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The gas-phase behavior of monocationic Ni(II) complexes that contain as building blocks
optically pure BINOL derivatives and two chiral hydroxy esters is investigated by means of
electrospray ionization (ESI) mass spectrometry. Upon collision-induced dissociation (CID),
the complexes containing ethyl 2-hydroxypropionate (ethyl lactate) only lose the ester
ligand. The complexes bearing ethyl 3-hydroxybutyrate instead either lose the ester ligands
or undergo bond activation followed by elimination of the corresponding β-ketoester (ethyl
acetylacetate) as revealed by deuterium labeling. Comparison of the results obtained for com-
plexes with different chiralities reveals the operation of a significant stereochemical effect
(SE) in the gas-phase dehydrogenation of ethyl 3-hydroxybutyrate by gaseous [(BINOLato)Ni]+

ions. Instead, no substantial differences in the CID patterns for the complexes bearing the
ester-substituted BINOL derivative are found. The results provide insights into the gas-phase
coordination of metal cations by BINOL derivatives and into the molecular features, which
are responsible for gas-phase enantioselective processes. Additional mechanistic aspects are
disclosed by exploratory calculations employing density functional theory using the B3LYP
method.
Keywords: BINOL; Enantioselectivity; Ethyl butyrate; Ethyl lactate; Mass spectrometry;
Nickel; Binaphthyls; Binaphthols; Collision-induced dissociation; DFT calculations.

Despite the wide applications of BINOL (1,1′-bi-2-naphthol) and its deri-
vates in asymmetric synthesis1, the mechanistic understanding of the role
of such ligands in chiral induction is still limited. In this respect, gas-phase
studies can provide molecular insight how certain reactions can be favored
or suppressed for one or the other enantiomer of a given substrate2–4.
Recent mass-spectrometric experiments have addressed the behavior of
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complexes between transition metals and BINOL ligands5,6. In particular,
significant chiral effects in bond-activation processes have been observed
in the gas phase. To this end, chiral secondary alcohols have been added
to chiral nickel complexes to yield complexes of the composition
[(BINOLato)Ni(CH3(CH(OH))R)]+, where BINOLato refers to the singly
deprotonated BINOL 7,8. Collision-induced dissociation (CID) of these com-
plexes resulted in two competing fragmentation channels: the loss of the
entire alkanol ligand and the elimination of the corresponding ketone, ob-
tained upon bond activation at the chiral center of the secondary alcohol.
The branching ratios (BRs) of these two channels for both diastereomers of
the complexes provided a measure of the chiral effect operative in the gas-
phase dehydrogenation of the secondary alcohols. Using “Cook’s kinetic
method”9, the ligand-loss channel has instead been proven to bear a negli-
gible stereochemical effect for the systems investigated and can therefore
serve as an internal standard. The application of this method to mass se-
lected [(BINOLato)Ni]+ complexes bound to a series of secondary alcohols
has furnished small, yet considerable stereochemical effects (SEs) with
preferential bond activation for the homochiral complexes. In the case of
aromatic alcohols, however, significant stereoselectivity in the opposite
direction was found. An extension of these studies to complexes bearing
different chiral auxiliaries and modified substrates offers a systematic
approach towards understanding the structural features, which are responsi-
ble for the induction of chiral effects in bond-activation processes. Particu-
lar interest in stereoselective dehydrogenation of alcohols arises from the
considerable role of the reverse reaction, i.e. asymmetric hydrogenation of
ketones, in organic synthesis, which are are often catalyzed by BINOL-
containing metal complexes10 similar to the systems of our present study.

