus, the hybrid QqTOF instrument appears appropriate to
record Teff values intermediate to those provided from the ion
trap and triple quadrupole mass spectrometers. Therefore, the
hybrid QqTOF instrument is helpful to complete the effective
temperature range between those obtained by ion activation
from ion trap and triple quadrupole instruments.

Comparison of Experimental and Calculated Gas
Phase Acidity Values

As shown in Table 3, the experimental and theoretical gas
phase acidity values recorded for most steroids are in
agreement within experimental uncertainties. For such
theoretical studies, a basis set with high polarization
functions (B3P86/6-311++G** level) was required to

improve the description of the orbitals, especially for the
Compound 6 (Figure S2). In the latter case, the number of
possible structures is higher than for other substituents
because of possible intramolecular interactions between
the OAc group and the rest of the molecule. A thorough
study of the potential energy surface showed that in the
most stable conformer, the OAc group interacts with the
hydrogen atom at C(8) and the methyl group at C(13) by
assuming a free rotation of the OAc motif around the
C(11)O bond (Figure S2). The theoretical ΔH°acid value
obtained from this most stable conformer was consistent
with the experimental value (+1 kJmol–1) (Table 3). A
good agreement, within uncertainty limits, between theo-
retical and experimental gas phase acidity values (differ-
ences between −7 and +2 kJmol–1) was also obtained for
other investigated steroids.

Effects of Substituents at C(11) on Gas Phase
Acidity

As gas phase acidity is an intrinsic property, the gas phase
acidity is not influenced by the environment (i.e., solvent,
dielectric constant, salt and counter-ion effects). However, it
may be strongly influenced by electronegativity, polarizabil-
ity, electrostatic interactions (including dipole-dipole,
charge-dipole interactions, and salt bridge) as well as steric
and hyperconjugation effects [12, 16, 45–48]. To obtain a
better understanding of phenol gas phase acidity modula-
tions of our steroids, all the effects listed above were
considered in our study except hyperconjugation, which
could not be considered in our case because of the absence
of alpha hydrogen group on the phenoxide anion.

As shown in Figure 6, our data suggested that electro-
negativity and polarizability did not influence significantly
the gas phase acidity of the phenol (A ring) of the estrogenic
steroids that we studied. The gas phase acidity variation
recorded for Compounds 2 and 7α appeared not significantly
different to E2 (1), although Compounds 2 and 7β differed
from E2 (1) in terms of polarity properties. Thus, we can
conclude that the modulation of polarity associated with the
distant hydroxyl group at the position 11 is not sufficiently
important to modify the phenol acidity. Likewise, the
increase of polarizability induced by the ethinyl or O-acetyl
substituents (Compounds 4 and 6) was not sufficiently
important to reinforce significantly the gas phase acidity of
these steroids. In contrast, the three Compounds 5, 7β, and
8 showed a significantly stronger gas phase acidity when
compared to E2 (Compound 1). Concerning 7β, the role of
the 11β-hydroxyl substituent was discussed in detail else-
where. Our observations are that the relatively high acidity
of this compound involves a stereospecific labile proton
interaction with the π-orbital cloud of the aromatic ring.
Otherwise, the reinforced acidity of the 11β-ClCH2-E2

(Compound 5) could be explained by electron withdrawing
inductive effects that are favored by the strong electroneg-
ativity of the chlorine atom. For the 9-11-dehydro-E2
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(Compound 8), the high experimental gas phase acidity is
certainly due to the double bond at C(9)0C(11), which
reinforces the mesomeric effects. These three phenomena
contribute to stabilize the anion, thereby explaining their
stronger gas phase acidity compared to that of E2 (Com-
pound 1). To summarize, substitutions at C(11) could
reinforce significantly the phenol gas phase acidity of the
hormone through electronic effects such as electrostatic
interactions (Compound 7β), electron withdrawing inductive
effects (Compound 5) and mesomeric effect (Compound 8)
(Figure 6).

Biological Data

Since we showed that substitutions at C(11) could modulate
the acidic character of the phenol group of the E2

derivatives, a group of primary importance to stabilize the
steroid/ERα complex in solution, we explored whether the
change of gas phase acidity of this phenol (intrinsic
property) could influence significantly the affinity in
solution of the estrogenic steroids for ERα that is subjected
to strong variations depending on the 11β substitutions. Our
investigations showed an absence of a relationship between
the phenol gas phase acidity (Table 3, Figure 6) and the in-
solution binding affinity for ERα (Table 1) of investigated
steroids. This suggests that the stability of the complex ERα/

steroid in solution is mostly governed by hydrophobic and
steric interactions rather than the phenol intrinsic properties.

Conclusion
The gas phase acidity values were estimated for several
C(11)-substituted E2-derivatives by using the extended
kinetic. To provide more accurate values, the data were
recorded from ion trap and triple quadrupole instruments.
We also demonstrated the advantage of including a hybrid
QqTOF mass spectrometer in the suite of measurement
techniques, with the QqTOF providing an advantage for
these measurements due to its time-window appropriate to
reach the intermediate effective temperature range. Striking-
ly, our results confirmed a modulation of the phenol acidity
by distant substituents at C(11) through intramolecular
electronic effects such as electrostatic interactions (Com-
pound 7β), electron withdrawing inductive effects (Com-
pound 5) and mesomeric effects (Compound 8).

Finally, the ability of substituents at 11β to modulate the
phenolic acidity of E2 was not reflected in solution on the
steroid binding affinity for ERα. This suggests that the
environment of the binding pocket such as hydrophobic,
steric as well as intermolecular direct electrostatic effects
occurring between the hormone and ERα residues would
predominate, even if intramolecular electronic effects able to

1

2

3, 6, 7

4

5

8

1450

1440

1430

1420

1410

OH

HO

HO

HO

Cl OH

OH

HO

OH

HO

OH

HO

OH

HO

OH

HO

AcO

HO

G
as

 p
h

as
e 

ac
id

it
y 

ΔH acid (kJ mol-1) 

7

7

Figure 6. Ladder of experimental relative gas phase acidity values for each steroid
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influence the acidity of steroidal estrogens are indisputable.
Since hydrophobic effects seemed to significantly influence
the ligand/ERα complexion in solution, we may envisage
studying the role induced by the phenol intrinsic properties
on the stabilization of this complexion in an environment
devoid of hydrophobic interactions such as the gas phase.
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