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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 O, or air as a terminal oxidant. Such mild aerobic oxygenation occurs through the
formation of spectroscopically detected transient high-valent Ni"" and structurally characterized mixed-
valent Ni'"=Ni" intermediates and radical intermediates, resembling O, activation reported for some Pd

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

Oxidation of organic substrates using molecular oxygen as
a terminal oxidant is an important process in many biological
processes* and in industrial aerobic oxidation catalysis where
oxygen or air is considered as an inexpensive, “green” oxidant
that produces no hazardous waste products.”> Precious metal
catalysts have been extensively used in enabling aerobic oxida-
tion of hydrocarbon substrates or stoichiometric O, activation,
typically based on Pt,®> Pd,* Ru,® Rh,® Ir,” etc. At the same time,
metalloenzymes capable of aerobic oxygenation typically
contain more abundant first row transition metals, which led to
the development of bioinspired model complexes capable of O,
activation, most commonly based on Cu,® Fe,” Mn," and Co."
Although Ni is known to be present at the active site of several
O,-reactive enzymes,"'” examples of synthetic “nickel oxygenase”
reactivity in which Ni complexes assist in the transfer of O-
atoms from O, to a substrate remain scarce.”® While Ni
complex examples in oxidation catalysis using strong oxidants,
such as peroxides, NaOCl, PhIO, or meta-chloroperbenzoic acid,
are well known,>*'* their utilization in aerobic oxidation is often
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Ni(CF3), complexes resulting in the formation of a stable Ni

i" product, which is attributed to the effect of

greater steric congestion imposed by longer perfluoroalkyl chains.

prohibited by the stability of Ni"" 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.”> Only a few
examples of direct aerobic oxidation of Ni"' to produce high
valent Ni species in +3 or +4 oxidation states are known, often
enabled by the use of multidentate macrocyclic,'® scorpionate,"”
and redox non-innocent ligands,"? with only one example
featuring a simple organometallic tris(norbornyl)Ni complex
that produced Ni"V at low temperature under 0,.'® More
recently, we reported facile aerobic oxidation of a bis(tri-
fluoromethyl)Ni" complex supported by simple bidentate
naphthyridine or methyl-substituted naphthyridine ligands to
form stable bis(trifluoromethyl)Ni™ complexes capable of Ni"™'-
CF; bond homolysis and C(sp*)-H bond radical
fluoromethylation (Scheme 1a)." Later we found that longer
fluoroalkyl chains can be transferred to organic substrates as
well using naphthyridine-free Ni catalyst.*

In this work, we report that naphthyridine-supported Ni"
complexes containing longer-chain pentafluoroethyl and hep-
tafluoropropyl ligands show distinctly different reactivity with
0,, leading to the formation of perfluorocarboxylates as main
products formed via the formal removal of both a-fluorine
atoms and O-atom transfer from O, (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
sulfides in a stoichiometric manner. These Ni" complexes
present a unique mode of O, activation by perfluoroalkyl

tri-
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(a) Previous work: Aerobic oxidation of Ni'(CF3), complexes with
naphthyridine ligands

/l X
< _ Air or O, .\ .CF .
N\ /N iror O, NIIII\ 3 h
Onif NaBF, 7| TCFs v c(sp?)cF,
N\
FsC CFj3 C(sp?)-H
A

B {via *CF3}
(b) This work: Dioxygenase-type O-transfer from O,
Air or O,/H,0 (0]

- 2HF R)J\O'

via [Ni']

Sub-O

R = CF,, CF4CF, Sub = PPh;, sulfide, stilbene, ROH

Scheme 1 Aerobic oxidation and reactivity of bis(trifluoromethyl) (a)
and longer chain bis(perfluoroalkyl) complexes (b).

transition metal complexes that is unobserved in commonly
studied trifluoromethyl 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 Ni" bis (perfluoroalkyl) complexes

First, complexation of 1,8-naphthyridine (L1) with (MeCN),-
Ni"(C,Fs), (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/