In this work, we report on the gas-phase generation and reactivity of
Ni(II) complexes containing the singly deprotonated form of BINOL or
[(1,1′-bisnaphthalene)-(3,3′-dicarboxylic acid)-2,2′-dihydroxy-dimethyl ester],
compounds 1 and 2 in Scheme 1 as the chiral ligand, and the hydroxy-
esters ethyl 2-hydroxypropionate (ethyl lactate, 3) and ethyl 3-hydroxy-
butyrate (4) as the chiral substrates for bond activation. The choice of 2,
bearing the “bulky” methyl ester groups was motivated by the assumption
that a more hindered environment around the charged metal center might
induce a higher selectivity. Furthermore, the presence of the carboxy-
methyl moieties, offering additional coordination sites, could favor the for-
mation of the complexes upon ESI 11. Along this line of reasoning, hydroxy
esters have been chosen because of putatively chelating coordination to the
metal. The previous investigations of aliphatic alcohols revealed negligible
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or only moderate enantioselectivities with (BINOLato)Ni+ cations7,8, most
probably because the carbon backbone is too loosely bound to the active
metal site. The presence of an additional coordination site in the substrate
might therefore make the systems more rigid and thereby possibly increase
the desired enantioselective effects. Note that short-chain esters of hydroxy-
carboxylic acids are involved in a large number of biological processes and
also play a significant role as chiral auxiliaries in asymmetric synthesis12–14.

EXPERIMENTAL

The mass spectrometric experiments were performed with a commercial VG BIO-Q mass
spectrometer described elsewhere15. Briefly, the VG BIO-Q consists of an ESI source com-
bined with a tandem mass spectrometer of QHQ configuration (Q stands for quadrupole and
H for hexapole). In the present experiments, mmolar methanolic solutions of nickel(II) ni-
trate, optically pure 1 and 2, respectively, and one of the chiral esters 3 and 4 were intro-
duced via a syringe pump (flow rate ca. 3 µl/min) to the fused-silica capillary of the ESI
source. N2 was used as drying and nebulizing gas at a source temperature of 80 °C. The in-
strument parameters have been optimized for maximal abundances of the ions of interest
and kept constant for each diastereomeric couple. The best yields have been achieved by op-
timizing the cone voltage UC in the range of 40–60 V. The stoichiometric identity of all
complexes was confirmed by comparison with the expected isotope patterns16 in either the
ion-source spectra or in appropriate neutral-loss scans17. For CID, the ions of interest were
mass-selected using the first quadrupole Q1, and interacted with xenon as a collision gas in
the hexapole H at various collision energies (Elab = 0–25 eV) at a pressure of about 3.0 × 10–4

mbar; the latter approximately corresponds to single-collision conditions15. The product
ions formed were then monitored by scanning Q2; in all MS and MS/MS experiments, a
good unit-mass resolution of both Q1 and Q2 was adjusted such that ions differing by ∆m =
±1 amu can be distinguished safely.

The laboratory collision energies in CID are converted to the center-of-mass frame, ECM =
[m/(M + m)]Elab, in which m and M are the masses of the collision gas and the ionic species,
respectively. Variation of the collision energy leads to breakdown diagrams which permit
the determination of phenomenological appearance energies (AEs) of the fragmentation
channels by linear extrapolation of the signal onsets to the baseline18. The errors of the AEs
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are estimated by applying different linear extrapolations, which are still in reasonable ag-
reement with the experimental data. As pointed out previously15, the VG BIO-Q is not
equipped with differential pumping in the analyzer region, and consequently the collision
gas may not only be present in the hexapole collision cell, but also in the focusing region
between the mass analyzers. Therefore, the AEs reported below do not correspond to the
true thermodynamic thresholds, but are only proportional to them. Nevertheless, previous
work has established that this method provides approximate energetics, which are fairly suf-
ficient for most mechanistic discussions19–23.

An exploratory computational study of some relevant intermediates and transition states
employed density functional theory (DFT) using the B3LYP hybrid functional method imple-
mented in the Gaussian 03 package24. With regards to the basis sets, the geometries have
been optimized using Lanl2DZ with f polarization functions for nickel25, while 6-31G** basis
sets were employed for all other elements. Frequency calculations were carried out on all the
optimized structures with the same method to confirm the stationary points on the poten-
tial-energy surface and to obtain the zero-point energy as well as the free energy corrections
at 298.15 K. In the discussion, only the relative free energies are presented. In terms of
model systems, compounds R-1, S-3, and S-4 have been computed as such, whereas com-
pound R-2′ is used as a model of R-2 (Scheme 4) in order to reduce the size and the
conformational space.

