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The mechanism of oxidation of phenols by tetrahedral copper(i)—
halide complexes was investigated to demonstrate that phenols
with an electron-withdrawing substituent are oxidized via a proton-
transfer/electron-transfer (PTET) mechanism, whereas phenols with
an electron-donating substituent involve a concerted proton/elec-
tron transfer (CPET) mechanism. The importance of the tetrahedral
geometry of the metal centre as well as the effects of the halide
ligands of the substrates were explored.

The redox reactivity of transition-metal complexes depends largely
on the geometry of the metal centre. In the case of copper(u)
complexes with similar donor groups, for example, the oxidation
ability of copper(u) complexes taking a tetrahedral (Td) geometry
may be higher than those having a square planar, square pyr-
amidal, or trigonal bipyramidal structure, since the Td geometry
is more suited to the copper(1) oxidation state compared to the
others. To explore the redox reactivity of such tetrahedral
copper(n) complexes, we have developed a series of copper(i)
complexes, [Cu™(TMG;tach)X]" (1¥), where TMGgtach is an Nj-
tridentate ligand consisting of cis,cis-1,3,5-triaminocyclohexane
(tach) and N,N,N’,N'-tetramethylguanidino (TMG) substituents,
and X is an anionic co-ligand (F~, Cl7, Br, I, MeO™, C¢Fs07,
C¢FsS™, or ROO™).' Reactivity studies of the halide complexes
demonstrated that they undergo Cu"™-X bond cleavage, and in the
case of X =F, Cl, and Br™, they induce C-H bond activation of
an external substrate, such as 1,4-cyclohexadiene (CHD) with a
weak C-H bond (76.0 + 1.2 kcal mol '),* to give the corres-
ponding copper(i) complex and benzene as the oxidation
product.® Such C-H bond activation reactivity of transition-
metal halide complexes has been reported by using high-valent
transition-metal halide complexes of Ni'", Pd", cu™, and Au™,
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where the higher oxidation state of the metal ions induces
homolytic cleavage of the metal-halide bond.>** In the case of
1%, on the other hand, the metal centre has a normal Cu"
oxidation state, but not a high-valent metal ion such as Cu™.
Thus, we suspected that such reactivity of halide complexes can be
attributed to their tetrahedrally distorted geometry, which induces
Cu"-X bond homolysis to give Cu' and X®, the latter of which
formally abstracts a hydrogen atom from the substrate.®> Unfortu-
nately, however, the oxidation reaction of CHD by 1* was too slow
to perform a detailed kinetic analysis.

In this study, we further examined the reactivity of 1*
(X = F, CI', Br, or I') toward phenolic substrates (4-
substituted-2,6-di-tert-butylphenol PH, Scheme 1) in order to shed
light on the O-H bond activation mechanism by copper(u)-halide
complexes. Phenols are often used as a mechanistic probe for
hydrogen atom transfer reactions. To examine the geometric effect
on the reactivity of copper(u)-halide complexes, we also employed
coppet(n)-halide complexes 2* (X = CI~ or Br~) supported by a
tripodal tetradentate ligand TMGstren (1,1,1-tris(2-(N°(1,1,3,3-
tetramethylguanidino))ethyl)amine),">"” that enforces the trigonal
bipyramidal (Tbp) geometry of the metal centre (Fig. 1).

Fig. 2(a) shows the spectral changes observed upon the addi-
tion of P®"H (Y = tert-butyl, 12.5 mM) to 1™ (0.25 mM) in CH;CN
at 0 °C under an N, atmosphere as a typical example, where the
absorption bands at 410 and 560 nm due to 1" gradually decrease
with a concomitant increase in the absorption bands at 380, 400
and 626 nm, obeying first-order kinetics (see the first-order plot
shown in the inset to Fig. 2(a)). The absorption bands of the post-
reaction solution at 380, 400 and 626 nm are identical to those of

Y
LCu'-x + ———— Lou' + + HX
By gy CHiCN. 0°C By By
OH o}
PYH pY.

Scheme 1 Reaction of copper(i)—halide complexes and 4-substituted-
2,6-di-tert-butylphenol (PYH).
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Fig. 2 (a) UV-vis spectral changes for the reaction of 18" (0.25 mM) with
2,4,6-tri-tert-butylphenol (PBYH, 12.5 mM) in CHsCN at 0 °C. Inset: A
pseudo-first-order plot based on the absorption change at 410 nm. (b) Plot
of kops VS. substrate concentration.

the 2,4,6-tri-tert-butylphenoxyl radical (P®"*), and its quantitative
formation based on 1*" was confirmed using the reported ¢ values
of P®".'8 The formation of the phenoxyl radical P®™* and the
copper(1) complex was further confirmed by the EPR spectrum
shown in Fig. S1 (ESIt), where only an EPR signal ascribable to
P®"* was observed at g = 2.0041," but the EPR signals due to the
copper(n) complex 1% completely disappeared. The fate of the
generated HBr will be discussed below.