NN a8
| il N i
R SNTONZ VR, | (MeCNRLNIYCoFs), "NT N
ill
L1: Ry =Ry, = H MeCN.RT,24h  _ /N'\C .
) _ _ Ri=R,=H 25 ARG
L2: Ry =H, R, =Me (s 1 (58%)
L3: R1 = R2 = Me
4 X
(MeCN),NI'(CoF5), L | Z
MeCN, 50 °C, 24 h N
Ri=H,R,=Me :
1 2 Cst/ \Cst
_ 2 (57%)
(MeCN),Ni"(RF),

MeCN, 60 °C, 48 h
R;=R,=Me

3 (RF = CF4CF,) (55%)
4 (RF = CF3CF,CF,) (57%)

Scheme 2 Synthesis of Ni"' pentafluoroethyl and heptafluoropropyl
complexes supported by naphthyridine ligand (isolated yields are
shown in parentheses).
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Fig.1 ORTEP of1, 2, 3, and 4 at the 60% probability level. The disorder
for 2 and 4 as well as hydrogen atoms are omitted for clarity.

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
74 = 0.20 and 7,/ = 0.19 (the values for ideal square planar and
ideal tetrahedral geometries are 0 and 1, respectively),> 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 fluorine
atoms of the C,F5 group. Similarly, Vicic and co-workers re-
ported that (4,4™-bis-tert-butyl-bipyridine)Ni(R"), (R" = C,Fs or
CF;) complexes feature a distorted square planar geometry
around Ni, which was attributed to interactions between fluo-
rine atoms and ortho-H atoms of the ligand.?* Among (4,4"-bis-
tert-butyl-bipyridine)Ni(RF), series, a significantly greater
degree of distortion was observed in a C,Fs-analog compared to
a trifluoromethyl complex implying that the introduction of
a longer pentafluoroethyl chain imposes a notably greater steric
hindrance compared to CF;, while (bpy)NiMe, 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 2 with similar distorted square planar geometry and k-
coordinated L2.

Treatment of (MeCN),Ni"(C,Fs), 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 k'-bound L3 coordinate to the
nearly ideally square planar (t, = 7,/ = 0.00) Ni atom. The
complex features two C,F5 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 (k*-L3)Ni"(CF;), with

Chem. Sci., 2023, 14, 7026-7035 | 7027
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mutually cis-CF; groups (ty = 74 = 0.23; C-Ni-N angle of
163.59(12)°). Such a configuration is uncommon for Ni" dialkyl
or bis(perfluoroalkyl) complexes due to the destabilizing pres-
ence of two strong trans-influencing ligands in ¢rans-positions
to each other (the trans-influencing properties of perfluoroalkyl
group are expected to be similar to those of alkyl ligands).>*** In
complex 3, this unusual coordination mode is adopted to avoid
steric congestion between two ortho-Me groups of L3 and the
bulkier C,F5 ligands, as supported by computational analysis
(see Scheme S8 and Fig. S134 in the ESIt). Additional stabili-
zation is achieved through the formation of an ideal square
planar geometry preferred by a low spin Ni"" complex.

To examine if the same structural features will be observed
in the complexes containing even longer perfluoroalkyl chains,
we treated an analogous heptafluoropropyl (MeCN),Ni"(C5F;),
(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-C;F, groups and trans-N-
Ni-N and C-Ni-C angles of 180°. Interestingly, both complexes
3 and 4 show well-resolved "H NMR spectra at RT in CD,Cl,
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) A) are notably longer
than in 1 (1.8904(19) and 1.899(2) A), which is attributed to
a stronger trans-influence between two C,Fs groups at 180°.
Furthermore, Ni-C distances in longer-chain heptafluoropropyl
complex 4 (2.021(6) A) are slightly elongated compared to 3.

Aerobic reactivity of complexes 2-4

We have previously reported that bis(trifluoromethyl)
complexes (L)Ni"(CF;); (L' = L1, L2, and L3) undergo facile
aerobic oxidation in the presence of air or O, and NaBF, at RT to
produce isolable Ni'™" complexes, [(L')Ni"(CF;),](BF,) (Scheme
1a). In the case of longer-chain perfluoroalkyl 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 O,, no
stable Ni"" product could be obtained, although the formation of
a transient Ni'" 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 trifluoroacetate complexes
2a-3a and pentafluoropropionate 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) A and 2.0758(10) A, are consistent with typical
Ni-O bond length in Ni"" aqua complexes,* while significantly
shortened Ni distance (ca. 1.86-1.89 A) is expected from Ni'™-

