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reactivity mediated by nickel
perfluoroalkyl complexes using molecular oxygen
as a terminal oxidant†

Shubham Deolka, a R. Govindarajan, a Eugene Khaskin, a Serhii Vasylevskyi, a

Janet Bahri, a Robert R. Fayzullin, b Michael C. Roya

and Julia R. Khusnutdinova *a

Nickel perfluoroethyl and perfluoropropyl complexes supported by naphthyridine-type ligands show

drastically different aerobic reactivity from their trifluoromethyl analogs resulting in facile oxygen transfer

to perfluoroalkyl groups or oxygenation of external organic substrates (phosphines, sulfides, alkenes and

alcohols) using O2 or air as a terminal oxidant. Such mild aerobic oxygenation occurs through the

formation of spectroscopically detected transient high-valent NiIII and structurally characterized mixed-

valent NiII–NiIV intermediates and radical intermediates, resembling O2 activation reported for some Pd

dialkyl complexes. This reactivity is in contrast with the aerobic oxidation of naphthyridine-based

Ni(CF3)2 complexes resulting in the formation of a stable NiIII product, which is attributed to the effect of

greater steric congestion imposed by longer perfluoroalkyl chains.
Introduction

Oxidation of organic substrates using molecular oxygen as
a terminal oxidant is an important process in many biological
processes1 and in industrial aerobic oxidation catalysis where
oxygen or air is considered as an inexpensive, “green” oxidant
that produces no hazardous waste products.2 Precious metal
catalysts have been extensively used in enabling aerobic oxida-
tion of hydrocarbon substrates or stoichiometric O2 activation,
typically based on Pt,3 Pd,4 Ru,5 Rh,6 Ir,7 etc. At the same time,
metalloenzymes capable of aerobic oxygenation typically
contain more abundant rst row transition metals, which led to
the development of bioinspired model complexes capable of O2

activation, most commonly based on Cu,8 Fe,9 Mn,10 and Co.11

Although Ni is known to be present at the active site of several
O2-reactive enzymes,12 examples of synthetic “nickel oxygenase”
reactivity in which Ni complexes assist in the transfer of O-
atoms from O2 to a substrate remain scarce.13 While Ni
complex examples in oxidation catalysis using strong oxidants,
such as peroxides, NaOCl, PhIO, ormeta-chloroperbenzoic acid,
are well known,2a,14 their utilization in aerobic oxidation is oen
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prohibited by the stability of NiII towards aerobic oxidation. At
the same time, several recent examples of the generation of
highly reactive Ni superoxide or peroxo-species indicate that
such species can participate in O-transfer reactivity.15 Only a few
examples of direct aerobic oxidation of NiII to produce high
valent Ni species in +3 or +4 oxidation states are known, oen
enabled by the use of multidentate macrocyclic,16 scorpionate,17

and redox non-innocent ligands,15d with only one example
featuring a simple organometallic tris(norbornyl)Ni complex
that produced NiIV at low temperature under O2.18 More
recently, we reported facile aerobic oxidation of a bis(tri-
uoromethyl)NiII complex supported by simple bidentate
naphthyridine or methyl-substituted naphthyridine ligands to
form stable bis(triuoromethyl)NiIII complexes capable of NiIII–
CF3 bond homolysis and C(sp2)–H bond radical tri-
uoromethylation (Scheme 1a).19 Later we found that longer
uoroalkyl chains can be transferred to organic substrates as
well using naphthyridine-free Ni catalyst.20

In this work, we report that naphthyridine-supported NiII

complexes containing longer-chain pentauoroethyl and hep-
tauoropropyl ligands show distinctly different reactivity with
O2, leading to the formation of peruorocarboxylates as main
products formed via the formal removal of both a-uorine
atoms and O-atom transfer from O2 (Scheme 1b). In the pres-
ence of organic substrates, facile oxygen-atom transfer reactivity
was induced, leading to aerobic oxidation of stilbenes to epox-
ides and benzaldehyde (via C]C bond cleavage), aerobic
oxidation of alcohols, and oxygenation of phosphines and
suldes in a stoichiometric manner. These NiII complexes
present a unique mode of O2 activation by peruoroalkyl
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Aerobic oxidation and reactivity of bis(trifluoromethyl) (a)
and longer chain bis(perfluoroalkyl) complexes (b).

Fig. 1 ORTEP of 1, 2, 3, and 4 at the 60% probability level. The disorder
for 2 and 4 as well as hydrogen atoms are omitted for clarity.
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transition metal complexes that is unobserved in commonly
studied triuoromethyl analogs, and that leads to facile O-atom
transfer reactivity and the formation of transient high valent Ni
intermediates.