RESULTS AND DISCUSSION

Electrospray ionization of a solution of nickel(II) salts and a bisnaphthol in
methanol leads to abundant cations of the type [(BINOLato)Ni(CH3OH)n]+

in which the Ni(II) is coordinated to a singly deprotonated bisnaphtholato
ligand with additional coordination by solvent molecules. In the presence
of larger alcohols or other suitable compounds, the methanol ligands can
be replaced by these substrate molecules. Accordingly, combination of the
BINOL-type ligands and the hydroxy esters leads to four different Ni(II)
complexes, all of which have been investigated with both chiralities of the
bisnaphthol and the hydroxy esters.

Ni-BINOLato Complexes of Ethyl Lactate

Upon ESI of a ternary mixture of BINOL, Ni(NO3)2, and ethyl lactate (3),
complexes of the type [(BINOLato)Ni(3)]+ are formed in good yields. The
CID spectra of mass-selected [(R-1)Ni(S-3)]+ complexes (m/z 461) were inves-
tigated as a function of collision energies ranging from Elab = 0 to 25 eV.
In the entire range of collision energies and for all four possible combina-
tions of chiralities of the components, i.e. [(R-1)Ni(R-3)]+, [(R-1)Ni(S-3)]+,
[(S-1)Ni(R-3)]+, and [(S-1)Ni(S-3)]+, the only fragmentation observed leads
to a peak at a mass-to-charge ratio m/z 343, which is assigned to the loss of
the entire ester ligand as a neutral fragment (reaction (1)).
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[(BINOLato)Ni(3)]+ → [(BINOLato)Ni]+ + 3 (1)

From Fig. 1a, an appearance energy of AE461→343 = (1.1 ± 0.2) eV for the
loss of ethyl lactate is derived. This value is similar to what has been found
previously for the elimination of 1-phenylethanol from [(BINOLato)Ni]+

complexes; the thresholds for the evaporation of aliphatic 2-alkanols from
their [(BINOLato)Ni]+ complexes are considerably lower, e.g. (0.6 ± 0.2) eV
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FIG. 1
Breakdown graphs for the CID of mass-selected a [(R-1)Ni(S-3)]+ (m/z 461) and b [(R-2)Ni(S-3)]+

(m/z 577) showing the abundances of the parent ions (both �) and the bare bisnaphtholato
fragments a [(R-1)Ni]+ (m/z 343) and b [(R-2)Ni]+ (m/z 459), respectively (both �), as a function
of the collision energy in the center-of-mass frame



for 2-octanol8. In the case of 1-phenylethanol, the larger value was consid-
ered as an indication for the interaction of the nickel center with the aro-
matic ring of the backbone26–28. Likewise, comparison of the AEs points to
the occurrence of an interaction between nickel and both the hydroxy and
the carboxy group of the substrate molecule in the cation [(R-1)Ni(S-3)]+

consisting of [(R-BINOLato)Ni]+ and S-ethyl lactate.
Theoretical studies employing density functional theory lend further sup-

port to these conclusions. Thus, the most stable configuration of the possi-
ble forms of [(R-1)Ni(S-3)]+ bears a tetra-coordinated nickel center involving
the two oxygen atoms of the BINOL, the hydroxy group of the substrate
and the carbonyl oxygen of the ester unit (Scheme 2). Comparison with the
corresponding complex of isopropanol points to an additional stabilization
of about 0.7 eV (65 kJ/mol) due to the presence of the ester function. There
are three possibilities for the coordination to 3, which are Ohydroxyl, Ocarbonyl,
and Oether. All these possibilities have been taken into account and the
most stable one, as depicted in Scheme 2, utilizes Ocarbonyl and Ohydroxyl.
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SCHEME 2
Optimized geometries of the [(1)Ni]+ complexes with different alcohol ligands (ROH); the
structures refer to the most stable isomers. The binding energies relative to [(1)Ni]+ + ROH are
given in kJ/mol and the distances in Å