7028 | Chem. Sci,, 2023, 14, 7026-7035

View Article Online

Edge Article

=z | A
\ ~ air
N~ °N - s
\Ni/" m-xylene,
N, H,0 (5 equiv)
C,F C,F 2
Zs o, Vs RT,2h
-4HF

air
2 m-xylene,
H,0 (5 equiv)
RT,2h
-8HF
o
N\ | _CsFy air >\l'
\Nill / I\o
RN m-xylene, N l %Cst
CsF7 ) H20 (5 equiv) ~ =N &
4 RT,2h \ \ 7
-4 HF 4a (48%)
Scheme 3 Isolation of perfluorocarboxylate complexes by aerobic

oxidation of 2-4 (isolated yields are shown in parentheses).

hydroxo-bridged compounds.”® The hydrogen atoms were placed
onto coordinated water molecules and were freely refined, their
position were determined from Fourier difference electron
density maps (Fig. S130-5131).T The perfluorocarboxylate ligands
in 2a-4a retain the same number of carbon atoms, indicating
that the carboxylate group is not formed via CO, insertion into
the Ni-C bond but rather via a formal removal of two F-atoms
from the Ni-bound difluoromethylene fragment.

The formation of perfluorocarboxylate products implies that
free fluoride should be released into solution. This was

Fig. 2 ORTEP of 2a, 3a, and 4a at the 60% probability level.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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confirmed using a fluoride paper test (see ESIT). In addition, the
formation of an unstable fluoride-bridged dinickel complex was
confirmed by SC-XRD (vide infra).

To quantify the amount of perfluorocarboxylate formed
during aerobic oxidation, we performed aerobic oxidation in
a protic coordinating solvent, methanol, which could promote
trifluoroacetate dissociation. The yield of diamagnetic fluorine-
containing products was then determined by '°F NMR inte-
gration against the internal standard, o,o,a-trifluorotoluene,
and reported relative to the total number of available per-
fluoroalkyl groups (i.e., two per Ni). Exposure of a MeOH-d,
solution of 3 to ambient air at RT for 24 h produced a mixture of
trifluoroacetate (70%) and pentafluoroethane (16%). Similarly,
aerobic oxidation of 4 produced pentafluoropropionate (30%)
and heptafluoropropane (38%). No oxidation was observed in
MeOH solution of 3 under N,, 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 O, in methanol, the yield of trifluoroacetate
increased to 76% (average for 2 trials), while no detectable
amount of pentafluoroethane was observed.

To confirm the origin of O-atoms, we performed a series of
experiments using ‘°O-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 O, corresponding to cationic
complexes of Ni with trifluoroacetate containing one or two L3
ligands per Ni: [(L3)Ni(CF;COO0)]" (m/z 329.0037, calc. 329.0042)
and [(L3),Ni(CF;COO0)]" (m/z 487.0880, calc. 487.0886) (Scheme
4a and Fig. S56t1). The formation of both 2:1 and 1:1

@ 3 _% [(L3)Ni(CF3CO0)]*  [(L3),Ni(CF;COO0)]*
m/z 329.0037 m/z 487.0880
180
b) 3 —— [(L3NI(CF3C™80,)* [(L3)Ni(CF5C'80,)]*
major: m/z 333.0121 m/z 491.0954
CF3C'80, : CF5C'80"80 : CF4C1%0,
100 36 © 16
180
2
© 4 [(L3)NI(CoF5C'80,)]" [(L3):Ni(CoF5C80,)*
major: m/z 383.0086 m/z 541.0929
C,FsC180, 1 C,F;C180"00 : C,F5C'%0,
100 40 ©20
o}
d 3 2 major: [(L3)Ni(CF5C'80"%0)]* [(L3),Ni(CF5;'®0"%0)]*

10 equiv H,'80 m/z 331.0058

CF4C'80, : CF4C'80"60" : CF4C180,
0 : 100 .40

m/z 489.0897

150
(e) 3— 2  + major [(L3)Ni(CF,C'80"0)* [(L3),Ni(CF3'80'%0)*

10 equiv Hy0 m/z 331.0079 m/z 489.0912
CF3C'80, : CF5C'80"80" : CF5C%0,"
8 : 100 : 36
The ratio of CF3COO isotopomers is shown as the ratio of peak intensities of a

2:1 adduct [(L3),Ni(CF3;COO0)]*; however, similar results were obtained if 1:1
adduct [(L3)Ni(CF3COO)]* peaks were used.