Results and discussion
Synthesis of longer chain NiII bis (peruoroalkyl) complexes

First, complexation of 1,8-naphthyridine (L1) with (MeCN)2-
NiII(C2F5)2 (ref. 21) precursor proceeds smoothly at room
temperature (RT) in acetonitrile solution to give complex 1,
isolated in 58% yield and characterized by NMR, FT-IR, and UV/
Scheme 2 Synthesis of NiII pentafluoroethyl and heptafluoropropyl
complexes supported by naphthyridine ligand (isolated yields are
shown in parentheses).

© 2023 The Author(s). Published by the Royal Society of Chemistry
vis spectroscopy and electrospray ionization high-resolution
mass spectrometry (ESI-HRMS) (Scheme 2). Single crystal X-
ray diffraction (SC-XRD) study reveals that complex 1 contains
one equivalent of L1 coordinated to a Ni atom in a bidentate
fashion with a Ni atom featuring a distorted square planar
geometry, with geometry indices for four-coordinate structures
s4 = 0.20 and s4

′ = 0.19 (the values for ideal square planar and
ideal tetrahedral geometries are 0 and 1, respectively),22 with
trans-N–Ni–C bond angles of 166.08(9)° and 165.69(7)° (Fig. 1).
Such distortion from square planarity is likely due to steric
repulsion between ortho-H atoms of naphthyridine and uorine
atoms of the C2F5 group. Similarly, Vicic and co-workers re-
ported that (4,4′-bis-tert-butyl-bipyridine)Ni(RF)2 (RF = C2F5 or
CF3) complexes feature a distorted square planar geometry
around Ni, which was attributed to interactions between uo-
rine atoms and ortho-H atoms of the ligand.23 Among (4,4′-bis-
tert-butyl-bipyridine)Ni(RF)2 series, a signicantly greater
degree of distortion was observed in a C2F5-analog compared to
a triuoromethyl complex implying that the introduction of
a longer pentauoroethyl chain imposes a notably greater steric
hindrance compared to CF3, while (bpy)NiMe2 was essentially
square planar.

Interestingly, no complexation was observed at RT when
more sterically hindered 2-methyl-1,8-naphthyridine (L2) was
used, while further heating at 50 °C for 24 h afforded the yellow
complex 2with similar distorted square planar geometry and k2-
coordinated L2.

Treatment of (MeCN)2Ni
II(C2F5)2 with the even more steri-

cally hindered 2,7-dimethyl-1,8-naphthyridine L3 at 60 °C
resulted in the isolation of complex 3. Surprisingly, SC-XRD
reveals that two equivalents of k1-bound L3 coordinate to the
nearly ideally square planar (s4 = s4

′ = 0.00) Ni atom. The
complex features two C2F5 groups in mutually trans-positions,
with trans-N–Ni–N and C–Ni–C bond angles of 180°. This is
strikingly different from the previously reported highly dis-
torted square planar 1 : 1 complex (k2-L3)NiII(CF3)2 with
Chem. Sci., 2023, 14, 7026–7035 | 7027
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Scheme 3 Isolation of perfluorocarboxylate complexes by aerobic
oxidation of 2-4 (isolated yields are shown in parentheses).
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mutually cis-CF3 groups (s4 = s4
′ = 0.23; C–Ni–N angle of

163.59(12)°). Such a conguration is uncommon for NiII dialkyl
or bis(peruoroalkyl) complexes due to the destabilizing pres-
ence of two strong trans-inuencing ligands in trans-positions
to each other (the trans-inuencing properties of peruoroalkyl
group are expected to be similar to those of alkyl ligands).23,24 In
complex 3, this unusual coordination mode is adopted to avoid
steric congestion between two ortho-Me groups of L3 and the
bulkier C2F5 ligands, as supported by computational analysis
(see Scheme S8 and Fig. S134 in the ESI†). Additional stabili-
zation is achieved through the formation of an ideal square
planar geometry preferred by a low spin NiII complex.

To examine if the same structural features will be observed
in the complexes containing even longer peruoroalkyl chains,
we treated an analogous heptauoropropyl (MeCN)2Ni

II(C3F7)2
(ref. 20) precursor with L3 at 60 °C for 48 h, which led to the
formation of complex 4. SC-XRD reveals a similar, nearly ideal
square planar structure with two trans-C3F7 groups and trans-N–
Ni–N and C–Ni–C angles of 180°. Interestingly, both complexes
3 and 4 show well-resolved 1H NMR spectra at RT in CD2Cl2
solution exhibiting only two L3 ligand multiplets and one Me
group, which could be due to the dynamic coordination of L3.

The Ni–C bonds in complex 3 (1.992(2) Å) are notably longer
than in 1 (1.8904(19) and 1.899(2) Å), which is attributed to
a stronger trans-inuence between two C2F5 groups at 180°.
Furthermore, Ni–C distances in longer-chain heptauoropropyl
complex 4 (2.021(6) Å) are slightly elongated compared to 3.
Fig. 2 ORTEP of 2a, 3a, and 4a at the 60% probability level.
Aerobic reactivity of complexes 2–4

We have previously reported that bis(triuoromethyl)
complexes (L′)NiII(CF3)3 (L′ = L1, L2, and L3) undergo facile
aerobic oxidation in the presence of air or O2 and NaBF4 at RT to
produce isolable NiIII complexes, [(L′)NiIII(CF3)2](BF4) (Scheme
1a). In the case of longer-chain peruoroalkyl analogs, we
anticipated that different geometry around the Ni center and
elongated Ni–C distances due to greater steric congestion could
lead to a different reactivity in aerobic oxidation.