This type of coordination is favored because the carbonyl moiety is a very
good donor ligand, and further stability is gained from the coordination to
the hydroxyl group leading to a five-membered ring. Probably due to com-
petition of the various coordination sites in the modified bisnaphthol
ligand 2 bearing a carboxymethyl substituent in the ortho-position, the
corresponding AE577→459 = (1.3 ± 0.2) eV for the loss of ethyl lactate from
[(R-2)Ni(S-3)]+ is somewhat greater than AE461→343 = (1.1 ± 0.2) eV (Fig. 1b).
Also in this case, no fragmentation channels other than the loss of the in-
tact hydroxy ester ligands are observed and the results are identical for all
different combinations of chiralities. While there might in fact exist a small
effect of chirality on the appearance energies in CID 29, this is expected to
be insignificant for the present systems, because the energy difference of
the various diastereomeric ions, e.g. homochiral [(R-2)Ni(R-3)]+ versus
heterochiral [(R-2)Ni(S-3)]+, is expected to be much smaller than the magni-
tude of the AE itself and also most likely lower than the experimental un-
certainties of about ∆AE = ±0.2 eV. Therefore, the [(BINOLato)Ni]+

complexes of ethyl lactate cannot be used for the investigation of chiral ef-
fects in the gas phase with the methods employed.

Ni-BINOLato Complexes of Ethyl 3-Hydroxybutyrate

The scenario is quite different if the ethyl ester of hydroxybutyric acid is
used in which the hydroxy and ester functions are separated by a methyl-
ene group. Like in the case of ethyl lactate, the most abundant fragment at
m/z = 343 in the CID spectrum of mass-selected [(R-1)Ni(S-ethyl 3-hydroxy-
butyrate)]+ corresponds to the loss of the entire ester ligand (reaction (2)).
However, another peak appears two mass units higher at m/z = 345 (Fig. 2).
Based on our previous studies of [(BINOLato)Ni]+ complexes8, the uptake of
two hydrogen atoms by this fragment indicates the dehydrogenation of the
alcohol to the corresponding carbonyl compound, i.e. ethyl acetylacetate
concomitant with formation of a nickel-hydrido species (reaction (3)).

[(BINOLato)Ni(4)]+ → [(BINOLato)Ni]+ + 4 (2)

→ [(BINOL)NiH]+ + CH3COCH2COOC2H5 (3)
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In order to clarify the regioselectivity of the formal dehydrogenation ac-
cording to reaction (3), the corresponding experiments using the labeled
(racemic) ethyl 3-hydroxybutyrates 4a–4d shown in Scheme 3 have been
performed (Table I).

Table I shows that CID of the complexes of [(1)Ni]+ with 4b and 4d
leads exclusively to peaks at m/z 343 and 345, indicating that no deuterium
has been incorporated in the ionic products. In contrast, CID of [(1)Ni(4a)]+

with the substrate deuterated at C(3) affords signals at m/z 343 and 346.
The mass shift of the latter fragment by ∆m = +1 indicates the selective
transfer of H(D) from the 3-position of the ester ligand. Further, the shift of
the bond-activation product to m/z 348 upon CID of mass-selected
[(1)Ni(4c)]+ shows that there is also H(D) migration from the hydroxy
moiety; note that in this case also the remaining hydroxy group of the
BINOLato ligand is deuterated by CH3OD used as a solvent. Similarly to the
results obtained for secondary alcohols8, it can thus be concluded that the
bond activation of ethyl 3-hydroxybutyrate upon CID of its complexes
with [(1)Ni]+ as well [(2)Ni]+ leads to the corresponding β-ketoester, i.e.
ethyl acetylacetate, as already indicated in reaction (3). The latter is pro-
duced via dehydrogenation of the secondary alcohol concomitant with the
uptake of two hydrogen atoms by the Ni complex.

