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The hydroxylation of C~-H bonds can be carried out by the high-valent Co"™",(u-0),
complex 2a supported by the tetradentate tris(2-pyridylmethyl)amine ligand via a
Co" ,(p-O)(p-OH) intermediate (3a). Complex 3a can be independently generated
either by H-atom transfer (HAT) in the reaction of 2a with phenols as the H-atom
donor or protonation of its conjugate base, the Co'",(p-O), complex 1a. Resonance
Raman spectra of these three complexes reveal oxygen-isotope-sensitive vibrations at 560
to 590 cm™" associated with the symmetric Co-O—Co stretching mode of the Co,0,
diamond core. Together with a Co***Co distance of 2.78(2) A previously identified
for 1a and 2a by Extended X-ray Absorption Fine Structure (EXAFS) analysis, these
results provide solid evidence for their “diamond core” structural assignments. The
independent generation of 3a allows us to investigate HAT reactions of 2a with phenols
in detail, measure the redox potential and pK; of the system, and calculate the O-H
bond strength (D_y) of 3a to shed light on the C-H bond activation reactivity of 2a.
Complex 3a is found to be able to transfer its hydroxyl ligand onto the trityl radical to
form the hydroxylated product, representing a direct experimental observation of such
a reaction by a dinuclear cobalt complex. Surprisingly, reactivity comparisons reveal 2a
to be 10°-fold more reactive in oxidizing hydrocarbon C—H bonds than corresponding
Fe"™™,(p-0), and Mn""",(4-0), analogs, an unexpected outcome that raises the pros-
pects for using Co H’Wz(p-O)2 species to oxidize alkane C-H bonds.

C-H bond hydroxylation | Co,(p-O), diamond core | high-valent dicobalt oxidant |
radical rebound/coupling

Nonheme dinuclear iron enzymes activate O, to generate a variety of dioxygen-derived
intermediates that subsequently carry out a broad range of substrate transformations.
Representative examples of high-valent diiron intermediates where at least one iron center
is in the oxidation state of +4 include soluble methane monooxygenase (sMMO) and
Class 1a ribonucleotide reductase (RNR). sMMO hydroxylates the very strong C-H bond
of methane (105 kcal/mol) via a high-valent diiron(IV) intermediate called Q (1, 2). This
intermediate has been described as having an Ferz(p-O)2 diamond core (with an FeeeeFe
distance of 2.46 A) (3-5) or more recently proposed instead to possess an open core
structure (6, 7). On the other hand, the key intermediate X of Class 1a RNR is a diiron(I-
I1,IV) species with a short FeeeeFe distance at 2.78 A (8) that has been attributed to a
Fe,(u-O)(u-OH) or a Fe,(u-O)(p-1,1-carboxylate) core (9).

The possible disagreements on the structural assignments of sMMO-Q and RNR-X
have inspired tremendous synthetic efforts in the past decades to develop suitable biomi-
metic and bio-inspired high-valent M, (u-O), complexes for hydroxylating strong C-H
bonds (1, 10-12). The hydroxylation of a substrate C-H bond mediated by high-valent
metal-oxo complexes is a 2-e” process that typically involves two fundamental steps: 1)
the initial homolytic cleavage of a C—H bond to generate a 1-¢ -reduced M—OH species
and a carbon radical, denoted as the “C-H bond activation” step, followed by 2) rapid
recombination of the hydroxyl group and the nascent carbon radical to form the hydrox-
ylated C-OH product, often referred to as the “radical rebound” step (13). While C-H
bond activation has been extensively investigated, direct experimental evidence for this
latter step has not become available until just recently. Several groups have demonstrated
that a variety of terminally bound functional groups including hydroxyl (14, 15), alkoxyl
(16), amide (17, 18), and halide (19) in mononuclear metal complexes are able to react
with a carbon radical to produce the functionalized product(s). However, the related
chemistry for a bridging hydroxyl ligand in a proposed dinuclear system has yet to be
demonstrated, despite the fact that hydroxo-bridged dinuclear complexes have been avail-
able for a variety of first-row transition metals (20-30). Intuitively, the recombination of
a carbon radical with a bridging hydroxyl group would likely require the cleavage of two
M-O(H) bonds, making it a more challenging process compared to that for one terminal

M-OH bond.
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Significance

Bioinspired transition metal
complexes play critical roles in
elucidating the role high-valent
intermediates play in the
mechanisms of substrate
oxidations catalyzed by
metalloenzymes. Herein, we
characterize a Co",(u-O)(u-OH)
intermediate 3a involved in C-H
bond hydroxylation by

Co"™V (u-0), species 2a.
Independent generation of 3a
enables detailed investigation of
H-atom transfer reactions of 2a,
measurement of thermodynamic
parameters for the system, and
demonstration of the otherwise
elusive oxygen recombination
step of 3a with trityl radical.
Remarkably, 2a reacts with C-H
bonds at rates that are a
millionfold faster than previously
described corresponding
Fe”"'Vz(p-O)z and Mn”"'vz(p-O)z
analogs.
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Scheme 1. (A) Dicobalt diamond core complexes studied in this work. (B)
Density-functional theory (DFT)-calculated structure of 1a first reported in
ref. 31.