Since the attempted aerobic oxidation of complex 1 resulted in
the release of a free ligand, we investigated the aerobic reactivity
of complexes 2–4. When solutions of 2–4 were exposed to O2, no
stable NiIII product could be obtained, although the formation of
a transient NiIII species was detected spectroscopically at low
temperature (vide infra). Surprisingly, when complexes 2–4 were
exposed to air at RT for 2 h in m-xylene solution containing an
additive of 5 equiv. of water, crystallization under ambient
conditions afforded single crystals of triuoroacetate complexes
2a–3a and pentauoropropionate complex 4a isolated in 38–48%
yields and analyzed by SC-XRD, ESI-HRMS, FT-IR, and UV/vis
spectroscopy (Scheme 3 and Fig. 2). These complexes feature
a pseudooctahedral geometry around a Ni coordinated to two (in
2a and 4a) or one (in 3a) substituted naphthyridine ligand.
Complexes 2a and 3a also contain coordinated water as terminal
or bridging ligands, respectively. The Ni–O bond lengths in 2a
and 3a, 2.0553(14) Å and 2.0758(10) Å, are consistent with typical
Ni–O bond length in NiII aqua complexes,25 while signicantly
shortened Ni distance (ca. 1.86–1.89 Å) is expected from NiIII-
7028 | Chem. Sci., 2023, 14, 7026–7035
hydroxo-bridged compounds.26 The hydrogen atoms were placed
onto coordinated water molecules and were freely rened, their
position were determined from Fourier difference electron
densitymaps (Fig. S130–S131).† The peruorocarboxylate ligands
in 2a–4a retain the same number of carbon atoms, indicating
that the carboxylate group is not formed via CO2 insertion into
the Ni–C bond but rather via a formal removal of two F-atoms
from the Ni-bound diuoromethylene fragment.

The formation of peruorocarboxylate products implies that
free uoride should be released into solution. This was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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conrmed using a uoride paper test (see ESI†). In addition, the
formation of an unstable uoride-bridged dinickel complex was
conrmed by SC-XRD (vide infra).

To quantify the amount of peruorocarboxylate formed
during aerobic oxidation, we performed aerobic oxidation in
a protic coordinating solvent, methanol, which could promote
triuoroacetate dissociation. The yield of diamagnetic uorine-
containing products was then determined by 19F NMR inte-
gration against the internal standard, a,a,a-triuorotoluene,
and reported relative to the total number of available per-
uoroalkyl groups (i.e., two per Ni). Exposure of a MeOH-d4
solution of 3 to ambient air at RT for 24 h produced a mixture of
triuoroacetate (70%) and pentauoroethane (16%). Similarly,
aerobic oxidation of 4 produced pentauoropropionate (30%)
and heptauoropropane (38%). No oxidation was observed in
MeOH solution of 3 under N2, or in MeCN solution in the
presence of 100 equiv. of water, and only starting material could
be detected, showing that complex 3 is stable in protic solvents
in the absence of oxygen. When the oxidation of 3 was per-
formed under dry O2 in methanol, the yield of triuoroacetate
increased to 76% (average for 2 trials), while no detectable
amount of pentauoroethane was observed.

To conrm the origin of O-atoms, we performed a series of
experiments using 18O-isotopically labeled reagents and
analyzed the products by ESI-HRMS. First, two sets of peaks
were detected in the control reaction mixture obtained by
oxidation of 3 with unlabeled O2 corresponding to cationic
complexes of Ni with triuoroacetate containing one or two L3
ligands per Ni: [(L3)Ni(CF3COO)]

+ (m/z 329.0037, calc. 329.0042)
and [(L3)2Ni(CF3COO)]

+ (m/z 487.0880, calc. 487.0886) (Scheme
4a and Fig. S56†). The formation of both 2 : 1 and 1 : 1
Scheme 4 Reactivity of 3 and 4 with labeled O2 and water.

