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A new ligand architecture based on quinoline/pyridine attached
ortho to the amine functionality on an aniline, which is coupled
to another quinoline unit has been prepared. Ligands L1 and L2
have been complexed with CF3 and C2F5 ligated nickel centers.
The resulting complexes have been extensively studied by NMR

spectroscopy (on 1H, 13C{1H}, and 19F nuclei) and single-crystal X-
ray crystallography. A poorly defined mixture of complexes
obtained from L1 and nickel bis-trifluoromethyl complex was
moderately active in C� H trifluoromethylation with the Ume-
moto I reagent.

Introduction

C� H bond functionalization has become an immensely power-
ful tool in organic chemistry.[1] Strategies for C� H activation
have to overcome two fundamental obstacles. The first
challenge is the inherent stability of most C� H bonds,
rendering them typically unreactive, and the second is
controlling site selectivity in large molecules containing multi-
ple and diverse C� H bonds.[2] New catalysts and approaches
for C� H activation are thus an intensive focus of current
research. In recent years, C� H activation has shown promise
for the late-stage fluorination/trifluoromethylation of complex
molecules, such as late-stage pharmaceutical intermediates or
final drug compounds.[3] Fluorinated analogues of these
compounds may give a new drug with the same basic mode
of action, but with improved metabolic and activity profiles.
Metal catalysts, including nickel, have been found to selec-
tively modify such molecules, often in low yields, and with
high metal loading. However, the approach creates a new

drug analogue that can be purified and tested rapidly, and the
costs of the organic drug molecule often outweigh that of the
catalyst and the purification procedure. The addition of a CF3

group to even a large molecule can dramatically alter the
polarity and other physical properties, so the main goal of
C� H trifluoromethylation is to have a selective process that is
able to convert the starting material to a single product with
high yield, potentially simplifying a difficult purification
procedure. At least at the drug/molecule discovery stage, the
goal of nickel catalyzed trifluoromethylation is to optimize
selectivity and not necessarily turnover number (TON). As the
reaction proceeds via a radical mechanism and the ligand
parameters affecting catalytic activity are not well known, we
often test new types of ligand systems for C� H trifluoromethy-
lation.

Previously, our group has used high-valent nickel with
naphthyridine ligands as catalysts for the light-mediated
catalytic trifluoromethylation of various aryl and (het)aryl
compounds (Figure 1).[4] The presence of an aromatic N-
heterocycle with two fused aromatic rings likely played an
important role in producing complexes that absorb visible
light and undergo light-induced bond homolysis. The naph-
thyridine can also act as either a bidentate or monodentate
ligand, and the slippage between the coordination modes
might play a role in catalysis, with naphthyridine de-coordina-
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Figure 1. Previously reported catalytic trifluoromethylation with naphthyr-
idine and ligands used in this study.
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tion and help in proton abstraction being identified as
possible secondary roles of this ligand in the catalytic cycle. In
a similar way, we envisioned L1 and L2, with the possibility of
a third coordination site, as dynamic ligands that can
participate in both of these roles and allow for late-stage
catalytic trifluoromethylation by allowing isomerization that
leads to reactive intermediates, while proton abstraction is
carried out by the uncoordinated third nitrogen: i.e. a pendant
Lewis base (Figure 2).

In the current study, we explored a new NNN tridentate
ligand motif where a pyridine/quinoline ring is located ortho
to an amine functionality, that is coupled with a second distal
quinoline unit for the purpose of testing nickel complexes in
trifluoromethylation catalysis (Figure 1). While 2-aminopyridine
or 2,2’-bipyridine-6,6’-diamine ligands are well known, the
addition of a third donor connected via a conjugated linker
gave a ligand backbone that proved to be, to the best of our
knowledge, unused in organometallic chemistry, but that
could lead to ligand-assisted substrate activation (Figure 2).
When exploring the basic quinoline unit ligand motif L1, we
were surprised to find hardly any reports in the literature on
the basic skeletal arrangement of the rings as either a similar
structure or a larger substructure, besides a synthetic paper
where a related compound was synthesized in low yield.[5]

However, compounds with the same basic connectivity, but
with both quinolines replaced by pyridines do appear in a
large number of industrial patents as parts of medicinal
chemistry libraries,[6] or as parts of larger molecules used as
components for light emitting diodes.[7]