We have recently reported the generation and characterization
of bis-p-oxo bridged Co",(p-0), and COIH’NZ(H—O)2 complexes
(1a and 2a, respectively, Scheme 1) supported by a tetradentate
tris(2-pyridylmethyl)amine (TPA) ligand and demonstrated the
high-valent 2a to be capable of hydroxylating strong sp’ C-H bonds
(31). The mechanism proposed for this transformation involves 1)
rate-determining C—H bond cleavage, supported by observed H/D
substrate kinetic isotope effects (KIEs), to generate a putative
COHIZ(O) (OH) species (3a) and a substrate radical, and 2) subse-
quent transfer of the hydroxyl group of 3a to the nascent carbon
radical to form the hlydroxylated product. The latter step is indi-
rectly supported by "*O-labeling experiments using H,'*O that
demonstrates up to ~50% '*O incorporation into the hydroxylated
product derived from the unlabeled Co™,(u-O), starting complex,
indicating that 3a is the source of the hydroxyl group (31).

In this work, we describe the generation of the monoproto-
nated CoIHz(p-O)(p-OH) species (3a, Scheme 1) from muldiple
synthetic pathways, including 1) protonation of the conjugate
base 1a and 2) reduction of 2a by phenols. Characterization of
these three dicobalt complexes using resonance Raman (rRaman)
spectroscopy shows the corresponding O-isotope-sensitive vibra-
tion to fall in the range of 560 to 590 cm™", which can be assigned
to the symmetric Co—O-Co stretching mode. Furthermore, the
independent generation of 3a allows us to study in detail the
HAT (H-atom transfer) reactions carried out by 2a, measure
thermodynamic driving forces (redox potential and pK)), and
investigate the reaction between 3a and the trityl radical. Our
data have provided convincing evidence showing that complex
3a is the dicobalt(III) intermediate involved in the course of C-H
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bond hydroxylation mediated by its high-valent derivative 2a.
Furthermore, we have provided solid evidence showing that 3a
can transfer its bridging hydroxyl group onto a carbon radical,
representing a direct experimental observation for this classical
reaction carried out by a dinuclear complex, which has yet to be
independently demonstrated for previously reported dinuclear
Mn and Fe systems. Remarkably 2a is shown to be a millionfold
more reactive in oxidizing hydrocarbon C-H bonds than corre-
sponding Fe"™",(u-0), and Mn"™""",(u-0), analogs.

Results and Discussion

Characterization of Co"'z(p-O)z and Co""'vz(p-O)z Complexes by
rRaman Spectroscopy. The starting complex Comz(p—O)2 (1a)
and its one-electron oxidized derivative Com‘wz(p-O)2 (2a) have
been characterized as complexes with bis(pu-oxo)dicobalt diamond
cores by a combination of spectroscopic ['H NMR, electrospray
ionization-mass spectrometry (ESI-MS), electron paramagnetic
resonance (EPR) and X-ray absorption spectroscopy (XAS)] and
computational methods in our previous work (31). Key evidence
for the diamond core assignment is the identification of a short
Coe**Co distance at 2.78(2) A by EXAFS analysis of 1a and 2a
that is typically found for complexes with M,(p-O,) diamond
cores (32). In this work, we further characterize 1a and 2a using
rRaman spectroscopy, which has proven to be a powerful tool to
study M, (p-0O), diamond core complexes (32-34). As shown in
Fig. 14, the rRaman spectrum of 1a exhibits a prominent signal at
562 cm™" upon excitation of its intense 460-nm absorption band,
which undergoes a downshift of 21 cm™ when 1a is ;%Snerated
using H,"*0,. On the other hand, the higher-valent Co'™ ,(p-0),
complex 2a shows an O-isotope-sensitive rRaman band at 585
cm™" that downshifts to 559 cm™ upon 'O labeling, its 23 cm™
higher energy vibration relative to that of 1a being congruent with
its increased oxidation state. These values compare favorably with
the correlation between the v, ,(M—O-M) and the M—O-M angle
(Fig. 1B and Table 1). These observations are fully consistent with
their assignments to symmetric M—O-M stretching modes and
corroborate the symmetric nature of the diamond cores for both
1a and 2a, with two equivalent cobalt centers. As a consequence,
the mixed-valent complex 2a would be best described as a valence-
delocalized species, consistent with spectroscopic and computational
results obtained in our previous work (31). Therefore, our rRaman
results, together with a Co®**Co distance of 2.78(2) A identified for
1a and 2a by EXAFS analysis in our previous work (31), provide
solid evidence to support the assignments of 1a and 2a as complexes
with Co,(p-O), “diamond cores”.