© 2023 The Author(s). Published by the Royal Society of Chemistry
complexes could be due to the labile nature of NiII complexes in
solution andmultiple modes of L3 coordination. Next, when the
oxidation of 3 was performed using 18O2, the isotopic compo-
sition of these two peaks changes showing that the main
product contained a doubly labeled triuoroacetate, evident
from the presence of the peaks corresponding to [(L3)Ni(CF3-
C18O2)]

+ (m/z 333.0121, calc. 333.0127) and [(L3)2Ni(CF3C
18O2)]

+

(m/z 491.0954, calc. 491.0971). The minor peaks were assigned
to the analogous adduct with a singly labeled CF3C

16O18O− (m/z
331.0079 and 489.0909), and the non-labeled product was
present in only small amounts. The ratio of the peaks corre-
sponding to adducts with CF3C

18O2
−, CF3C

18O16O−, and
CF3C

16O2
− was 100 : 36 : 16 aer 24 hours (Scheme 4b and

Fig. S58†). Similarly, when the oxidation of heptauoropropyl
complex 4 was performed under the same conditions, the major
peaks were assigned to the doubly labeled adduct as a major
product, while singly and unlabeled isotopomers were present
in smaller amounts (the C2F5C

18O2
− : C2F5C

18O16O− :
C2F5C

16O2
− ratio of 100 : 40 : 20 aer 24 h) (Scheme 4c and

Fig. S62†).
The presence of a singly labeled product could result either

from isotopomeric O2 impurities or more likely from adventi-
tious water present in a solvent. To conrm this idea, we per-
formed oxidation of 3 with O2 in the presence of 10 equiv. of
H2

18O, which resulted in the formation of a singly labeled
CF3C

18O16O− adduct as a major product (Scheme 4d), while the
analogous reaction under 18O2 with 10 equiv. of unlabeled water
produced singly labeled adduct and doubly labeled adduct in
100 : 8 ratio (Scheme 4e). These results suggest that when excess
Scheme 5 Substrate oxidation in the presence of O2 and complexes 3
or 4 under stoichiometric condition. Average yields are reported for 2–
4 experiments.

Chem. Sci., 2023, 14, 7026–7035 | 7029
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Fig. 3 Experimental X-band EPR spectra of the product of oxidation of
3with O2 (black line: MeTHF glass, 91 K, 9.082 GHz) and simulated EPR
spectrum (red line). Simulation parameters: gx = 2.228, gy = 2.206, gz
= 2.023 (AN = 16.3 G).
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water is introduced into a reaction mixture, it serves as a source
of one of the O-atoms, while in the absence of added water,
second oxygen atoms originate from O2 or O2-derived products
(e.g., peroxides or hydroxide).

Intrigued by this dioxygenase-type reactivity, we examined if
oxygen transfer from O2 could be directed to organic substrates
in the presence of a suitable O-atom acceptor. Stirring solution
of PPh3 in the presence of 1 equiv. of 3 under an O2 atmosphere
at RT for 3–4 h afforded triphenylphosphine oxide with
complete conversion (Scheme 5a). The PPh3 oxidation in the
presence of 3 and 18O2 results in the formation of 18O-labeled
Ph3P

18O as a major product (90%) with only ca. 10% of unla-
beled Ph3PO present as conrmed by HRMS and GC-MS
(Scheme 5b). One equivalent of 3 relative to PPh3 was not
required and using 0.5 equiv. 3 relative to PPh3 resulted in ca.
95% conversion to PPh3O aer longer reaction time (20 h). Only
a trace Ph3PO product was observed during oxidation of PPh3

with O2 under analogous conditions in the absence of 3.
Oxidation of phenyl ethyl sulde in the presence of only 1

equiv. of 3 under O2 atmosphere at RT produced a mixture of
sulfoxide and sulfone at 99% conversion (Scheme 5c), whereas
the analogous reaction with excess sulde (5 equiv. relative to 3)
lead to a cleaner reaction that gave 1.9 equiv. of sulfoxide rela-
tive to 3 (Scheme 5d).

Heating a solution of cis-stilbene and 1 equiv. of 3 under O2

at 70 °C for 16 h produced a mixture of cis-stilbene oxide
(13.5%), trans-stilbene oxide (17%), and benzaldehyde (15%)
along with unreacted starting material (Scheme 5e). Oxidation
of trans-stilbene under O2 in the presence of 3 produced trans-
epoxide and benzaldehyde as main products in 12% and 18%
average yields, respectively (Scheme 5e).

Oxidation of benzyl alcohol in the presence of 1 equiv. of 3 at
60 °C produced benzaldehyde in 38.5% yield aer 3 h (Scheme 5f).

In the case of 2,2,2-triuoroethanol oxidation, the unstable
aldehyde intermediate was not detected and only the product of
full oxidation, triuoroacetic acid, was produced in 61% yield
when 2,2,2-triuoroethanol was heated under 1 atm of O2 in the
presence of complex 4 along with peruoropropionate (35%)
formed by C3F7 ligand oxidation (Scheme 5g).

During oxidation of PPh3 or trans-stilbene in the presence of
3 and O2, triuoroacetate was detected only in minor amounts,
9–15%, showing that C2F5 groups might not be fully reacted
when competitive oxygen acceptor was present. Although cata-
lytic turnover has not yet been achieved, this might indicate the
potential for substoichiometric use of nickel precursor in
aerobic oxidation.

