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Electrospray ionization (ESI) of dilute solutions of 1,1=-bi-2-naphthol (BINOL) and iron(II) or
iron(III) sulfate in methanol/water allows the generation of monocationic complexes of iron
and deprotonated BINOL ligands with additional methanol molecules in the coordination
sphere, and the types of complexes formed can be controlled by the valence of the iron
precursors used in ESI. Thus, iron(II) sulfate leads to [(BINOLate)Fe(CH3OH)n]

� complexes (n
� 0–3), whereas usage of iron(III) sulfate allows the generation of [(BINOLdiate)-
Fe(CH3OH)n]

� cations (n � 0–2); here, BINOLate and BINOLdiate stand for singly and doubly
deprotonated BINOL, respectively. Upon collision-induced dissociation, the mass-selected
ions with n � 0 first lose the methanol ligands and then undergo characteristic fragmentations.
Bare [(BINOLdiate)Fe]�, a formal iron(III) species, undergoes decarbonylation, which is
known as a typical fragmentation of ionized phenols and phenolates either as free species or
as the corresponding metal complexes. The bare [(BINOLate)Fe]� cation, on the other hand,
preferentially loses neutral FeOH to afford an organic C20H12O

�• cation radical, which most
likely corresponds to ionized 1,1=-dinaphthofurane. (J Am Soc Mass Spectrom 2008, 19,
121–125) © 2008 American Society for Mass Spectrometry

BINOL (1,1=-bi-2-naphthol) is among the most im-
portant chiral ligands used in metal-mediated
asymmetric synthesis [1]. Despite a huge base of

knowledge, however, gas-phase models that would
permit a detailed understanding of enantioselective
reactions at a molecular level are still relatively scarce
[2–4]. In the course of ongoing studies of possible
systems that allow probing of chiral reactions with mass
spectrometric means [3, 5, 6], we here report on the
generation of BINOL complexes of iron(II) and iron(III)
by electrospray ionization (ESI) and on the fragmenta-
tion behavior of the ions formed to provide a founda-
tion for future studies about possible enantioselective
effects in the ion/molecule reactions of these gaseous
complexes.

Experimental

The experiments were performed using a VG BIO-Q
mass spectrometer, which consists of an ESI source
combined with a tandem mass spectrometer of QHQ
configuration (Q stands for quadrupole and H for
hexapole) as described in detail elsewhere [7]. In the
present experiments, millimolar solutions of BINOL

and iron(II) or iron(III) sulfate, respectively, in metha-
nol/water (1:1) were introduced through a fused-silica
capillary to the ESI source by a syringe pump (�5
�L/min). Nitrogen was used as nebulizing and drying
gas at a source temperature of about 100 °C. Maximal
yields of the desired ions (see following text) were
achieved by adjusting the cone voltage to between 30
and 90 V, respectively. For collision-induced dissocia-
tion (CID) at low collision energies, the ions of interest
were mass-selected using Q1, interacted with xenon as
a collision gas in the hexapole H at variable collision
energies (Elab � 0–20 eV), while scanning Q2 to monitor
the ionic products. In most cases, this pressure of xenon
(typically 2 � 10�4 mbar) corresponds to single-colli-
sion conditions, but for some of the more weakly bound
methanol complexes, the CID cross sections are very
large, such that a considerable number of multiple
collisions take place [8]. Given that the primary aim of
the CID experiments reported here is the illustration of
trends in relative binding energies, this aspect is not
pursued any further. The same holds true for the
internal energy content of the ions, which somewhat
depends on size of the complexes as well as the cone
voltage used, but poses no particular obstacles for the
purpose of this work.
As pointed out previously, the VG Bio-Q does not