Besides the paucity of previous reports on such a simple
ligand motif, there were several other reasons for testing these
ligands in catalysis. The amine ortho to the aromatic ring can
participate in metal/ligand cooperation when bound to the
pyridine via dearomatization, a process that can help in the
activation of substrates where the metal coordinates the
deprotonated substrate and the hydrogen atom is transferred
to the ligand (as in Figure 2 bottom), which is then re-
aromatized.[8] This dearomatization/re-aromatization is typi-
cally known to occur for ortho and para amino pyridines. The
distal quinoline can play a role as an alternative 2 electron
donor for the metal, leading to isomerization between several
possible coordination compounds, or it can affect the second
coordination sphere during catalysis.[9] Finally, the π-system of
the quinoline can act as an electron acceptor, that may be

able to stabilize the high-valent nickel (III)/(IV) intermediates,
something that was observed in ligands with a similar
electronic profile.[10]

Results and Discussion

Ligand Synthesis

Our group has previously described the preparation of biaryl 1
through a Suzuki-Miyaura cross-coupling reaction,[11] which
served as the starting material for the synthesis of the desired
ligands L1 and L2. Using a classical Buchwald-Hartwig
amination reaction between biaryl 1 with either 2-bromoqui-
noline (2a) or 2-bromopyridine (2b) we obtained the desired
compounds in 52 and 49% yield, respectively (Scheme 1). The
ease with which these substrates are prepared suggests
further modifications of this framework can be easily carried
out.

In addition to ligands L1 and L2, we have also prepared
three more N,N,N quinoline/pyridine compounds, where L3 is
prepared in a similar manner to L1 and L2 (Scheme 2a). The
two final ligands, viz. L4 and L5, were prepared by reductive
amination to avoid overalkylation. Starting from biaryl 1 and
treating it with quinoline-2-carboxaldehyde in methanol using
molecular sieves (4 Å) to remove water, we obtained the
corresponding imine as evident from TLC-LRMS analysis. Then,
a reduction was carried out using NaBH3CN to give L4 in 78%
yield. For the synthesis of L5, NaBH4 was sufficient to give the
target L5 in 68% yield (Scheme 2b).

Figure 2. Possible coordination modes of L1 and L2 with a metal center.

Scheme 1. Synthesis of ligands L1 and L2 using a Buchwald-Hartwig
amination reaction.

Scheme 2. Preparation of ligands L3-L5.
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Organometallic Complexation

With ligands L1-L5 in hand we attempted the complexation of
electron-poor Ni(II) precursors. Right away it was clear that L3-
L5, which display different connectivity not amenable to
bidentate binding, are not within the scope of the current
work where we attempted to isolate well-defined, single metal
species. As expected, L3-L5, as observed in preliminary experi-
ments, are more amenable to multi-metallic/multi-isomeric
structures that are difficult to separate and study; further work
with them was thus not pursued. A quinoline/pyrdine
analogue of L3 was not prepared due to these initial
observations.

Complexation with L1

The presence of several isomers of complexes with L1 and L2
was always a potential problem as the ligands have a few
potential bidentate binding modes. The reaction between L1
and the nickel precursor (CH3CN)2Ni(CF3)2 led to a mixture of
three complexes (i. e. three pairs of equally integrating CF3

peaks in the 19F NMR spectrum) and a complicated mixture of
these three species in the 1H NMR spectrum (Scheme 3;
Figures S11—S14). These are all the three isomers possible
upon bidentate binding of the nickel complex. Due to the lack
of symmetry between the CF3 groups, six peaks can be
observed in the 19F NMR � 26 to � 29 ppm region. These shifts
are in the range of typical Ni(II)-CF3 peaks and L1Ni(CF3)2 can
be said to exist as an unequal mixture of three isomers.[12]

Interestingly, and as discussed in more detail below, the CF3

peaks appear as quartets due to long-range 4JFF coupling
between the fluorines through the metal center. Due to an
inability to isolate a single complex easily, resulting in eventual

decomposition of the original three complexes to an unknown
mixture upon prolonged crystallization attempts, the crude
reaction mixture was not worked up further.

We decided to use a more sterically hindered Ni precursor
with L1 in an attempt to obtain a single organometallic
species. The reaction between L1 and (CH3CN)2Ni(CF2CF3)2 led
to a single complex L1Ni(C2F5)2 that could be isolated and
crystallized (Figure 3). The complex proved stable under N2

atmosphere. In the solid state, complex L1Ni(C2F5)2 (Figure 3)
has a Cquin� Nimine (C31� N2) and Cbenz<C� >Nimine (C21� N2) bond
lengths of 1.298(2) and 1.428(2) Å respectively, indicative of a
clear-cut, dearomatized structure. The NH hydrogen atom was
located from the electron density map. The Ni� Nimine and
Ni� Nquin bond lengths are 1.942(2) and 1.962(2) Å and the Ni� C
bond lengths trans to those respective nitrogens are 1.940(2)
and 1.929(2) Å. While there is some variation in Ni� C bond
lengths, it is minor and there is not much difference between
the trans effect of the imine and quinoline nitrogens. The
imine-adjacent carbon of the bridging Ph group is 2.57 Å away
from the metal center, which is too far for a bonding
interaction and the otherwise close distance likely just reflects
the geometry of the ligand.