Generation and Characterization of a Co"'z(p-O)(p-OH) Complex.
‘The addition of strong acid such as triflic acid (CF;SO;H) and
perchloric acid (HCIO,, CAUTION: the perchlorate salt is
potentially explosive and should be handled with care!) into the
methanol solution of 1a at -60 °C leads to the formation of a
species 3a within seconds with an intense absorption maximum at
482 nm (g = ~12,000 M™' cm ™', Fig. 24 and SI Appendix, Fig. S1).
Complex 3a, with a #;,, = ~10 min at -40 °C, is significantly less
stable than 1a (#;,, = ~4 h ac -40 °C) but is much more stable than
the high-valent derivative 2a (#,,, = ~90 s at -60 °C). Complex
3a can be converted back to 1a with the addition of a strong base
such as tetrabutylammonium hydroxide. The entire process can
be repeated multiple times upon switching between the acid and
base used, indicating that the conversion between 1a and 3a is
reversible (Fig. 24). Besides 3a, no other new species is observed
to form even when a large excess of acid is used to react with 1a.
A rough estimate for the acidity of 3a using acids of different
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Fig. 1. (A)rRaman spectra of 1a (Top), 2a (Middle), and 3a (Bottom) obtained at 193 K with 457-nm excitation. Spectra derived from H,'®0, and H,'0, are shown
in black and red, respectively, in each panel. The blue spectra represent the corresponding '®0-"80 difference spectra. (B) Correlation between Vasym(M=-0-M)
(Top) and vgy,,(M-O-M) (Bottom) values of oxo-bridged dinuclear metal complexes vs their M-O-M angles. Data from the original work of Sanders-Loehr (black
squares) (33) are used to construct the linear correlations. Also included are data for complexes with Fe,(u-O), and Fe,(u-O)(u-OH) (blue squares) (22, 33, 35),
Cu,(p-0), (green triangles) (36-39), and Co,(H-O), (red triangles) cores (40-42). For emphasis, the data of 1a and 2a obtained in this work are shown as red
stars. See Table 1 and S/ Appendix, Table S1 for more information. (C) The aromatic regions of the "H NMR spectra for 1b (black), 3b (red), 3b + 10 mM D,0 (blue)
obtained at —40 °C in CD5;0D. Corresponding full spectra are shown in S/ Appendix, Fig. S11. (D) The proposed structure of 3b.

strengths shows that the dissociation constant (pK)) of 3a is close
to that of 2,2-dichloroacetic acid (CHCL,COOH, pK, = 6.38 in
methanol) (47). Titration of triflic acid into the solution of 1a
further shows that only 1 eq. acid is sufficient to fully generate
3a, indicating that 3a is a monoprotonated derivative of 1a. The
pK, of 3a is more precisely determined to be 5.45 + 0.09 by fitting
the titration curve (S Appendix, Fig. S2, see SI Appendix for more
details about the titration experiment and data analysis).
Alternatively, 3a can be obtained by the reaction of 2a with phenol
(PhOH), a hydrogen atom donor. As shown in Fig. 2B, the intro-
duction of 0.075 M phenol into the methanol solution of 2a at -60
°C affords 3a within 20 s. The kinetic trace can be well fitted using
a first-order model to obtain k£, = 0.12 s™'. Furthermore, the

second-order rate constant £, of 1.18(7) M s for phenol oxidation
can be extracted from the slope of a linear correlation between £,
and the phenol concentration (SI Appendix, Fig. S3 and Table S2).
The use of phenol-d as the substrate affords 4, = 0.36 M™' s™', cor-
responding to a KIE of 3.3. The resulting phenoxyl radical likely
dimerizes to form the dimerized phenol oxidation product. Indeed,
quantification of the oxidation product(s) of 2,4-di-zer#-butylphenol
by gas chromatography—mass spectrometry (GC-MS) indicates the
formation of 3,3',5,5'-tetra-tert-butyl-2,2'-dihydroxybiphenyl (41%
yield), accounting for ~80% of the oxidizing equivalents used.
Therefore, the conversion of 2a to 3a is a 1-e + 1-H" process.
Furthermore, the oxidation of 3a by a one-electron oxidant such as
cerium(IV) ammonium nitrate regenerates 2a, indicating that the

Table 1. rRaman and structural data for selected diiron and dicobalt complexes
Complex” Spin state Ve (€m ™)' Vasym(€m ™)' <M-0-M (%)* MessM (A)* Ref.
[Fe"(-0),(6-Me,TPA),I** 0[5/2, 5/2] 692 (-32) 92.5 2.71 (33,43)
[Fe""Fe"(p-0),(5-Et;TPA)I** 3/2[1/2,1] 666 (-35) 94.1 2.68 (44, 45)
[Fe",(u-O),(TPA¥),]*" 0[1,1] 674 (-30) 1019 2.73° (35)
Fe''(u-O)(p-OH)(6-Me,-TPA),I** 01[5/2, 5/2] 591 (-27) 675 (-30) 99.4 2.95 (22)
666 (-32)
[Co",(u-0),(TPA),I** (1a) 010, 0] 562 (-21) 93.47 2.78° This work
[Co"™Y,(-0),(TPA),I* (2a) 1/2 10, 1/2] 585 (-26) 92.8" 2.78° This work
[Co"(u-O)(p-OH)(TPA),I* (3a) 0[0, 0] 584 (~26) N.AY N.AY This work
[Co"(u-0),(L1),1*" 0[1,1] 607 (-28) 96.6 2.74 (41)
[Co",(u-0),(L2),1* N.A 647 (-27) 99.3 2.67 (42)
o' (u-0)(Tp), N.A¥ 651 (-34) 99.5 2.73 (40, 46)

“Ligand abbreviations: TPA, tris(2-pyridylmethyl)amine; 6-Me,-TPA, tris(6-methyl-2-pyridylmethyl)amine; 5-Et,-TPA, tris(5-ethyl-2-pyridylmethyl)amine; TPA*, tris(4-methoxy-3,5-dimethyl-2-
pyridylmethyl)amine; Tp, hydrotris(3,5-diisopropyl-1-pyrazolyl)borate monoanion; L1, N,N"’-1,2-ethanediylbis[N'-(1,1-dimethylethyl)-urea; L2, N,N'-bis(2,6-diisopropylphenyl)-1,3-propanediamine.

tNumbers in the parentheses represent the shift upon '#0 labeling.
“Determined by X-ray crystallography unless stated otherwise.
SDetermined by EXAFS analysis.