Scheme 4 Reactivity of 3 and 4 with labeled O, and water.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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complexes could be due to the labile nature of Ni"! complexes in
solution and multiple modes of L3 coordination. Next, when the
oxidation of 3 was performed using '®0,, the isotopic compo-
sition of these two peaks changes showing that the main
product contained a doubly labeled trifluoroacetate, evident
from the presence of the peaks corresponding to [(L3)Ni(CF;-
C"0,)]" (m/z 333.0121, calc. 333.0127) and [(L3),Ni(CF;C'%0,)]*
(m/z 491.0954, calc. 491.0971). The minor peaks were assigned
to the analogous adduct with a singly labeled CF;C**0"*0™ (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 CF;C'®0,”, CF;C'®*0'°0~, and
CF;C'°0,” was 100:36:16 after 24 hours (Scheme 4b and
Fig. S587). Similarly, when the oxidation of heptafluoropropyl
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 C,F5C'®0, :C,F5C'*0"0:
C,F5C'°0,™ ratio of 100:40:20 after 24 h) (Scheme 4c and
Fig. $621).

The presence of a singly labeled product could result either
from isotopomeric O, impurities or more likely from adventi-
tious water present in a solvent. To confirm this idea, we per-
formed oxidation of 3 with O, in the presence of 10 equiv. of
H,'®0, which resulted in the formation of a singly labeled
CF;C'®0"°0 ™ adduct as a major product (Scheme 4d), while the
analogous reaction under *0, 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

0O, (1 atm)
1 equiv 3

RT, 4 h, toluene-dg

(@) PPhy PPhzO

>99%
80, (1 atm)
1 equiv 3

RT, 4 h, toluene-dg

(b) PPh, PPh;'80

0O, (1 atm)
1 equiv3 $S|) O\g,o
RT,3h CD;CN Ph” "Et  Ph” Et

(99% conversion)

© prSog

0O, (1 atm)
. (e}
1 equiv3 g
RT, 3 h, CDsCN Ph™ " Et
1.9 equiv relative to 3

@ phSoEt
5 equiv
0O, (1 atm)
Ph 1 equiv 3 (0] o) O\
O e AL
oh 70 °C, 16 h, CD3CN PH oh PH Ph

From cis-stilbene: 13.5%
From trans-stilbene: n.d.

(/O
Ph

38.5%

17%
12%

15%
18%

OH 0O, (1 atm)
1 equiv 3

®
Ph 60 °C, 3 h. toluene-dg

0, (1 atm)
(9)CFsCH,0H + 4

——— > CF3COOH + C,F;COOH
1equiv 70°C, 3h, CD;CN

61% 35%

Scheme 5 Substrate oxidation in the presence of O, and complexes 3
or 4 under stoichiometric condition. Average yields are reported for 2—
4 experiments.
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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 O, or O,-derived products
(e.g., peroxides or hydroxide).

Intrigued by this dioxygenase-type reactivity, we examined if
oxygen transfer from O, could be directed to organic substrates
in the presence of a suitable O-atom acceptor. Stirring solution
of PPh; in the presence of 1 equiv. of 3 under an O, atmosphere
at RT for 3-4 h afforded triphenylphosphine oxide with
complete conversion (Scheme 5a). The PPh; oxidation in the
presence of 3 and '®0, results in the formation of '®0-labeled
Ph;P'®0 as a major product (90%) with only ca. 10% of unla-
beled Ph;PO present as confirmed by HRMS and GC-MS
(Scheme 5b). One equivalent of 3 relative to PPh; was not
required and using 0.5 equiv. 3 relative to PPh; resulted in ca.
95% conversion to PPh;O0 after longer reaction time (20 h). Only
a trace Ph3PO product was observed during oxidation of PPh;
with O, under analogous conditions in the absence of 3.