Despite the single isomer in the solid-state, in the NMR
spectra the signals are slightly broadened, and they do not
resolve even at low temperature. While in the 1H NMR
spectrum all the aromatic signals are accounted for, the
broadening makes it difficult to accurately record coupling
between the protons (Scheme S15). The 13C{1H} NMR peaks are
slightly broadened, but all 24 resonances can be located, with
the C2F5 carbon peaks not being observed due to extensive JCF
coupling (Scheme S16). The broadening in both 1H NMR and
13C{1H} NMR spectra may hint at rapid positional exchange
between the groups. This intriguing possibility is confirmed by
the observation of only two peaks in the 19F NMR, despite the
C2F5 groups being inequivalent (Figure S19). The lack of
coupling between the CF3 and CF2 fluorines is a known effect
that occurs between vicinal F atoms in polyfluoroalkyl species

Scheme 3. Synthesis of complexes.

Figure 3. Molecular structure of L1Ni(C2F5)2 in the crystal with anisotropic
displacement ellipsoids at the 70% probability level. All hydrogen atoms
except for [N]H are omitted for clarity. Selected interatomic distances [Å]:
Ni1–N1 1.9622(15), Ni1–N2 1.9422(15), Ni1–C41 1.9395(18), Ni1–C51
1.9292(19), N2–C21 1.428(2), N2–C31 1.298(2), N3–H3 0.86(3).
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so each resonance appears as a virtual singlet; this is believed
to occur due to the rotational averaging of coupling constants
of opposite sign between the 3JFF CF2 and CF3 groups.[13] In
complexes of nickel and cobalt with pentafluoroethyl groups,
a similar effect is observed.[14] However, when multiple C2F5

groups are inequivalent, usually two sets of signals are
observed and in fact we should be able to observe 4JFF
coupling through the metal center.[15] In the 19F NMR of
L1Ni(C2F5)2 we never get a good resolution of the single set of
peaks even at lower temperatures and the expected 4JFF
coupling is also not seen. We lean towards an explanation that
rapid imine decoordination and re-coordination occurs, thus
the C2F5 signals are averaged on the NMR timescale.

Complexation with L2

In comparison to L1, ligand L2 has the proximal quinoline unit
replaced by a pyridine and the corresponding coordination
chemistry may thus be affected by the steric and electronic
differences. Reacting L2 with both the CF3 and the CF3CF3

nickel precursors gave single complexes that could be isolated
and characterized by NMR spectroscopy and single crystal X-
ray diffraction.

The reaction between L2 and (CH3CN)2Ni(CF3)2 gave a
highly stable complex that did not show any sign of
decomposition upon workup, unlike the reaction with L1,
hinting at a rich organometallic chemistry that may be
accessed by slight changes in the ligand backbone. In the
resulting L2Ni(CF3)2 complex (Figure 4), the metal is bound
through the quinoline and pyridine nitrogens while the amine
remains unbound. The topology of the complex is accordingly
drastically different compared to L1Ni(C2F5)2. The bridging
phenyl ring sits above the metal plane, with the closest Ni� C
distances being 2.80 and 3.02 Å. The phenyl ring may act to

block that face of the metal, perhaps preventing further
reactivity. The complex is diamagnetic, as is expected for a
square planar Ni(II) species. Cpyr� Namine (C31� N2) and Cbenz� Namine

(C21� N2) bond lengths are 1.372(6) and 1.418(5) Å respectively,
with the substitution of pyridine for quinoline effectively
acting to favor the non-dearomatized isomer. The Ni� C bonds
are both close to, and just above 1.9 Å in length, characteristic
of both being trans to sp2 hybridized N donors.