Based on the experimental observations, a conceivable mechanism for
this bond-activation process and the relevant potential-energy surface (PES)
have been investigated by means of quantum chemical calculations. The re-
action between the d8 Ni(II) complex [(1)Ni]+ and S-ethyl 3-hydroxy-
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FIG. 2
CID spectrum of mass-selected [(R-BINOLato)Ni(S-ethyl 3-hydroxybutyrate)]+ (m/z 475) at
a collision energy of Elab = 7 eV



butyrate can proceed in the singlet and triplet state, which have both been
considered (Fig. 3). While triplet states are more stable throughout the PES,
the state splitting is moderate and sometimes even quite small. As the gap
between the two PESs depicted in Fig. 3 reflects the influence on the bind-
ing of the ligands to the nickel in the different spin states, it can be con-
cluded that the preference for the triplet state increases with a decreasing
number of coordinating ligands. In line with this reasoning, the singlet and
triplet states are almost isoenergetic for structure 8 in which the nickel
atom can potentially interact with five ligands, i.e. the two oxygen atoms
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TABLE I
Mass-to-charge ratios (m/z) of the signals due to ligand loss (reaction (2)) and bond activa-
tion (reaction (3)) obtained upon CID of mass-selected [(BINOLato)Ni(4)]+ complexes and
the isotopologues [(BINOLato)Ni(4a–4d)]+ at a collision energy of Elab = 10 eV a,b

Alcohol

m/z ligand loss m/z bond activation

343 344 345 346 348

4 91 9

4a 88 12

4b 87 13

4cc 90 10

4d 87 13

a Data normalized to a sum of 100. b Similar results were obtained with the corresponding
complexes [(2)Ni(4a–4d)]+ (not shown). c This complex was measured using CH3OD as a sol-
vent, which also leads to H/D exchange of the remaining [OH]-proton of the BINOLato
ligand resulting in an additional shift of the fragment ions by ∆m = +1.

SCHEME 3
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of the BINOL, the two carbonyl groups of the preformed product, and the
hydrido ligand. However, because the triplet PES is always lower in energy,
the following discussion is focused on the triplet states.

Closer inspection of Fig. 3 has several implications. Structure 6 is the
most stable species on the PES. Loss of the intact ligand requires a dissocia-
tion energy of 180 kJ/mol, which is consistent with the experimental AE =
(1.5 ± 0.2) eV (see below). Proton transfer from the hydroxy group of the
ester to the anionic oxo ligand of the BINOLate leads to the alternative
alkoxo structure [(BINOL)NiOR]+, 7. The overall reaction 6 → 7 is slightly
endothermic and the respective transition structure TS6-7 is associated with
a barrier of 63 kJ/mol (relative to 6). The energy difference of 27 kJ/mol in
favor of 6 thus supports the intuitive assignment of 6, rather than 7, as the
parent ion5,7,8. Moreover, structure 6 is the most stable species on the entire
section of the PES studied here, and racemization via reversible C–H
bond-activation steps is hence unlikely to occur. The C–H bond activation
proceeds via TS7-8, which represents the rate-determining step en route to
the ketone complex 8. In this transition structure, the carbonyl group of
the bidentate ester ligand is released, thereby providing a vacant site for the
reaction to occur. The relative free energy of TS7-8 is –41 kJ/mol in compari-
son to the entrance channel, which corresponds to a barrier of 139 kJ/mol
from the parent ion 6. From the following intermediate 8, the ketone can
be lost as a neutral molecule upon CID as observed experimentally. The
ionic product of this dissociation, complex 9, is located 46 kJ/mol above
the reference channel due to [(1)Ni]+ + 2, which is consistent with the ca.
1:10 ratio of ketone and ligand losses observed in the experimental data
(Table I). The hydrido ligand in 8 can also couple with an [OH]-proton of
the BINOL ligand to form molecular hydrogen (dashed pathway in Fig. 3,
reaction (4)). The formation of H2 and the re-coordination of the ester car-
bonyl oxygen induce a large driving force for this step. In intermediate 10,
the dihydrogen molecule is only very weakly bound to the Ni center and its
evaporation is an entropically favored process (hence ∆G is even negative,
Fig. 3). We note in this context that for the system [(2)Ni(ethyl
3-hydroxybutyrate)]+, the cationic intermediate corresponding to 11 is de-
tected as an H2-loss channel (see below). The subsequent loss of the ketone
ligand from 11 requires 174 kJ/mol. The product results in [(1)Ni]+, which
coincides with ligand loss in the mass spectrometric experiments and there-
fore is labeled as “apparent substrate loss”. In this channel, [(1)Ni]+ for-
mally acts as a catalyst for the dehydrogenation of S-ethyl
3-hydroxybutyrate to ethyl acetylacetate (reaction (5)), which is computed
to be endothermic by 21 kJ/mol.
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[(BINOLato)Ni(4)]+ → 11 + H2 (4)