Oxidation of phenyl ethyl sulfide in the presence of only 1
equiv. of 3 under O, atmosphere at RT produced a mixture of
sulfoxide and sulfone at 99% conversion (Scheme 5c¢), whereas
the analogous reaction with excess sulfide (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 O,
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 O, 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 after 3 h (Scheme 5f).

In the case of 2,2,2-trifluoroethanol oxidation, the unstable
aldehyde intermediate was not detected and only the product of
full oxidation, trifluoroacetic acid, was produced in 61% yield
when 2,2 2-trifluoroethanol was heated under 1 atm of O, in the
presence of complex 4 along with perfluoropropionate (35%)
formed by CsF; ligand oxidation (Scheme 5g).

During oxidation of PPh; or trans-stilbene in the presence of
3 and O,, trifluoroacetate was detected only in minor amounts,
9-15%, showing that C,F5 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-
fluoroalkyl complexes resulted in oxidation or oxygenation of
a number of substrates including phosphines, sulfides, alco-
hols, and alkenes.

Mechanistic investigation

To gain insight into the nature of possible high-valent Ni
intermediates of O, activation with 3, a solution of 3 in 2-
methyltetrahydrofuran (2-MeTHF) was exposed to O, for 2 min
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Fig.3 Experimental X-band EPR spectra of the product of oxidation of
3 with O; (black line: MeTHF glass, 91K, 9.082 GHz) and simulated EPR

spectrum (red line). Simulation parameters: g, = 2.228, g, = 2.206, g,
=2023 (AN =16.3Q).

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 (4yx = 16.3 G) (Fig. 3), which
eventually disappears after warming up to RT at long reaction
time. Significant g anisotropy and high g average values (gave =
2.152) are consistent with a Ni'" species similar to the previ-
ously reported complex B which shows splitting from two N-
atoms (Scheme 1a; Ay = 17.9 G) (Scheme 1a, top right
corner)." This implies that while complex B containing two cis-
CF; groups is stabilized by two k*-L3 ligands, similar k>-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 O,, showing superhyperfine 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 C,Fs ligands: for example, computa-
tional analysis shows that significant degree of steric conges-
tion is present in a hypothetical cis-(L3),Ni"(C,Fs), already in +2
oxidation state leading to significantly distorted structure and
its destabilization compared to trans-configuration (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
aradical trap for O-derived radicals, no DMPO-OH adducts were
observed suggesting that Fenton-type chemistry (e.g. via Ni-
mediated OH' radical formation by decomposition of O,-
derived H,0,) is unlikely to occur under these conditions, and
the inner-sphere O, activation via superoxide formation may be
involved in the initial oxidation to Ni'" (see Fig. $10271).%

Considering that trans-arrangement of two perfluoroalkyl
groups will likely result in their greater reactivity in Ni-C bond
homolysis, especially in Ni'™" species, we then tested for the
presence of the C,Fs° radical using the (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) radical trap. When 3
was exposed to O, for 24 h at RT in the presence of TEMPO in
CD;0D, Cg¢Dg, or CD3CN solutions, the TEMPO-C,F5 adduct

© 2023 The Author(s). Published by the Royal Society of Chemistry
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formed in 5-12% yields, while no TEMPO-C,F5 was detected in
the absence of O,, showing that aerobic oxidation is required
for radical formation.*®

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)PdMe,
under O, pressure in the presence of AIBN radical initiator.>
This mechanism is similar to the radical autooxidation of main
group organometallics;** however, intermediates featuring Ni in
higher oxidation states are accessible.

The initiation step involves the formation of an unstable Ni
species, whose presence was confirmed by an EPR experiment
(Fig. 3). Due to steric congestion and the mutual ¢rans-config-
uration of two strong ¢rans-influencing perfluoroalkyl groups in
the starting material, such complexes are expected to be
significantly less stable as compared to the previously reported
cis-[(L3),Ni"(CF3),]" and likely to undergo facile, spontaneous
Ni""-C bond homolysis to produce a perfluoroalkyl radical B
(Scheme 6a). In a propagation sequence, perfluoroalkyl radical
B reacts with O,, an efficient radical trap for alkyl radicals, to
produce the perfluoroalkylperoxyl radical C (Scheme 6b).*"*>