Overall, this reactivity shows that in the presence of suitable
O-atom acceptors, activation of molecular oxygen by Ni per-
uoroalkyl complexes resulted in oxidation or oxygenation of
a number of substrates including phosphines, suldes, alco-
hols, and alkenes.
Mechanistic investigation

To gain insight into the nature of possible high-valent Ni
intermediates of O2 activation with 3, a solution of 3 in 2-
methyltetrahydrofuran (2-MeTHF) was exposed to O2 for 2 min
7030 | Chem. Sci., 2023, 14, 7026–7035
and the resulting purple solution was frozen at 91 K and
analyzed by EPR spectroscopy. An anisotropic signal was
detected characterized by g values of 2.228, 2.206, and 2.023
showing splitting to a single N-atom (AN= 16.3 G) (Fig. 3), which
eventually disappears aer warming up to RT at long reaction
time. Signicant g anisotropy and high g average values (gave =
2.152) are consistent with a NiIII species similar to the previ-
ously reported complex B which shows splitting from two N-
atoms (Scheme 1a; AN = 17.9 G) (Scheme 1a, top right
corner).19 This implies that while complex B containing two cis-
CF3 groups is stabilized by two k2-L3 ligands, similar k2-coor-
dination of two L3 ligands cannot be achieved upon oxidation of
3 and an exogenous ligand may be present. These differences
could be attributed to a greater steric congestion around the Ni
center in 3. A similar signal was obtained upon exposure of
complex 4 to O2, showing superhyperne splitting from only
one N-atom (Fig. S105†).

Such lack of stabilization by bis-ligation to two cis L3 ligands
could be imposed by steric congestion imposed by two ortho-Me
groups of L3 and bulky C2F5 ligands: for example, computa-
tional analysis shows that signicant degree of steric conges-
tion is present in a hypothetical cis-(L3)2Ni

II(C2F5)2 already in +2
oxidation state leading to signicantly distorted structure and
its destabilization compared to trans-conguration (see Scheme
S8 and Fig. S134†).

When the aerobic oxidation of 3 was performed in the
presence of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as
a radical trap for O-derived radicals, no DMPO-OH adducts were
observed suggesting that Fenton-type chemistry (e.g. via Ni-
mediated OHc radical formation by decomposition of O2-
derived H2O2) is unlikely to occur under these conditions, and
the inner-sphere O2 activation via superoxide formation may be
involved in the initial oxidation to NiIII (see Fig. S102†).27

Considering that trans-arrangement of two peruoroalkyl
groups will likely result in their greater reactivity in Ni–C bond
homolysis, especially in NiIII species, we then tested for the
presence of the C2F5c radical using the (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) radical trap. When 3
was exposed to O2 for 24 h at RT in the presence of TEMPO in
CD3OD, C6D6, or CD3CN solutions, the TEMPO-C2F5 adduct
© 2023 The Author(s). Published by the Royal Society of Chemistry
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formed in 5–12% yields, while no TEMPO-C2F5 was detected in
the absence of O2, showing that aerobic oxidation is required
for radical formation.28

Based on these observations, we propose that aerobic
oxidation of 3 follows a radical pathway (Scheme 6), resembling
the radical-chain mechanism for the oxidation of (bpy)PdMe2
under O2 pressure in the presence of AIBN radical initiator.29

This mechanism is similar to the radical autooxidation of main
group organometallics;30 however, intermediates featuring Ni in
higher oxidation states are accessible.

The initiation step involves the formation of an unstable NiIII

species, whose presence was conrmed by an EPR experiment
(Fig. 3). Due to steric congestion and the mutual trans-cong-
uration of two strong trans-inuencing peruoroalkyl groups in
the starting material, such complexes are expected to be
signicantly less stable as compared to the previously reported
cis-[(L3)2Ni

III(CF3)2]
+ and likely to undergo facile, spontaneous

NiIII–C bond homolysis to produce a peruoroalkyl radical B
(Scheme 6a). In a propagation sequence, peruoroalkyl radical
B reacts with O2, an efficient radical trap for alkyl radicals, to
produce the peruoroalkylperoxyl radical C (Scheme 6b).31,32

Haloalkyl peroxyl radicals have been reported to form in
aerated solutions containing parent haloalkyl radicals, and they
are known to act as efficient one-electron oxidants for metal
complexes and organic substrates; such electron transfer may
occur via an inner sphere mechanism and result in the forma-
tion of halogenated alkylperoxide anion.31a,33 For example,
oxidation of porphyrin metal complexes by CF3OOc radical
resulting in one-electron oxidation of a metal center and
Scheme 6 Proposed mechanism for aerobic oxidation of 3.