‘Calculated using M-O and M-M distances from EXAFS results.
*N.A. = not available.
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Fig. 2. (A) Changes in the optical spectra observed in the interconversion

between 0.15 mM 1a (blue) and 3a (black) at =60 °C. Intensities of the dashed
spectra are reduced due to dilution and slight decomposition. (Inset) time trace
for the decay of 480-nm band. (B) Spectral changes observed in the reaction
of 0.15 mM 2a (red) with 0.075 M phenol at =60 °C. (Inset) time trace for the
decay of the absorption at 430 nm, best fitted to a first-order exponential
decay (red curve).

conversion between 2a and 3a is also reversible (SIAppendix,
Fig. S4). Taken together, our observations demonstrate that 3a differs
from 1a and 2a by only one proton and one H-atom, respectively.

‘The overall phenol oxidation by 2a to generate 3a is strongly
affected by the electronic properties of the phenol substrates

(SI Appendix, Table S2). With the use of phenol derivatives
*PhOH; X = OMe, Me, H, Cl and CF;) with a variety of
para-substituents as a set of test substrates, we have found the
substrates with electron-donating groups to react faster with 2a
compared to those with electron-withdrawing groups (S Appendix,
Figs. $5-88), as expected. The Hammett plot (Fig. 34) clearly
shows that the values of log 4, for these reactions correlate linearly
as a function of the Hammett parameter 6, for the aromatic
substituents with a slope of p = -1.82 (R* = 0.99). The negative
p value is consistent with the electrophilic nature of the high-valent
oxidant 2a (SI Appendix, Table S3). Further analysis of the phenol
oxidation results using a Marcus plot of (RT/F)In(#,) vs. the oxi-
dation potential (£,,) of the phenols (Fig. 3B) shows a reasonable
linear correlation with a slope of ~0.09. The slope of this plot has
been discussed and related to the general mechanisms of such
1-e + 1-H" processes (48-50). The near-zero slope observed in
our system is indicative of an HAT mechanism for phenol oxida-
tion by 2a. Furthermore, a classical BDE plot of log 4, as a func-
tion of the phenol O-H bond strength affords a linear correlation
with a slope of -0.15 (Fig. 3C). Interestingly, this value is almost
identical to -0.17, the value observed for a related BDE plot of
C-H bond oxidation by 2a described in our earlier work (31),
indicating that 2a reacts with these two types of substrates (having
O-H and C-H bonds) via related HAT mechanisms.

We have then sought to characterize 3a in order to better under-
stand its structural properties. Unfortunately, its short lifetime
even at cryogenic temperatures hampers the growth of single crys-
tals for X-ray crystallography. Instead, characterization of 3a using
rRaman spectroscopy (Fig. 14) shows an isotope-sensitive band
at 584 cm™' that under%oes a downshift of ~26 cm™ upon '*O
labeling. This 584-cm™ value is essendially identical to that
observed for 2a, indicating comparable M—O-M angles. Not sur-
prisingly, these Co—O-Co values are also comparable to those of
the symmetric stretching modes associated with a number of pre-
viously reported Fe'", (u-O) (u-OH) complexes (Table 1) and thus
fully consistent with its assignment as the symmetric Co-O-Co
vibration (22), clearly indicating that complex 3a retains the dia-
mond core structures found for 1a and 2a.

"H NMR spectroscopy provides further structural insight into
3a. To simplify data analysis and interpretation, we have replaced
the parent TPA ligand with TPA* (ligand b, Scheme 1 A) with the
installation of 3,5-dimethyl-4-methoxyl substituents onto the
pyridine rings. These modifications remove the complexity of
spin-spin coupling among the multiple aromatic protons present
in 1a, leaving only one type of aromatic proton on each of the
pyridine rings. We first synthesized the mononuclear Co(II) start-
ing complex [(TPA*)Co"-Cl]* and obtained its crystal structure
(SI Appendix, Fig. S9), which exhibits a trigonal bipyramidal
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Fig. 3. (A) Hammett correlation, (B) Marcus plot of (RT/F)Ink, vs. EOX(XPhO'/XPhOH), and (C) BDE plot of logk, vs. the phenol O-H bond strength for the reaction