allow one to directly extract quantitative threshold
information from CID experiments due to several lim-
itations of the commercial instrument [7]. For weakly
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bound ions [8, 9], for example, even at Elab � 0 eV a
non-negligible amount of ion decay is observed, which
is in part attributed to the presence of collision gas not
only in the hexapole, but also in the focusing regions
between the mass analyzers. Note that this dissociation
does not correspond to metastable ions because it does
not occur in the absence of collision gas. To a first
approximation, however, the energy dependence of the
product distributions in the CID spectra can be approx-
imated by a sigmoid function [10], which allows one to
extract some semi-quantitative information about the
energetics of the ions examined [11]. Thus, the energy
dependence of the CID fragments can be approximated
by sigmoid functions of the type Ii�ECM� � �BRi⁄�1 �
e�E1⁄2�ECM��b� using a least-square criterion; for the parent
ion M, the relation is: IM�ECM� � �1 � ��BRi⁄�1 �
e�E1⁄2,i�Ecm�bi���. Here, BRi stands for the branching ratio of
a particular product ion (�BRi � 1); E1/2 is the energy at
which the sigmoid function of ion intensities has
reached half of its maximum; ECM is the collision energy
in the center-of-mass frame [ECM � mT/(mT � mI) �
Elab, where mT and mI stand for the masses of the
collision gas and the ion, respectively]; and b describes
the rise of the sigmoid curve. In consecutive dissocia-
tions, all secondary product ions are added to the
intensity of the primary fragment. Further, non-negligi-
ble ion decay at Elab � 0 eV as well as some fraction of
non-fragmenting parent ions at large collision energies
are acknowledged by means of appropriate scaling and
normalization procedures. This empirical, yet physi-
cally reasonable approach is able to reproduce the
measured ion yields quite well; note, however, that this
simplified formalism does not explicitly include a treat-
ment of competitive branching ratios at elevated ener-
gies. It is also quite obvious that the term E1/2 used in
the exponent does not correspond to the intrinsic ap-
pearance energies of the fragmentation of interest, not
to speak of the corresponding thermochemical thresh-
olds at 0 K. The phenomenological appearance energies
given earlier are derived from linear extrapolations of
the rise of the sigmoid curves at E1/2 to the baseline.

Results and Discussion

Before addressing the ions formed in the presence of
BINOL, let us briefly consider the leading ions formed
upon ESI of dilute solution of iron(II) and iron(III)
sulfate, respectively, in methanol/water (1:1). In the ESI
process, the ionic species present in solution are gently
transferred into the gas phase and it can thus be
expected that the oxidation state of the metal salt used
is also maintained in the ionic species being observed in
the mass spectrometer.
Under mild conditions of ionization, ESI of iron(II)

sulfate in methanol/water leads to a series of complexes
of the type [(CH3O)Fe(CH3OH)n]

� (m/z � 87 � 32n for
the 56Fe isotope) with up to n � 5 at the softest
conditions (i.e., low source temperature, low cone volt-
age) [12, 13], along with dications of the type

[Fe(CH3OH)n]
2� (m/z � 28 � 16n for the 56Fe isotope)

with n � 3–8. The complete absence of the sulfate
counterion in the leading ions can be attributed to the
poor coordination properties of SO4

2� as a ligand, such
that almost complete heterolysis of FeSO4 into Fesolv

2�

and SO4 solv
2� can be assumed. Upon transfer into the gas

phase, the dicationic iron center is either desorbed as an
intact solvated dication or binds a methoxo ligand
concomitant with proton transfer to the solution. Fur-
ther note that the water required as a co-solvent for the
dissolution of the iron sulfates does not appear in any of
the leading ions, even though it is present with the
highest molar fraction in the solution.
In marked contrast, ESI of iron(III) sulfate in metha-

nol/water does not lead to a corresponding series of
[(CH3O)2Fe(CH3OH)n]

� species (m/z � 118 � 32n for
the 56Fe isotope), most likely because the solvent cannot
sufficiently support heterolysis to the solvated trication
Fesolv
3� [14, 15]. Instead, anion rebound to a contact-ion

pair (CIP) [16] takes place, either already in solution [17]
or upon desolvation of the droplets upon ESI, leading to
a series of [FeSO4(CH3OH)n]

� monocations (m/z � 152
� 32n for the 56Fe isotope) with n � 2–5.
Upon addition of traces of BINOL to the above-

mentioned solutions of iron(II) sulfate, the correspond-
ing complexes [(BINOLate)Fe(CH3OH)n]

� (m/z � 341�
32n for the 56Fe isotope) with n � 0–3 are formed in
good yields upon ESI; note that throughout this report
BINOLate and BINOLdiate stand for singly and doubly
deprotonated BINOL, respectively. Generation of this
series of ions can be accounted for by a replacement of
the methoxo ligand in [(CH3O)Fe(CH3OH)n]

� by (de-
protonated) BINOL, which is more acidic than metha-
nol and, moreover, a chelating ligand. Likewise, al-
though in somewhat lower yields, ESI of diluted of
iron(III) sulfate in the presence of BINOL leads to ions
that correspond to [(BINOLdiate)Fe(CH3OH)n]