© 2023 The Author(s). Published by the Royal Society of Chemistry
triuoroperoxide formation has been previously reported in the
literature.31a,34 By analogy, such reactivity between C and an
easily oxidized NiII bis(peruoroalkyl) complex would result in
the formation of a NiIII intermediate D (Scheme 6c) or, upon
displacement of an electron-poor peruoroalkylperoxo ligand
with a protic solvent, intermediate E and free peruoroalkyl
hydroperoxide (Scheme 6d).35 Further propagation involves the
extrusion of peruoroalkyl radical B from a NiIII intermediate D
or E (Scheme 6e) via a Ni–C bond homolysis.

Further decomposition of peruoroalkyl hydroperoxide F is
likely responsible for the carboxylate formation in the presence
of a protic solvent or adventitious water from air via Path (i) or
Path (ii) (Scheme 6). While there is currently no reported data
on the hydrolytic stability of peruoroalkyl hydroperoxides, 1,1-
dichloroethyl peroxide is known to undergo spontaneous reac-
tion with water to give peracetic acid and eventually acetic acid
with the release of HCl.36 Similar decomposition of per-
uoroalkyl hydroperoxide F via Path (i) would then result in the
formation of the corresponding carboxylic acid (Scheme 6f).

Alternatively, considering the ability of many transition
metal complexes to catalyze alkylhydroperoxide disproportion-
ation to alcohol and O2, Path (ii) could involve Ni-catalyzed
disproportionation of peruorohydroperoxide to form a corre-
sponding peruorinated alcohol G (Scheme 6g).37 The ability of
3 to catalyze hydroperoxide decomposition was conrmed in
the experiment with cumene hydroperoxide (see ESI†) and was
reported for other NiII complexes.38 Both peruoroethanol and
peruoro-n-propyl alcohol are known to be highly unstable and
were characterized only in equilibrium mixtures with HF and
the corresponding acyl uoride (H) formed via thermodynami-
cally favorable HF elimination.39 The formation of easily
hydrolyzed acyl uoride H in the presence of protic solvents or
adventitious water is expected to result in the formation of tri-
uoroacetic acid as a nal product (Scheme 6h).40 The forma-
tion of a singly-labeled triuoroacetate as a major product in an
experiment that involves 18O2/H2O or O2/H2

18O is also consis-
tent with the proposed mechanism.41

Depending on the nature of the substrate, the O-transfer
reactivity with organic substrates in the presence of 3 and O2

could ultimately be due to the formation of peruoroalkylperoxo
species, which could be present either in high valent Ni-ligated
form such as intermediate D13a,15b,15d (or oxo/hydroxo species
resulting from subsequent O–O bond cleavage) or as free radicals
upon their release into solution, both of which are known to be
able to transfer oxygen atom to phosphines.30

Stilbene oxidation in the presence of O2 and 3 (Scheme 5e)
could also involve free radical reactivity or high valent Ni-ligated
species: epoxide and aldehyde formation has been reported in
free-radical alkene oxidation via alkylperoxy radical addition42

or dioxetane intermediates, respectively.43 However, consid-
ering that high valent Ni oxo or oxyl species have also been
commonly proposed as intermediates in alkene epoxidation,
these pathways cannot be clearly distinguished.14a–g

At the same time, the oxidation of alcohols likely involves the
interaction of a Ni center directly with a substrate as no reaction
was observed under free radical conditions in the absence of Ni.
Chem. Sci., 2023, 14, 7026–7035 | 7031
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Table 1 Selected interatomic distances in complexes 5-MeCN and 5-
THF determined by SC-XRDa

Interatomic
distance (Å) 5-MeCN 5-THF

Ni1–Ni2 2.6705(14) 2.6554(6)
Ni1–F1 2.045(4) 1.9982(17)
Ni1–F2 2.026(4) 2.0439(16)
Ni1–F3 2.006(4) 2.0118(16)
Ni1–N1 2.102(5) 2.097(2)
Ni1–N2 2.106(6) 2.108(2)
Ni1–O1 N. A.b 2.040(2)
Ni1–N3 2.020(5) N. A.b

Ni2–F1 1.910(4) 1.9136(17)
Ni2–F2 1.913(4) 1.9066(15)
Ni2–F3 1.912(4) 1.9135(18)
Ni2–C1 1.972(7) 1.967(3)
Ni2–C2 1.968(6) 1.948(3)
Ni2–C3 1.969(7) 1.966(3)

a Atom numbering is according to Fig. 4. b N. A. – not applicable.
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Detection of mixed-valent NiIV/NiII species

In an attempt to intercept high-valent intermediates, complex 3
was exposed to dry O2 at−78 °C in CH2Cl2–MeCN solution. Aer
2 minutes, a purple paramagnetic solution formed, which
showed an EPR signal (Fig. S106†) analogous to that in Fig. 3.
Further slow crystallization from this solution for 2 weeks at
−80 °C produced blue crystals of complex 5-MeCN (Scheme 7
and Fig. 4). SC-XRD analysis of 5-MeCN revealed the formation
of a binuclear complex with two inequivalent Ni atoms bridged
by three uorine atoms; where one Ni atom is bound to three
pentauoroethyl groups, while another Ni atom coordinates to
a k2-bound L3 and one MeCNmolecule. The analogous reaction
in CH2Cl2-THF led to the crystallization of a similar THF-
solvated 5-THF (Fig. 4). The formation of bridging uoride
also conrms the presence of an extracted individual uorine
atom during aerobic oxidation of 3.