The 19F NMR spectrum shows two singlet CF3 peaks at
� 27.4 and � 28.9 ppm, typical shifts for CF3 fluorines. Unlike
the 19F NMR spectrum of the three isomers of L1Ni(CF3)2, the
signals are not quartets, showing a lack of 4JFF coupling or of a
fast exchange between the CF3 groups (Figure S27). All 14
aromatic H resonances are well resolved in the 1H NMR
(Figure S23), with the NH amine proton being located at
6.33 ppm. 20 resonances are observed in the 13C{1H} NMR
spectrum (Figure S24), with the CF3 groups below the signal to
noise ratio due to JCF coupling (see Figure S18). After
prolonged standing in solution, L2Ni(CF3)2 also begins to
slowly decompose and new minor peaks appear in the 19F
NMR in the � 80 to � 150 region, however the complex is
stable in the solid state and the decomposition is much slower
compared to what was observed for L1Ni(CF3)2.

Reacting (MeCN)2Ni
II(CF2CF3)2 with L2 gave complex

L2Ni(C2F5)2 (Figure 5), which is very similar to L2Ni(CF3)2 and
has the exact same binding mode and tautomeric form of the
ligand. The Ni� C bond distances are 1.948(2) and 1.958(2) Å
for the carbon atoms trans to the N-heterocycles. The nickel
nitrogen distances are: for the pyridine (N3� Ni 1.976(2) Å), and
for the quinoline nitrogen (N1� Ni 1.958(2) Å). Since a direct
comparison can be made with L2Ni(CF3)2 due to similar
bonding, the most pertinent and unusual difference observed
is that all four donor atoms are at longer distances when
compared to the CF3 complex, which could be due to the
greater steric constraints imposed by a bigger C2F5 group.

Figure 4. Molecular structure of L2Ni(CF3)2 in the crystal with anisotropic
displacement ellipsoids at the 50% probability level. All hydrogen atoms
except for [N]H, the co-crystallized benzene molecule, and the minor
disorder component are omitted for clarity. Selected interatomic distances
[Å]: Ni1–N1 1.9457(16), Ni1–N3 1.9638(17), Ni1–C41 1.907(2), Ni1–C51
1.914(3), N2–C21 1.419(3), N2–C31 1.374(3), N2–H2 0.88(3).

Figure 5. Molecular structure of L2Ni(C2F5)2 in the crystal with anisotropic
displacement ellipsoids at the 70% probability level. All hydrogen atoms
except for [N]H are omitted for clarity. Selected interatomic distances [Å]:
Ni1–N1 1.9578(17), Ni1–N3 1.9756(16), Ni1–C41 1.948(2), Ni1–C51 1.9577(19),
N2–C21 1.429(2), N2–C31 1.363(3), N2–H2 0.91(3).
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It is interesting to compare the NMR spectra of L2Ni(C2F5)2
to L1Ni(C2F5)2 as in the latter complex, both C2F5 groups are
equivalent due to rapid exchange. However, in the former
complex, the 1H NMR (Figure S32) and 13C{1H} NMR (Figure S33)
spectra are well resolved and coupling data can be easily
extracted (except for the C2F5 carbon atoms due to low
intensity after CF coupling). Two of the aromatic carbon
resonances are split into a doublet by a single fluorine,
suggesting that the CF2 fluorines are not magnetically
equivalent. In fact, in the 19F NMR, the 4JFF coupling through
the metal center that we earlier observed in cobalt is well
seen.[15] Each CF2 fluorine is magnetically inequivalent and is
split into a doublet or a doublet of doublets/multiplets. There
is also residual coupling to one of the CF3 groups. The
spectrum expansion of the CF2 region (Figure S36), showing
two inequivalent C2F5 groups on a Ni(II) center, is reproduced
below (Figure 6).

Catalysis

We tested the mixture of L1 and the (CH3CN)2Ni(CF3)2
precursor in trifluoromethylation catalysis with an Umemoto
(Compound A, Scheme 4) and a Togni reagent (1-trifluoro-
methyl-1,2-benziodoxol-3(1H)-one) with four heterocycles. We
quickly observed that unlike other systems reported by us,[16]

only the Umemoto reagent showed acceptable TONs, hinting
that the reaction likely proceeds by an electrophilic pathway.
This limits us to only using the CF3 group in the catalytic
reactions since other Umemoto reagents with different
fluoroalkyl substituents are not readily available. Four repre-
sentative electron-rich heterocycles were trifluoromethylated
in acceptable yields using the protocol below (Scheme 4).