CH3CHOHCH2COOC2H5 → CH3COCH2COOC2H5 + H2 (5)

The computed PES thus provides a rationale for the experimentally ob-
served energy behavior as well as the labeling data (Table I). Until about
reaching the threshold for ligand loss, bond activation via TS7-8 might oc-
cur to some extent, but the system prefers to reside in the global minimum
6. Only above threshold for ligand loss, the ketone ligand in 8 can be ex-
pelled to yield the ionic product [(BINOL)NiH]+ according to reaction (3).
While the alternative loss of H2 via TS8-10 might occur from a mere
energetical point of view, it apparently cannot compete with ion dissocia-
tion due to the entropic restrictions associated with rearrangement reac-
tions compared to direct bond cleavages. Moreover, once TS8-10 is passed,
the primary product ion 11 contains a considerable amount of internal en-
ergy and might hence continue fragmentation to afford [(BINOLato)Ni]+;
a process which might be covered in the ligand-loss channel30–33. The
agreement between the theoretical and experimental findings is further
proven by the comparison of the computed PES with the energy dependen-
cies of competing fragmentations upon CID of the related system
[(2)Ni(4)]+.

Figure 4 shows the competing CID fragmentations observed for mass-
selected [(R-2)Ni(R-4)]+. The differences between the complexes of ethyl
3-hydroxybutyrate with [(R-1)Ni]+ and [(R-2)Ni]+ can serve as a measure for
the effect of the carboxymethyl groups on the BINOL ligand. In fact, the
ligand loss from [(R-2)Ni(R-4)]+ bears a threshold of (1.8 ± 0.2) eV and
reaches an intensity maximum at about 3.6 eV, whereas ligand loss from
the complex [(R-1)Ni(S-4)]+ has an apparent threshold of only (1.5 ± 0.2) eV.
Accordingly, the ester ligand is more strongly bound to the metal center in
[(2)Ni]+ than in the case of [(1)Ni]+. In both systems, the ligand-loss chan-
nels show a continuous increase with the collision energy, indicating that
they do not involve structural rearrangements, but represent simple, con-
tinuously endothermic processes. In contrast, the activation channels rise
less steeply and flatten out earlier, pointing to the occurrence of entropical-
ly demanding pathways such as structural rearrangements. For the system
containing [(2)Ni]+, the loss of H2 in analogy to reaction (4) even outweighs
that of the diketone (reaction (3)), whereas H2-loss is not experimentally
observed for the complexes of [(1)Ni]+.
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For both BINOLato-type ligands, the C–H bond activation leads to
nickel-hydride complexes of the formal composition [(1+H)NiH]+, and
[(2+H)NiH]+, respectively, which resemble the hydrogenated catalysts in
the reduction of ketones with metal hydrides. The systems under investiga-
tion can thus be regarded as a gas-phase model for this important class of
reactions8. By changing the chirality of the components in successive ex-
periments, it is thus possible to probe the chiral effects associated with this
reaction. As a measure for a possible SE, for the system [(1)Ni(4)]+, we con-
sider the branching ratio between the ligand-loss channel and the evapora-
tion of the correspondent β-ketoester for the different diastereomeric
complexes investigated. Previous studies showed that a possible chiral ef-
fect in these systems is most likely detected at low collision energies5. In
this energy range, CID of [(1)Ni(4)]+ does not lead to a significant amount
of H2-loss (reaction (4)), whereas CID of the analogous [(2)Ni(4)]+ com-
plexes lose a significant amount of H2 already at low collision energies. For
the latter complexes, the ratio between the ligand-loss channel and the
sum of the intensities for the two bond-activation channels for different
diastereomeric complexes is therefore considered as a measure of the SE.
This approximation is based on the assumption that the rate-determining
step of the dehydrogenation corresponds to the hydrogen migration from
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FIG. 4
Breakdown graph of the CID fragments of [(R-2)Ni(R-ethyl 3-hydroxybutyrate)]+ as a function
of collision energy in the center-of-mass frame (black: parent ion, blue: ligand-loss, green: H2
loss, red: diketone loss)