of 2a with para-X-substituted phenol derivatives.
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geometry similar to that found for the [(TPA)Co'-Cl]* analog.
By following a similar protocol for generating 1a, we observe the
stoichiometric reaction of 2[(TPA*)Co"-CI]* + H,0, + 20H  to
form 1b (S Appendix, Fig. S10). As shown in Fig. 1C (aromatic
region) and ST Appendix, Fig. S11 (full spectrum), the '"H NMR
spectrum of 1b collected at -40 °C in CD;OD exhibits two dis-
tinct singlets in the aromatic region at 8.28 and 8.15 ppm with
an integration ratio of 2:1, suggesting that the three pyridines of
each TPA* ligand are in two different environments - two (axial)
are trans to each other and the third one (equatorial) is #7ans to a
bridging oxo ligand. This pattern is similar to that of 1a reported
in our previous publication (31). Interestingly, adding triflic acid
to convert 1b to 3b (S Appendix, Fig. S12) gives rise to four aro-
matic resonances with an integration ratio of 4:1:1:1 (Fig. 1C,
red). The signal at 8.17 ppm disappears completely upon addition
of 10 mM D,0 into the solution (Fig. 1C, blue), indicating that
this signal is assignable to the proton on the hydroxyl bridge that
is exchangeable with the added D,O. Its chemical shift is in good
agreement with that of the p-OH proton (6.7 to 7.8 ppm) reported
recently for a series of coordinatively saturated Co',(u-OH),
complexes (23). Furthermore, the splitting of the signal at 8.15
ppm observed for 1b into two smaller peaks (8.28 and 8.21 ppm)
identified for 3b shows that the two equatorial pyridines in 1b
have become inequivalent in 3b upon protonation of one of the
two oxo bridges in 1b (Fig. 1C, red). As shown in our previous
DFT calculations (31), the COIHZ(H—O)2 diamond core complex
can adopt two structural isomers differing in the relative positions
of two equatorial pyridines (zrans vs. cis), where the trans-isomer is
slightly more stable than the cis-isomer. It is thus expected that
protonation of one bridging oxo ligand would break the equiva-
lency of the equatorial pyridines, but only for the #rans-isomer and
not for the cis-isomer. Therefore, our 'H NMR results provide
strong evidence for the structural assiﬁnment of 3b as a monopro-
tonated (TPA*)COUl(p-O)(p-OH)Co {(TPA%) species with a rrans-
configuration for the equatorial pyridines (Fig. 1D). Moreover, 3a
and 3b should have the same diamond core structure, given the
similarities in their optical spectra and essentially the same TPA
ligand frameworks.

Furthermore, we have characterized 3b using ESI-MS (S Appendix,
Fig. S13), showing two signals at 7/z = 568.2166 and 1182.4220.
In the ESI experiments, the formate anion (HCOO") is intentionally
added in the mobile phase to pair with multi-valent cations. The
stronger signal at m/z = 568.2166 is assigned to [Co'(TPA®)
(HCOO)]" corresponding to the decomposed product of 3b. On
the other hand, the weaker signal at 7/z = 1182.4220 shows the mass
and isotope pattern assignable to [(COIHZ(TPA*) ,(0) %)% (1b) + H,0O
+HCOO™ + CH,CN)* or [(Co™,(TPA*),(O)(OH))™ (3b) + OH +
HCOO™ + CH;CN]J". These two assignments have an identical over-
all chemical formula but differ only in the location of one proton.
‘Therefore, the ESI-MS data demonstrate the dinuclear nature of the
cobalt complexes but cannot distinguish between 1b and 3b.

We have further carried out titration experiments of H,O into
the methanol solution of 3a in order to assess the possibility of
an aquation equilibrium, as observed in the diiron system (22).
As shown in ST Appendix, Fig. S14, no new absorption feature
is observed to develop upon the addition of up to 1,000 eq.
H%O. This result is in sharp contrast to the diiron analog
Fe Hz(p-O)(&l—OH), which undergoes core isomerization to gen-
erate an Fe'! L,(p-0)(p-H;0,) core (22). Taken together, charac-
terization of 3a using rRaman and '"H NMR spectroscopies as
well as chemical transformations between 3a and the other two
previously described dicobalt complexes 1a and 2a provide
strong evidence to assign 3a as a Comz(p—O)(p—OH) diamond
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core complex and indicate only minor structural perturbations
among these three dicobalt species.

Reaction of the Co"'z(p-O)(p-OH) Complex with Trityl Radical. It
is notable that complex 3a is the final product for phenol oxidation
but not for the oxidation of hydrocarbons by Co"",(u-O),
(2a). We thus hypothesize that, in the course of C-H bond
hydroxylation reactions by 2a, 3a must be generated upon HAT
from the hydrocarbon substrate to 2a before reacting subsequently
with the nascent carbon radical in the rebound step to form
the hydroxylated product. In contrast, in the phenol oxidation
reactions, 3a does not react with the nascent phenoxyl radical
and is thus not further consumed. Since 3a can be generated
from 1a independently without involving 2a and other chemical
oxidants, we have sought to investigate the direct reaction between
3aand a carbon radical. To date, a number of groups have reported
that hydroxyl, alkoxyl, amide, and halide ligands in the terminal
position of a mononuclear metal complex are able to react with the
trityl radical (Ph;Ce) to produce the corresponding functionalized
product(s) (14—19). However, the related chemistry for a bridging
hydroxyl ligand in a dinuclear system has yet to be demonstrated.
Trityl radical [in equilibrium with its dimeric form: 2 Ph;Ce =
(Ph;C), (~2% Ph;Ce at 23 °C)] is relatively stable in organic
solutions and is thus best suited for this study. As shown in Fig. 44,
the introduction of 6.85 mM (Ph;C), (the highest concentration
obtainable in MeOH at -40 °C, which makes it difficult to obtain
data for a set of concentration dependence experiments) into the
methanol solution of 3a at -40 °C increases the first-order decay
rate (k) of 3a from 0.0027 t0 0.0035 s™'. Analysis of the reaction
product using '"H NMR spectroscopy (SI Appendix, Fig. S15)
and GC-MS (87 Appendix, Fig. S16) shows that trityl alcohol
(Ph,COH) is formed in a reasonable yield (26% and 23% based
on results obtained from 'H NMR and GC-MS, respectively) (51),
consistent with the kinetic measurements showing that ~25% of
the overall rate is due to the reaction of 3a with (Ph;C),. Ph;COH
is also formed in comparable yield when the reaction is carried
out under anaerobic conditions. By contrast, control experiments
(SI Appendix, Fig. S16) show that in an aerobic solution only a trace
amount of trityl alcohol is produced in the background reaction(s)
of the trityl radical. Therefore, the formation of PhyCOH is clearly
the result of the trityl radical reacting with 3a but not with O,.
Wee have prepared '*O-labeled 3a from '*O-enriched 1a employ-
ing the isotope labeling protocol we reported previously using
Hz“‘o (not H 18OZ) as the 'O source (see S7 Appendix for more
derails about ! O-labeling procedures) (31) and then protonating
1a to convert it to 3a. However, the inertness of low-spin Co(III)
makes the "*O exchange process quite slow, even in the presence
of a large excess amount of H,'*O, so only a maximal 50 to 60%
incorporation of **O into the diamond core can be attained before
significant decay of 1a is observed. Accordingly, we have found
'®O-enriched 3a to react with Ph,Ce to afford Ph,C'*OH with
only 55% incorporation of '*O-isotope (SI Appendix, Fig. S17).
These data provide strong support for the nature of 3a as we have
formulated it and argue against alternative assignments of 3a as a
(mononuclear or dinuclear) peroxo- or superoxo- complex as the
oxygen exchange of H,'"O with these Co-O, adducts is highly
unlikely (55). A conceivable alternative pathway to form Ph3C180H
is to oxidize Ph;Ce by one-electron to first generate the trityl cation
Ph,C", followed by nucleophilic attack of H,"*O and subsequent
deprotonation. However, with methanol as the solvent, Ph,C" if
formed should also have generated Ph;COMe as a by-product, but
the latter has not been identified as a reaction product, clearly
excluding the cation pathway as responsible for the formation of