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 viag an inner sphere mechanism and result in the forma-
tion of halogenated alkylperoxide anion.*'*** For example,
oxidation of porphyrin metal complexes by CF;OO" radical
resulting in one-electron oxidation of a metal center and

I

Initiation o
2
(a) (L3),Ni'(CoF5), —— {(L3),Ni"(C,F5)p(solv)}™
3 -0z x=10r2 A (solvorOs;~;n=+1o0r0)

- [(L3)Ni"(CoFs)(solv)]* l

*CoFs
P ; B
ropagation
(b) *CyF5+ 0, —= C,F;00°
B (o]
(€) CoF500° + (L3NI"(CoFs), —= (L3),Ni"(CoF5)o(O0C,Fs)
(o] D

(d) (L3),Ni"(C,F5),(00C,F5) + ROH (L3),Ni"(C,F5)o(OR) + C,Fs00H
D R =H or Me E F

(e) (L3)Ni"(CoF5)2(0R) —> *CoF5 +(L3),Ni"(C,F5)(OR)
E (or D) B

Formation of trifluoroacetate

Path (i)
H,0 F o} o)
() CFs00H ——> FyC—-00H —= —=.
F -HF OH -HF F,¢” “OOH FC~ TOH
Path (ii)
[Ni]
(9) CoFsO0H ——— C,F50H +1/2 O,
F G
% H,0 o)

(h) CoFsOH ——
e -HF

F;C " F -HF F3CJ\OH

Scheme 6 Proposed mechanism for aerobic oxidation of 3.
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trifluoroperoxide formation has been previously reported in the
literature.*'*** By analogy, such reactivity between C and an
easily oxidized Ni" bis(perfluoroalkyl) complex would result in
the formation of a Ni'" intermediate D (Scheme 6¢) or, upon
displacement of an electron-poor perfluoroalkylperoxo ligand
with a protic solvent, intermediate E and free perfluoroalkyl
hydroperoxide (Scheme 6d).** Further propagation involves the
extrusion of perfluoroalkyl radical B from a Ni'" intermediate D
or E (Scheme 6e) via a Ni-C bond homolysis.

Further decomposition of perfluoroalkyl 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 perfluoroalkyl 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*® Similar decomposition of per-
fluoroalkyl 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 O,, Path (ii) could involve Ni-catalyzed
disproportionation of perfluorohydroperoxide to form a corre-
sponding perfluorinated alcohol G (Scheme 6g).>” The ability of
3 to catalyze hydroperoxide decomposition was confirmed in
the experiment with cumene hydroperoxide (see ESIT) and was
reported for other Ni"" complexes.*® Both perfluoroethanol and
perfluoro-n-propyl alcohol are known to be highly unstable and
were characterized only in equilibrium mixtures with HF and
the corresponding acyl fluoride (H) formed via thermodynami-
cally favorable HF elimination.*® The formation of easily
hydrolyzed acyl fluoride H in the presence of protic solvents or
adventitious water is expected to result in the formation of tri-
fluoroacetic acid as a final product (Scheme 6h).** The forma-
tion of a singly-labeled trifluoroacetate as a major product in an
experiment that involves *0,/H,0 or O,/H,*®0 is also consis-
tent with the proposed mechanism.**

Depending on the nature of the substrate, the O-transfer
reactivity with organic substrates in the presence of 3 and O,
could ultimately be due to the formation of perfluoroalkylperoxo
species, which could be present either in high valent Ni-ligated
form such as intermediate D"***»**? (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.*

Stilbene oxidation in the presence of O, 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 addition*?
or dioxetane intermediates, respectively.*® 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.***#

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.
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Detection of mixed-valent Ni"/Ni" species

In an attempt to intercept high-valent intermediates, complex 3
was exposed to dry O, at —78 °C in CH,Cl,-MeCN solution. After
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 fluorine atoms; where one Ni atom is bound to three
pentafluoroethyl groups, while another Ni atom coordinates to
a k>-bound L3 and one MeCN molecule. The analogous reaction
in CH,CL-THF led to the crystallization of a similar THF-
solvated 5-THF (Fig. 4). The formation of bridging fluoride
also confirms the presence of an extracted individual fluorine
atom during aerobic oxidation of 3.