the ester ligand to the metal center as confirmed by the quantum mechani-
cal calculations discussed above.

In Tables II and III, the relative amounts of the competing fragmentation
channels obtained upon CID of the mass-selected BINOLato complexes of
[(R-1)Ni]+ and [(R-2)Ni]+ with R- and S-ethyl 3-hydroxybutyrate, respec-
tively, are given. In the last columns, the stereochemical effects derived
from the comparison of the diastereomeric pairs are displayed. In the case
of ligand 2, the data does not reveal any significant discrimination (aver-
aged SE = 1.10 ± 0.09), whereas a clearly significant effect is observed for
the complexes of [(1)Ni]+ (averaged SE = 1.41 ± 0.13). A further proof for
the measured SE is the similar value (1.38 ± 0.12) obtained in analogous
CID experiments for the complexes of [(R-1)Ni]+ with R- or S-ethyl
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TABLE II
Intensities of the fragments due to ligand loss (reaction (2)) and C–H bond activation con-
comitant with the loss of the corresponding β-ketoester (reaction (3)) upon CID of
mass-selected complexes of [(R-1)Ni]+ with R- and S-ethyl 3-hydroxybutyrate, respectively,
at variable collision energies (Elab in eV, collision gas: xenon) and the stereochemical effects
(SE) derived thereofa

Complex Elab Ligand loss Bond activation SEb

[(R-1)Ni(R-4)]+ 2 89.1 10.9 1.40 ± 0.07

3 87.0 13.0 1.67 ± 0.08

4 90.4 9.6 1.37 ± 0.07

5 90.2 9.8 1.35 ± 0.07

6 91.4 8.6 1.30 ± 0.06

8 92.7 7.3 1.35 ± 0.07

[(R-1)Ni(S-4)]+ 2 85.4 14.6

3 80.0 20.0

4 87.3 12.7

5 87.2 12.8

6 89.1 10.9

8 90.4 9.6

a Branching ratios (BR) derived from repeated experiments and normalized to ∑ = 100. b Ste-
reochemical effects defined as SE = [BR(2)/BR(3)]homo/[BR(2)/BR(3)]hetero, where the indices
“homo” and “hetero” indicate the homochiral (R,R) and heterochiral (R,S) complexes with
the first indicator assigning the chirality of the BINOL derivative and the second one the
chirality of the ester.



3-hydroxypropionate. A comparison of these findings with the results ob-
tained for the secondary aliphatic alcohols8 confirms the previous sugges-
tion that alcohols which bear an additional coordination site exhibit more
pronounced SEs.