https://doi.org/10.1073/pnas.2307950120 5 of 9


http://www.pnas.org/lookup/doi/10.1073/pnas.2307950120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307950120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307950120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307950120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307950120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307950120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307950120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307950120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307950120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307950120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307950120#supplementary-materials

Downloaded from https://www.pnas.org by UNIVERSITY OF MONTANA MANSFIELD LIBRARY-SERIALS on December 12, 2023 from IP address 150.131.99.118.

A 1 6 l 1.50
- 1.25

1.2 00
[0]
[&]
S f 0.75
o]
5 084\ / 050/
n X 0 600 1200 1800
2 Time (s)

0.4

0.01— T T —

400 500 600 700 800
Wavelength (nm)
B 9
BuOe
6_
2a (32 °C)
34 o
N 1) .
; 2a (-30°C) BuoO
9 o M 2a (-60 °C)
MnO,
31 @ Mn"Vy(-0), (32°C)
® Fe'";(1-0), (-30°C)
-6 T

75 80 85 90 95 100 105
Doy (kcal/mol)

Fig.4. (A)Changes observed in the optical spectra for the reaction of 0.15 mM
3a (blue) with 6.85 mM (Ph5C), at =40 °C. (Inset) time traces at 480 nm (black)
and first-order fits (red) for the decay of 3a without (Ph;C), (Top) and with
added (Ph5C), (Bottom). (B) Plot of log k, for DHA oxidation vs. the strength of
the O-H bond formed by the oxidants at 25 °C, unless labeled otherwise. The
red straight line is defined by the entries for MnO,” and the two oxygen radicals
(black squares) obtained from ref. 52. Additional data for Fe""V,(u-0), and
Mn""V,(u-0), complexes (black circles) are from refs. 53 and 54, respectively.
Data points for 2a are either obtained from kinetic measurements at -60 °C
(red filled square, ref. 31) or by extrapolation from the Eyring plot shown in
SI Appendix, Fig. S19 to =30 °C and 32 °C (red open squares).

Ph3C180H. Furthermore, the formation of H'®Oe radical (from
H,'80) that reacts with Ph,Cs to afford Ph;C"*OH can be excluded
because no other chemical oxidant is involved in the reaction and
one-clectron oxidation of water to generate the hydroxyl radical is
not facile. Taken together, our results provide solid evidence for
hydroxyl group transfer from 3a to the trityl radical to form the
hydroxylated product.

Unfortunately, the poor solubility of the (Ph;C), dimer in
methanol at cryogenic temperatures has prevented us from per-
forming concentration dependence studies in order to measure
the £, value for its reaction with 3a. Instead, the rate enhancement
of 0.0008 s™' at a dimer concentration of 6.85 mM with 2%
radical production yield allows us to estimate a £, of 5.8 M~ s™'
for the reaction of 3a with the trityl radical at -40 °C. This rate
is about one order of magnitude higher than that for the cleavage
of the C—H bond of triphenylmethane by 2a (k, = 0.65(7) M
s ST Appendix, Fig. $18); the latter reaction affords Ph;COH as
the only product (53% yield). Therefore, our results provide direct
experimental evidence for a rate-determining C-H bond cleavage
step in the overall hydroxylation reaction. Because the reaction
with Ph;Ce corresponds to a 1-¢” reduction of the dicobalt center,
complex 3a should first convert to a dicobalt(ILIII) product,
which likely undergoes further decomposition to generate a mix-
ture of its mononuclear Co(II) and Co(I1l) components. Indeed,
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characterization of the cobalt products following this reaction
using 'H NMR spectroscopy shows the presence of both mono-
nuclear Co(II) and Co(III) species (SI Appendix, Fig. S19).
Insights for C-H Bond Activation by a Co""'vz(p-O)z Complex. The
characterization of the monoprotonated COIIIZ(p-O)(p-OH) species
3a provides an opportunity to investigate thermodynamic driving
forces for C-H bond activation by the high-valent Co™",(u-O),
derivative 2a. Specifically, 3a is the immediate product formed after
2a abstracts an H-atom from substrates (hydrocarbon or phenol).
Therefore, determining the O—H bond dissociation energy (Dg )
of 3a is critical to assess the C—H bond cleaving reactivity of 2a.
Based on the Bordwell-Polanyi relationship shown below,