� (m/z �
340 � 32n for the 56Fe isotope) with n � 0–2. The lower
yields with iron(III) sulfate as a precursor can be
attributed to a more difficult replacement of the sulfate
counterion in the FeSO4

� unit by the BINOLdiate dian-
ion because this requires the liberation of sulfuric acid.
Consistent with this view, the ESI mass spectra show
large signals for protonated BINOL (m/z � 287); also,
the cation radical BINOL�• (m/z � 286) is observed in
considerable amounts.
By comparing these results, we conclude that the

type of the BINOL complexes formed can be controlled
by the valence state of the metal precursor used, in that
[(BINOLate)Fe(CH3OH)n]

� corresponds to a formal
iron(II) compound and [(BINOLdiate)Fe(CH3OH)n]

�

formally contains iron(III). In a more general perspec-
tive, the generation of these metal complexes of (dep-
rotonated) BINOL with additional alkanol ligands may
enable the investigation of enantioselective reactions in
the gas phase, if (chiral) 2-alkanols instead of methanol
are used [5]. Here, however, we focus on the fragmen-
tation reactions of the BINOL complexes to provide
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some basic knowledge about the characteristic proper-
ties of metal/BINOL complexes in the gas phase.
Upon CID of mass-selected [(BINOLate)Fe(CH3OH)]

�,
loss of methanol is observed as the exclusive dissociation
channel at low collision energy (Figure 1a). Likewise, only
sequential losses of the coordinated solvent occur from
[(BINOLate)Fe(CH3OH)2]

�. In the case of the latter, dis-
sociation is already observed at a collision energy nomi-
nally set to 0 eV (Figure 1b), which reflects a relatively
weak bond of the secondmethanolmolecule, such that the
kinetic energy spread of the incident beam (�0.4 eV) as
well as the internal energy content of the ions generated
upon ESI already can bring about collision-induced frag-
mentation [8, 9].
Phenomenological analysis of the breakdown diagram in

Figure 1a leads to an appearance energy of AE373¡341 � 0.5
eV for the loss of methanol from [(BINOLate)Fe(CH3OH)]

�,
whereas a formally negative AE405¡373 � �0.2 eV is
obtained for the more weakly bound methanol ligand in
[(BINOLate)Fe(CH3OH)2]

� [8, 11]. From a structural per-
spective, the absence of other fragmentations than mere
methanol loss is fully consistent with the suggested
structure [(BINOLate)Fe(CH3OH)n]

�. If the tautomeric
[(CH3O)Fe(BINOL)(CH3OH)n�1]

� complexes, bearing a
methoxo ligand, were present, ample evidence about the
gas-phase chemistry of transition-metal alkoxides implies
that loss of formaldehyde should be able to compete at
least at elevated collision energies [12, 13, 18–20]. Depro-
tonation of BINOL rather than methanol in the complex is
also suggested by comparison of the gas-phase acidity of
methanol (1569 kJ mol�1) versus that of phenols (e.g., 1408
kJ mol�1 for 2-naphthol) [21].
Upon CID of bare (BINOLate)Fe�, loss of carbon

monoxide and dehydration, respectively, are observed
first at low collision energies. These two types of
fragmentations are typical for iron complexes of phenol
and related hydroxyarenes [22–26]; the corresponding

fragmentations of phenol/Fe�, for example, lead to
benzyne/Fe� (loss of water) and cyclopentadiene/Fe�

(loss of CO) [22, 27]. At elevated collision energies,
however, the expulsion of neutral FeOH dominates the
fragmentation behavior (Figure 2).
With respect to these competing channels, it is in-

structive to consider the energy behavior in some more
detail. Thus, the losses of water and carbon monoxide
both have phenomenological appearance energies of
about 0.8 eV and then rise very smoothly, whereas the
loss of neutral FeOH shows a steeper rise with
AE341¡268 � 2.8 eV. Such a behavior indicates that the
formation of CO as well as the elimination of H2O
involve structural rearrangements associated with en-
tropically demanding pathways leading to energetically
favorable products, whereas the expulsion of FeOH can
occur in a direct manner as a continuously endothermic
process not being subject to entropic restrictions [12,

Figure 1. Breakdown graphs for the CID of mass-selected (a) [(BINOLate)Fe(CH3OH)]
� (m/z � 373)

and (b) [(BINOLate)Fe(CH3OH)2]
� (m/z � 405), showing the abundances of the parent ions (�) and

the methanol-loss fragments (�) as a function of the collision energy (given in eV in the center of mass
frame).