Complexes 5-THF and 5-MeCN show distinctly different Ni1–
F bonds around two Ni atoms,44 with shorter Ni2–F bonds
(1.910(4)–1.914(4) Å for 5-MeCN, 1.9066(15)–1.9136(17) Å for 5-
THF) surrounding the Ni(C2F5)3 center and longer Ni1–F bonds
(1.968(6)–1.971(7) Å for 5-MeCN and 1.998(17)–2.043(16) for 5-
THF) at the (L3)Ni(solv) center (Table 1). The Ni1–N bonds at the
(L3)Ni(solv) center (2.097(2)–2.106(6) Å) are similar to those
present in paramagnetic NiII complexes 2a–4a (2.100(1)-2.182(2)
Å) and are also similar to NiII–N bonds in high spin NiII

complexes with N-donor ligands (2.045–2.095 Å),45 while
somewhat shorter Ni–N bonds may be expected from high-
valent Ni complexes.46 All three Ni2–C distances are similar
(1.968(6) Å, 1.969(7) Å, and 1.971(7) Å in 5-MeCN), suggesting
pseudooctahedral coordination expected from NiIV rather than
a Jahn–Teller distorted NiIII,46,47 and similar to NiIV–CF3
distances reported in the known NiIV complexes (1.960–2.016
Å).46 Based on the highly inequivalent coordination properties
Scheme 7 Formation of 5-MeCN and 5-THF.

Fig. 4 ORTEP of 5-MeCN (left) and 5-THF (right) at the 50% proba-
bility level.51

7032 | Chem. Sci., 2023, 14, 7026–7035
of each Ni center, complexes 5-MeCN and 5-THF can be
assigned as NiIV/NiII mixed valent species, further supported by
comparing the DFT-calculated relative stability of NiIV/NiII vs.
the antiferromagnetically coupled NiIII/NiIII assignment for 5-
MeCN.

Complexes 5-THF and 5-MeCN likely result from a bimolec-
ular alkyl group transfer in a follow-up reactivity aer initial
aerobic oxidation to NiIII. Similarly, Me group transfer was re-
ported during the oxidation of PdMe2 complexes with N-donor
ligands by ferrocenium or O2, leading to the formation of [(L′)
PdIVMe3]

+ and [(L′)PdIIMe(solv)]+ (L′ = 4,4′-bis-tert-butyl-2,2′-
bipyridine or N,N′,N′′-trimethyl-1,4,7-triazacyclononane).48 Such
alkyl group transfer has not been reported in the aerobic
oxidation of Ni complexes; however, the formation of mixed
trialkyl NiIV complexes by the direct radical attack at a NiIII

occurred when radicals were generated thermally using
conventional free-radical initiators.47b Similarly, the alkyl
radical attack at the metal center leading to its one-electron
oxidation a new M-alkyl bond formation has been studied for
other transition metal complexes.35,49 Therefore, the formation
of 5 represents a rare example of alkyl group transfer between Ni
complexes induced by aerobic oxidation. Although complexes 5-
solv may not be directly involved in O-transfer reactivity, they
demonstrate that mixed-valent complex formation may be
viewed as a way to trap the C2F5 radical (as well as the HF
byproduct) in the absence of a substrate. Interestingly, warming
up the initially obtained purple solution obtained at low-
temperature reaction of 3 with O2 still results in the forma-
tion of 3a as conrmed by SC-XRD, and triuoroacetate
formation is detected by NMR in the mixtures with protic
solvents.50

Conclusions

Aerobic oxidation of peruoroalkyl complexes containing per-
uoroethyl or peruoropropyl groups shows distinctly different
reactivity from the analogous triuoromethyl complexes, which
© 2023 The Author(s). Published by the Royal Society of Chemistry
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can be attributed to greater steric congestion imposed by
longer-chain peruoroalkyl groups. By contrast to tri-
uoromethyl complexes, stable NiIII could not be obtained,
although transient NiIII intermediates were observed by EPR
spectroscopy. In the absence of an external substrate, per-
uorocarboxylate complexes were formed by the transfer of O-
atoms from O2 to the peruoroalkyl group. Isotopic labeling
studies suggest that in the absence of added water, O2 serves as
a major source of both O-atoms in the carboxylate product via
dioxygenase-like reactivity, while in the presence of excess
water, only one of the O-atoms originates from O2.

Oxygenation of phosphine, sulde, and stilbenes by O2 as
a terminal oxidant was also achieved that was promoted by
longer-chain peruoroalkyl Ni complexes. Aerobic oxidation of
alcohols was also observed under stoichiometric conditions.