The use of complex L2Ni(CF3)2 gave inferior results in
initial experiments with substrate a, so its use was not
pursued. The catalysis likely proceeds better with the mixture
of three possible complexes (i.e. L1Ni(CF3)2 ; see SI) due to
more facile de-coordination and isomerization between the
complexes. Unlike our earlier report with the Umemoto
reagent and the naphthyridine ligand, light was not required
for the reaction.[4] With that naphthyridine ligand however, a
control reaction without the use of blue LED gave <5% yield
of the product. Subsequently we published on a “ligand-free”
(i.e. acetonitrile or DMSO solvent served as ligands) system
that is able to use the Togni reagent as a two electron oxidant,
without the aid of light, and where we were not able able to
detect Ni(IV).[16b] It is still likely that a transient Ni(IV) forms
based on a paper we published a year later where a
specialized electron poor, bidentate fluoroalkyl ligand was
required for the detection of this transient Ni(IV) species. This
suggests that it may be possible to form Ni(IV) under similar
reaction conditions with any electron poor suitable/similar
nitrogen donor ligand system.[16a] Thus, it is likely that de-
coordination of one of the arms or L1 could allow for 2e-

oxidation access to Ni(IV). Finally, the use of Umemoto reagent
II (2,8-diflouro-S-(trifluoromethyl)dibenzothiophenium salt) in
catalysis with nickel complexes without the use of light has
been reported to proceed via a Ni(IV) intermediate.[12,17]

Thus, by analogy with our earlier published work and that
of others, a likely mechanism involves oxidation to Ni(IV) via
the Umemoto reagent (Scheme 5). Subsequent homolytic
cleavage generates a fluoroalkyl radical and a Ni(III) center.

Figure 6. 19F NMR spectrum expansion of L2Ni(C2F5)2 in THF-d8 displaying
4JFF

coupling of the magnetically inequivalent fluorine atoms of the CF2 groups.

Scheme 4. Catalytic trifluoromethylation with the Umemoto I (A) reagent.
Scheme 5. Trifluoromethylation catalysis results with a mixture of L1 and
nickel precursor.
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Reaction of the fluoroalkyl radical with the substrate generates
a radical adduct, which is reduced by the Ni(III) center (see
Figure 2 for the possible role of the third ligand arm) to
generate Ni(II) and the functionalized substrate.

To the best of our knowledge, the best nickel catalyzed
alkylfluorination system has earlier been reported by us,[16b]

where any fluoroalkyl Togni reagent can be used with the
same catalyst, allowing for yields of up to 90%, with the ability
to insert any CxF2x+1 or aryl-CF2CF2 units via CH activation, into
a broad range of electron-rich substrates that include
peptides. The current system is only applicable to the CF3

moiety and the more expensive Umemoto reagent, so despite
the interesting ligand architecture, it is inferior in fluoroalkyla-
tion catalysis.

Conclusions

We synthesized a number of nickel fluoroalkyl complexes
supported by two novel quinoline based ligands. As the
ligands had unusual connectivity that has not been well
explored in organometallics, we wanted to establish whether
they could act as competent ligands in a well-described
system, and to see if the subsequent complexes could be used
for catalysis.

As expected, the identity of the final complex depended
on the nature of the fluoroalkyl substituent and on the ligand.
One of the well-defined complexes that formed with the
Ni(CF3)2 precursor and L2 was unfortunately not active in
trifluoromethylation catalysis; however, a poorly defined
mixture of complexes that was obtained by the use of L1 and
a nickel bis trifluoromethyl complex was moderately active in
C� H trifluoromethylation with the Umemoto I (A) reagent.
Activity in catalysis may depend on the ability of the metal to
convert between several isomers in solution, and thus ligands
of the same basic architecture can be explored as an additive
in catalytic reactions with electron-rich metal precursors or
with metal salts in the future. Interestingly, the difference
between the L1 quinoline and L2 pyridine based ligands
results in different tautomers in the Ni(C2F5)2 complexes as the
result of the proton residing on either the quinoline L1, or the
amine as in the case of L2.

Supporting Information Summary

Experimental section, including ligand and complex synthesis
including their NMR spectra, and HRMS/IR/UV-vis spectra and
general X-ray data, as well as catalytic experiments including
their 19F NMR spectra, are available in the SI. Deposition
Numbers https://www.ccdc.cam.ac.uk/services/structures?id=

doi:10.1002/ejic.2024002072299911 (for L2Ni(CF3)2), 2299912
(for L1Ni(C2F5)2), 2299913 (for L2Ni(C2F5)2), 2299914 (for L1)
contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinforma-

tionszentrum Karlsruhe http://www.ccdc.cam.ac.uk/structures
Access Structures service.

The authors have cited additional references within the
Supporting Information.[14b,18,19]
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