Figure 2. Fractional abundances (�ions � 1; including the parent
ion, which exceeds the vertical scale of Figure 2 at all collision
energies investigated) of the fragments formed upon CID of
mass-selected (BINOLate)Fe� (m/z � 341) as a function of the
collision energy (given in eV in the center of mass frame).
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13]. As a plausible rationale for this behavior, we
propose the scenario depicted in Scheme 1 in that high
collision energies lead to an extrusion of neutral FeOH
from the BINOLate complex 1 concomitant with forma-
tion of the molecular ion of the dinaphthofurane 2 [28].
Further support for the formation of the molecular

ion 2�• comes from CID of the mass-selected
C20H12O

�• cation (m/z � 268) generated in the ESI
source under more drastic conditions of ionization.
Thus, the leading fragmentation of so-formed
C20H12O

�• corresponds to a loss of neutral CHO, which
parallels the predominant dissociation pathways in the
mass spectra of benzo- and naphthofuranes [21] and is
a generally frequent decomposition pathway of ionized
oxyarenes [29, 30]. Location of the positive charge on
the organic fragment, rather than the metal, is also
supported by consideration of the respective ionization
energies, that is IE(FeOH) � 7.67 	 0.06 eV [31] com-
pared to a value of IE(2) � 6.93 eV predicted by
B3LYP/6-311G* calculations performed using Gaussian
03 [32]. We note in passing that the stabilization of the
ionized furane by the naphtho-annellation is quite re-
markable, given that the IE of plane furane is 8.88 eV
[21] and that of dibenzofurane is 7.90 eV [33] (7.81 eV is
predicted with B3LYP/6-311G*).
The behavior of the corresponding iron(III) species,

[(BINOLdiate)Fe(CH3OH)n]
�, is quite similar to the

solvated iron(II) species in that sequential losses of
methanol are observed exclusively. With AE372¡340 �
1.0 eV, the binding energy of the methanol in
[(BINOLdiate)Fe(CH3OH)]

� is somewhat larger than
that found for [(BINOLate)Fe(CH3OH)]

�, which is con-
sistent with a tighter binding for the higher valent
iron(III) species. For the second methanol ligand,
the experimentally determined phenomenological
AE404¡372 is slightly negative (�0.1 eV) for the reasons
discussed earlier. As a minute side reaction, the forma-
tion of (BINOL)Fe� (m/z � 342) is observed upon CID of
both methanol complexes, which implies an oxidation
of methanol to formaldehyde concomitant with the
reduction of iron(III) in [(BINOLdiate)Fe(CH3OH)n]

� to
formal iron(I) in [(BINOL)Fe]�. A redox process from
iron(III) to iron(I) may actually also play a role in the
bare (BINOLdiate)Fe� cation itself because phenolates
are redox-active ligands [34] and thus a valence tau-
tomerization may connect structure 3 with the quinoide
iron(I) complex 3a (Scheme 2) [23, 35].

Indirect support for this suggestion is further pro-
vided by the experimental observation that the mass-
selected ion with m/z � 340, formally corresponding to
(BINOLdiate)Fe�, undergoes decarbonylation as the
only significant fragmentation upon CID, which can be
understood by a contraction of one of the bi-cycles in
structure 3a to an indene skeleton [22–27]. Loss of
neutral FeO to presumably afford ionized dinaphtho-
furane 2�• in analogy to Scheme 1 is not observed at all,
which is consistent with a low oxidation state of iron in
the complex, i.e., the valence tautomer 3a rather than 3.

Conclusions

Electrospray mass spectrometry can be used for the
selective generation of gaseous transition-metal com-
plexes bearing ligands derived from BINOL. The va-
lence state of the complexes initially formed under soft
ESI conditions can selectively be controlled by the
choice of the metal salt. The ion yields achieved are
sufficient for further reactivity studies and the fragmen-
tation patterns imply a clean coordination of methanol
ligands to the chiral metal center, thus offering further
perspectives to probe possible enantioselective reac-
tions of gaseous ions in the future by replacing the
solvent molecules with chiral substrates. Finally, we
note in passing that the approach is not limited to iron
and, in analogous manner, we have successfully gener-
ated similar BINOLate complexes of V(III), V(IV),
Mn(II), Co(II), Ni(II), and Cu(II), respectively.
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