Do_(32) = 23.06E (2a/ 1a) + 1.37pK,(3a) + C,  [1]

which has been applied to numerous metal-oxo complexes (56-58),
Dg_y(3a) can be calculated from the redox potential (E) of the
2a/la couple and the pK, of 3a. As we reported previously, 2a
reacts with acetylferrocene (£ = 0.27 V) but not with diacetylfer-
rocene (£=0.49 V), so E£(2a/1a) corresponds to a potential within
the range of 0.27 to0 0.49 V vs. ferrocene (31). On the other hand,
pK,(3a) = 5.45, as determined by acid titration (S Appendix,
Fig. §2). Using these values, we have calculated D, ;(3a) to fall
into the range of 83-88 kcal/mol, fully consistent with the exper-
imental observation that 2a can cleave C-H bonds as strong as
those in ethylbenzene (87 kcal/mol) (31).

Notably, both the thermodynamic parameters and C-H bond
activation reactivities are available also for a limited number of
MHI’IVZ(p-O)2 complexes (M = Mn and Fe) in published work
(Table 2) (21, 22, 53, 54), allowing comparisons to be made
among diamond core complexes of these three metal ions, although
some caution should be taken in data interpretation, as the various
measurements were carried out in different labs using different
solvents at different temperatures. Table 2 shows that redox poten-
tials for the Co and Fe diamond cores supported by the TPA ligand
fall into the same range of 0.27 to -0.49 V vs. ferrocene, while that
for the Mn diamond core supported by 1,10-phenanthroline is
notably lower. On the other hand, the pK] value determined for
3a in methanol is ~10 units lower than those found for the Fe and
Mn analogs in acetonitrile; however, as pK, values are highly
dependent on solvent, this difference is largely offset by the values
of C in the calculation of D, y; (Eq. 1). As a result, the estimated
O-H bond strengths for these three Mmz(p—O)(p—OH) complexes
likely follow the order of Fe > Co > Mn (Fig. 4B). In contrast, the
C-H bond activation reactivities for corresponding M"™", (u-O),
complexes are distinct. As reported in our previous work (31), we
have measured the rates for 9,10-dihydroanthracene (DHA) oxi-
dation from -55 to -70 °C to construct an Eyring plot (SI Appendix,
Fig. 520) that allows us to extrapolate the DHA oxidation rates to
higher temperatures for comparison with those of other diamond
core complexes. As clearly shown in Table 2, 2a exhibits a remark-
ably high rate for DHA oxidation that is 6 orders of magnitude
faster than those reported for FeHI’Nz(p-O)2 and Mn"™! ,(p-0),
analogs at their corresponding temperatures, namely -30 °C for
Fe'V,(u-0), and +32 °C for Mn"™",(u-0),. Fig. 4B further
shows a plot of log 4, for DHA oxidation by a number of oxidants
vs. the D g values associated with them, where the straight line
is defined by MnO,” and two organic radicals (59). It is obvious
that the data points for 2a fit onto the linear correlation or even
fall above it, indicating that the C—H bond cleaving reactivity of
2a is primaril?r driven by its thermodynamic driving force. In
contrast, Fe"™,(u-0), and Mn""",(u-O), complexes react at
significantly slower rates, suggesting that their reactivities may be
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Table 2. Comparisons of thermodynamic parameters and rate constants for DHA oxidation for diamond core

complexes of Mn, Fe, and Co

* t + 5 ] Igz,DHA
Complex E(V) pK;, C Doy (kcal/mol)? (M's™Y# [T (°Q)] Solvent Ref.
Co"V(p-0), 0.27 t0 0.49 5.45 69.1 83 to 88 1.5 [-60] MeOH 31
22 [-307'! This work
1.2x10%(32)!!
Fe"V,(u-0), 0.27 t0 0.49 16 59.4 87 to0 93 1.0 x 107> [-30] MeCN (22), (53)
Mn""V.(p-0), -0.01 14.6 59.4 79 1.2x 1073 [32] MeCN (21), (54)

“Ligand used for each complex, Co: TPA; Fe: TPA; Mn: 1,10-phenanthroline (phen).
"Redox potential of the M"Y, (u-0),/M"(-0), couple, ferrocene as the reference.
:pKa of the M",(u-O)(u-OH) complex.

From ref. 58.

0-H bond strength of the M",(u-0)(u-OH) complex.

#Second-order rate constant for DHA oxidation by M"",(u-0),’

Ilextrapolated from the Eyring plot shown in S/ Appendix, Fig. S19.

hampered by additional kinetic barriers not present in the Co
analog.