The origin of such a small, yet considerable selectivity has been theoreti-
cally investigated. Although the precise quantification of the chiral effect in
terms of energetic differences is beyond the accuracy of the method em-
ployed, the stereo-determining transition structures provide insight into
the understanding of the experimental observations. According to the PES
shown in Fig. 3, the C–H bond activation via transition structure TS7-8
corresponds to the rate-determining step for the formation of the ketone
complexes. In competition with the ligand-loss channel, TS7-8 hence dis-
criminates the chiral substrates. In the computed structures of TS7-8 and
TS7-8′ (Fig. 5), the nickel(II) adopts a quasi square planar geometry, while
the additional coordination of the metal by the carbonyl group of ethyl
3-hydroxybutyrate has to be released in order to provide a vacant site for
the newly forming Ni–H bond.
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Table III
Intensities of the fragments due to ligand loss and C–H bond activation concomitant with
the losses of the corresponding β-ketoester and H2 upon CID of mass-selected complexes of
[(R-2)Ni]+ with R- and S-ethyl 3-hydroxybutyrate, respectively, at variable collision energies
(Elab in eV, collision gas: xenon) and the stereochemical effects (SE) derived thereofa

Complex Elab Ligand loss Bond activation SEb

[(R-2)Ni(R-4)]+ 4 50.0 50.0 1.02 ± 0.05

5 53.6 46.4 1.09 ± 0.05

6 54.3 45.7 1.22 ± 0.06

8 58.3 41.7 1.07 ± 0.05

[(R-2)Ni(S-4)]+ 4 49.5 50.5

5 51.3 48.7

6 49.3 50.7

8 56.6 43.4

a Branching ratios (BR) derived from repeated experiments and normalized to ∑ = 100.
b Stereochemical effects defined as SE = [BR(2)/(BR(3) + BR(4))]homo/[BR(2)/(BR(3) + BR(4))]hetero,
where the indices “homo” and “hetero” indicate the homochiral (R,R) and heterochiral (R,S)
complexes with the first indicator assigning the chirality of the BINOL derivative and the
second one the chirality of the ester.
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FIG. 5
Optimized geometries of the computed transition structures TS7-8 and TS7-8′ for the unsub-
stituted BINOLato ligand 1 and a monocarboxymethyl derivative serving as a model for ligand 2

SCHEME 4
Illustration of the calculated most stable isomers for the complexes of [(2′)Ni]+ with S-ethyl
3-hydroxybutyrate; relative energies are given in kJ/mol



The lack of selectivity observed for the complexes of [(2)Ni]+ with ethyl
3-hydroxybutyrate can be explained by the different binding situation of
nickel with the BINOL derivative 2. Hence, the carbonyl-oxygen of the
carboxymethyl moiety binds the Ni center more tightly (37 kJ/mol lower in
energy), than the hydroxyl next to the chiral axis (Scheme 4). The occur-
rence of such an interaction removes the charged metal center from the
chiral axis of the BINOL, such that the interaction between the two chiral
centers, which is crucial for the chiral discrimination, is largely reduced.

CONCLUSIONS

Nickel(II) complexes between the BINOL derivatives (1 and 2) and the
chiral esters (3 and 4) have been generated upon electrospray ionization
and investigated by means of CID. Whereas the complexes with ethyl lac-
tate lead only to the loss of the intact ester ligand, ethyl 3-hydroxybutyrate
is dehydrogenated by gaseous [(1)Ni]+ and [(2)Ni]+ ions to yield the corre-
sponding nickel-hydrido cations concomitant with ethyl acetylacetate as
a neutral product. In the case of the [(1)Ni]+ cation, this process shows a
significant discrimination between the enantiomers of 4 with preferential
occurrence of C–H bond activation for the heterochiral variants. In con-
trast, no enantiodiscrimination is found for the complexes with the ortho-
substituted BINOL derivative [(2)Ni]+. The experimental findings provide
insights in the structural features, which are able to induce chiral discrimi-
nation in gas-phase bond-activation processes. Specifically, the choice of a
substrate bearing additional binding sites for the metal center somewhat
decreases its reactivity, but increases the stereochemical effect in compari-
son to aliphatic secondary alcohols. In contrast, introduction of additional
chelating moieties on the BINOL frame in compound 2 gives rise to a com-
plex where the two chiral centers are too remote from each other, such that
the stereochemical effect vanishes. Therefore it seems worthy to further
screen chiral BINOL derivatives, which do not change the complexation
site of the metal, while increasing the steric constraints of the complex.
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