Complexes 5-THF and 5-MeCN show distinctly different Ni1-
F bonds around two Ni atoms,** with shorter Ni2-F bonds
(1.910(4)-1.914(4) A for 5-MeCN, 1.9066(15)-1.9136(17) A for 5-
THF) surrounding the Ni(C,Fs); center and longer Ni1-F bonds
(1.968(6)-1.971(7) A 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) A) are similar to those
present in paramagnetic Ni'"' complexes 2a—4a (2.100(1)-2.182(2)
A) and are also similar to Ni"-N bonds in high spin Ni"
complexes with N-donor ligands (2.045-2.095 A),** while
somewhat shorter Ni-N bonds may be expected from high-
valent Ni complexes.*® All three Ni2—-C distances are similar
(1.968(6) A, 1.969(7) A, and 1.971(7) A in 5-MeCN), suggesting
pseudooctahedral coordination expected from Ni' rather than
a Jahn-Teller distorted Ni™,%% and similar to Ni"-CF;
distances reported in the known Ni"¥ complexes (1.960-2.016
A).* Based on the highly inequivalent coordination properties

AN

| / —

N~ °N
\Ni_/‘\\\solv
0, (5 min), -78 °C V4N
- F, F F
crystallization at A
-80 °C for 2 weeks

MeCN/CH,Cl,
or THF

i
CoFs” | ~CyFs
CaFs
5-MeCN: solv = MeCN
5-THF: solv = THF

Scheme 7 Formation of 5-MeCN and 5-THF.

5-MeCN

Fig. 4 ORTEP of 5-MeCN (left) and 5-THF (right) at the 50% proba-
bility level st
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Table 1 Selected interatomic distances in complexes 5-MeCN and 5-
THF determined by SC-XRD*

Interatomic

distance (A) 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)
Ni1-01 N. A2 2.040(2)
Ni1-N3 2.020(5) N. A
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)

“ Atom numbering is according to Fig. 4. > N. A. - not applicable.

of each Ni center, complexes 5-MeCN and 5-THF can be
assigned as Ni"V/Ni" mixed valent species, further supported by
comparing the DFT-calculated relative stability of Ni"/Ni" vs.
the antiferromagnetically coupled Ni™/Ni™
MeCN.

Complexes 5-THF and 5-MeCN likely result from a bimolec-
ular alkyl group transfer in a follow-up reactivity after initial
aerobic oxidation to Ni'™. Similarly, Me group transfer was re-
ported during the oxidation of PdMe, complexes with N-donor
ligands by ferrocenium or O,, leading to the formation of [(L)
Pd™Me;]|" and [(L)Pd"Me(solv)]" (L' = 4,4"-bis-tert-butyl-2,2"-
bipyridine or N,N',N"-trimethyl-1,4,7-triazacyclononane).* Such
alkyl group transfer has not been reported in the aerobic
oxidation of Ni complexes; however, the formation of mixed
trialkyl Ni"V complexes by the direct radical attack at a Ni'™"
occurred when radicals were generated thermally using
conventional free-radical initiators.*”” 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.**** 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 C,Fs 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 O, still results in the forma-
tion of 3a as confirmed by SC-XRD, and trifluoroacetate
formation is detected by NMR in the mixtures with protic
solvents.**

assignment for 5-

Conclusions

Aerobic oxidation of perfluoroalkyl complexes containing per-
fluoroethyl or perfluoropropyl groups shows distinctly different
reactivity from the analogous trifluoromethyl 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 perfluoroalkyl groups. By contrast to tri-
fluoromethyl complexes, stable Ni"" could not be obtained,
although transient Ni'" intermediates were observed by EPR
spectroscopy. In the absence of an external substrate, per-
fluorocarboxylate complexes were formed by the transfer of O-
atoms from O, to the perfluoroalkyl group. Isotopic labeling
studies suggest that in the absence of added water, O, 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 O,.

Oxygenation of phosphine, sulfide, and stilbenes by O, as
a terminal oxidant was also achieved that was promoted by
longer-chain perfluoroalkyl Ni complexes. Aerobic oxidation of
alcohols was also observed under stoichiometric conditions.

Overall, these results demonstrate that longer-chain per-
fluoroalkyl metal complexes may show drastically different
reactivity from their commonly studied trifluoromethyl 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.
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