We propose a mechanistic scheme (Scheme 2) that summarizes
all experimental observations in this work. Our results clearly
demonstrate that the hydroxylation of a C-H bond by the
high-valent Co™",(u-O), oxidant 2a occurs by H-atom abstrac-
tion to form in the initial step the Comz(p-O)(p-OH) interme-
diate and a carbon radical. In particular, the demonstration that
a bridging hydroxyl ligand can be transferred onto a carbon radical
provides an experimental support for this classical mechanism
proposed in dinuclear systems. This process may proceed by a
simultaneous or stepwise cleavage of two Co—O bonds in the
Co""-O(H)-Co™ motif; neither pathway can be ruled out by our
present data. The stepwise mechanism would require the bridging
hydroxyl ligand to first become terminal and then react with the
carbon radical. This isomerization may be triggered only when
the carbon radical is present. We would argue that the presence
of a rapid equilibrium between the two isomers (with a bridging
vs. terminal hydroxyl ligand) would seem unlikely because 1) low
spin d® Co(111) is well known for its inertness in ligand exchange
reactions, and 2) 3a [Comz(p-O)(p-OH)] does not convert to a
Comz(p—O)(p—OzH3) core (as observed in corresponding diiron
chemistry with a terminal hydroxyl ligand that is H-bound to the
adjacent bound water ligand) even in the presence of 1,000 eq.
H,O). Surprisingly, 3a couples with Ph;Ce at -40 °C at a rate
comparable to that of a mononuclear HO-Fe" (corrole) complex
reported by Goldber% at room temperature (14) and more facile
than observed for Fe"'-OH and Fe'"-OMe complexes at room
temperature (15, 16, 60). These observations suggest that the
coordination mode (terminal vs. bridging) of the hydroxyl ligand

E: 0.27-0.49 V
-0 - ~0_
Co'ﬂo/Co'" — CO'iO/CO'V
1a PhOH 2a
-H* +
oK, = 5.45 +H" pho C-H
83-88 kcal/mol
\O,H
Colll” " >co! dicobalt(l1,111
S0 Fast (L
3a C-OH

Scheme 2. Schematic illustration for the transformations of the dicobalt
species 1a to 3a in this work.
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and the oxidation state of the metal center are not the only factors
that govern the reaction rates of these metal complexes with the

trityl radical.

Conclusion

In summary, we have generated and characterized a Comz(p—O)
(u-OH) species 3a and obtained experimental evidence showing
3a to be the intermediate involved in C-H bond hydroxylation
by its high-valent Co"™",(u-O), derivative 2a. Complex 3a can
be obtained by multiple s?/nthetic routes, including protonation
of its conjugate base Co' Iz(pl-O)2 (1a) and reduction of 2a by
phenols. The characterization of this series of three dicobalt com-
plexes by rRaman spectroscopy has provided confirmatory evi-
dence for their diamond core structures, while the "H NMR
spectrum of 3a reveals a diamagnetic dicobalt(III) species with a
Co,(p-O) (u-OH) core that gives rise to distinct signals from the
inequivalent equatorial pyridines @ and a” (Fig. 1C). The inde-
pendent generation of this species represents a significant devel-
opment, enabling us to a) investigate in detail the HAT reactions
of 2a with phenols, b) measure the thermodynamic parameters
(redox potential and pK)) of the system in order to calculate the
O-H bond strength [Dy (3a)], and ¢) probe the reaction
between 3a and trityl radical to generate the alcohol product.
Specifically, D (;(3a) is estimated to be 83 to 88 kcal/mol, which
is consistent with the observation that 2a can cleave C—H bonds
of up to 87 kcal/mol.

Notably, 3a is able to transfer its hydroxyl ligand onto a car-
bon radical substrate (trityl radical) to afford the hydroxylated
product in quantitative yield, which is further confirmed by
180-labeling experiments. This result represents a direct exper-
imental observation of such a reaction involving a bridging
hydroxyl ligand in a dinuclear complex. Surprisingly, the esti-
mated reaction rate of 3a is comparable to or even faster than
those determined for mononuclear Fe complexes (14-16, 60)
suggesting that the reaction with a carbon radical by a bridging
group in dinuclear complexes might not be as difficult as previ-
ously assumed.

Remarkably, a comparison of DHA oxidations by related
MnMn, FeFe and CoCo diamond core complexes reveals the
Co"™,(u-0), comEJlex to have reaction rates 6 orders of magni-
tude faster than Fe'™ vz(p-O)2 (at =30 °C) as well as Mnm‘wz(p-O)2
(at +32 °C) analogs (Table 2). This enormous difference demon-
strates that Fe and Mn diamond cores likely have larger kinetic
barriers than 2a for mediating C-H bond activation reactions. A
rationale for the observed significantly higher reactivity of the
CoCo complex has not been formulated and will be the target of
future efforts. Taken together, our results provide valuable insights
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that lead to a better understanding of how nonheme diiron
enzymes hydroxylate strong sp” C—H bonds.

Materials and Methods

A detailed Materials and Methods section can be found in S/ Appendix. This
section includes the detailed experimental procedures for the synthesis of our
complexes, kinetic measurements, acid titration and data analysis, and %0 labe-
ling experiments and product analysis. Additional figures and tables containing
supporting data to the main text are also provided, including characterization of
our complexes by UV-vis and "H NMR spectroscopies, determination of kinetic
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