Overall, these results demonstrate that longer-chain per-
uoroalkyl metal complexes may show drastically different
reactivity from their commonly studied triuoromethyl analogs.
In the case of Ni complexes with naphthyridine ligands, such
reactivity led to the observation of dioxygenase-like O-atom
transfer from dioxygen under mild conditions.

Data availability

Data supporting this article have been uploaded as ESI.†

Author contributions

SD and JK designed the study, interpreted the data, and wrote
the manuscript; RG and JB performed ligand synthesis; SV, EK
and RF collected and rened crystallographic data; MR helped
to carry out the mass spectrometry measurements; JK per-
formed EPR experiments and computational analysis. All
authors contributed in manuscript writing and editing.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors thank the Instrumental Analysis section and
Engineering section for technical support, the HPC facility for
access to computational resources, and OIST for funding. R. R.
F. performed crystal structure determination within the
assignment for the Kazan Scientic Center of RAS. The authors
thank Dr Ayumu Karimata for GPC analysis.

Notes and references

1 X. Huang and J. T. Groves, Chem. Rev., 2018, 118, 2491–2553.
2 (a) G. B. Shul'pin, J. Chem. Res., 2002, 2002, 351–353; (b)
A. S. Hay, J. Org. Chem., 1962, 27, 3320–3321; (c) S. S. Stahl,
Angew. Chem., Int. Ed., 2004, 43, 3400–3420; (d) L. Que and
W. B. Tolman, Nature, 2008, 455, 333–340.

3 (a) J. S. Valentine, Chem. Rev., 1973, 73, 235–245; (b)
D. D. Wick and K. I. Goldberg, J. Am. Chem. Soc., 1999, 121,
© 2023 The Author(s). Published by the Royal Society of Chemistry
11900–11901; (c) V. V. Rostovtsev, L. M. Henling,
J. A. Labinger and J. E. Bercaw, Inorg. Chem., 2002, 41,
3608–3619; (d) J. R. Khusnutdinova, P. Y. Zavalij and
A. N. Vedernikov, Organometallics, 2007, 26, 2402–2413; (e)
R. A. Taylor, D. J. Law, G. J. Sunley, A. J. P. White and
G. J. P. Britovsek, Angew. Chem., Int. Ed., 2009, 48, 5900–
5903; (f) A. R. Petersen, R. A. Taylor, I. Vicente-Hernández,
P. R. Mallender, H. Olley, A. J. P. White and
G. J. P. Britovsek, J. Am. Chem. Soc., 2014, 136, 14089–
14099; (g) L. Xu, D. P. Solowey and D. A. Vicic,
Organometallics, 2015, 34, 3474–3479; (h) H. E. Zeitler,
W. A. Kaminsky and K. I. Goldberg, Organometallics, 2018,
37, 3644–3648.

4 (a) M. M. Konnick, I. A. Guzei and S. S. Stahl, J. Am. Chem.
Soc., 2004, 126, 10212–10213; (b) J. M. Keith, R. P. Muller,
R. A. Kemp, K. I. Goldberg, W. A. Goddard and J. Oxgaard,
Inorg. Chem., 2006, 45, 9631–9633; (c) D. Wang,
A. B. Weinstein, P. B. White and S. S. Stahl, Chem. Rev.,
2018, 118, 2636–2679.

5 R. Neumann and M. Dahan, Nature, 1997, 388, 353–355.
6 (a) C. M. Frech, L. J. W. Shimon and D. Milstein, Helv. Chim.
Acta, 2006, 89, 1730–1739; (b) J. M. Praetorius, D. P. Allen,
R. Wang, J. D. Webb, F. Grein, P. Kennepohl and
C. M. Crudden, J. Am. Chem. Soc., 2008, 130, 3724–3725; (c)
E. C. Keske, O. V. Zenkina, A. Asadi, H. Sun,
J. M. Praetorius, D. P. Allen, D. Covelli, B. O. Patrick,
R. Wang, P. Kennepohl, B. R. James and C. M. Crudden,
Dalton Trans., 2013, 42, 7414–7423.

7 (a) Z. M. Heiden and T. B. Rauchfuss, J. Am. Chem. Soc., 2007,
129, 14303–14310; (b) D. Bridget Williams, W. Kaminsky,
J. M. Mayer and K. I. Goldberg, Chem. Commun., 2008,
4195–4197; (c) S. Chowdhury, F. Himo, N. Russo and
E. Sicilia, J. Am. Chem. Soc., 2010, 132, 4178–4190; (d)
K. E. Allen, D. M. Heinekey, A. S. Goldman and
K. I. Goldberg, Organometallics, 2014, 33, 1337–1340; (e)
M. Feller, E. Ben-Ari, Y. Diskin-Posner, R. Carmieli,
L. Weiner and D. Milstein, J. Am. Chem. Soc., 2015, 137,
4634–4637; (f) P. Abril, M. P. del Ŕıo, J. A. López, A. Lledós,
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