The pseudo-first-order rate constant (k.ps) obtained from the
plot of In(A — A,,) against the reaction time (inset of Fig. 2(a))
showed linear correlation with the concentration of P®H, as
shown in Fig. 2(b), from which the second-order rate constant
(k,) was determined to be 1.0 M~ " s™* from the slope.

Importantly, both 2 and 2 taking a Tbp geometry did
not show such reactivity toward P®™H under the same reaction
conditions, clearly demonstrating that the Td geometry of the
metal centre is crucial to inducing O-H bond activation reactivity.

Then, the reactions of 1®" and a series of phenol derivatives
P'H (Y = OMe, Et, H, CHO, or COMe) were examined under the
same reaction conditions (in CH;CN at 0 °C) to gain an insight
into the mechanism of the phenol oxidation reaction. The
kinetic analysis data are given in Fig. S2-S6 (ESIt). In all cases
except P®M°H, the reaction obeyed first-order kinetics in the
presence of an excess amount of P'H (a pseudo-first-order
reaction condition) and plots of the observed first-order rate
constants (kops) against the substrate concentration exhibited
linear correlation, from which the second-order rate constants
(k,) were determined from the slopes. For P°™¢H, the second-
order rate constant (k,) was determined in the presence of a
stoichiometric amount of the substrate (under a second-order
reaction condition, Fig. S6, ESIT). In the case of P°M°H as the
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Fig. 3 Hammett plot for the reaction of 18" and PYH.

substrate, the quantitative formation of the phenoxyl radical
product P°™** was also confirmed by the appearance of
its characteristic absorption bands at 387, 406 and 542 nm
(Fig. S3, ESIt).?° On the other hand, the final organic product
of the reactions with other phenols P*H (Y = Et, H, CHO, or
COMe) were confirmed to be 3,3',5,5'-tetra-tert-butyl{1,1’-bi(cyclo-
hexylidene)]-2,2’,5,5"-tetraene-4,4’-dione by MALDI-TOF mass
spectra, as shown in Fig. S7 (ESIt), which was formed by the C-
C coupling reaction of the generated phenoxyl radical species P**
and the subsequent elimination of Y, from the dimeric inter-
mediate (Scheme S1, ESI¥)."°

Fig. 3 shows a Hammett plot of logk, against o,. As can
clearly be seen, the reaction rate (k) increases linearly as the
electron-withdrawing (EW) ability of the p-substituent Y
increases (increasing the o}, value) in going from Y = Et to
COMe with a Hammett p value of 4.0. In the cases of Y = OMe or
tBu, however, the data points deviated from the linear line, where
the reaction rates were larger than those expected from the linear
correlation. Such a phenomenon was also observed in the reac-
tions of phenol derivatives with copper(i)-superoxide (Cu™-00*)
and nickel(m)-fluoride (Ni"™-F) complexes supported by 2,6-
diamidepyridine ligands.'®*' The authors suggested a change
of reaction mechanism across the series of phenol derivatives.
Namely, the reactions where the phenols have an electron-
withdrawing (EW) substituent involve a PTET (proton transfer
following electron transfer) mechanism, whereas the oxidation of
phenols with an electron-donating (ED) substituent includes a
hydrogen atom transfer (HAT) or concerted proton/electron trans-
fer (CPET) mechanism. Kinetic deuterium isotope effects (KIEs)
were determined to be 1.6 and 1.7 for the oxidation of P°M°H(D)
and P®"H(D), respectively (Fig. S8 and S9, ESIt). Such a small KIE
value was reported in the oxidation of P*H by an Ni"'-CI complex
supported by a 2,6-diamidepyridine ligand, for which the CPET
mechanism was proposed.’ On the other hand, no kinetic deuter-
ium isotope effect was observed (KIE = 1.0) in the oxidation of
P°M°H(D) with an EW-substituent by 1®" (Fig. $10, ESIY).

To explain these kinetic results, we propose the reaction
mechanism illustrated in Scheme 2.

For phenol substrates with an EW-substituent, such as
P°™°H, deprotonation of the phenol substrate by one of the
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Scheme 2 Proposed mechanism for the phenol oxidation reaction by 1X.

TMG substituents of the supporting ligand takes place, causing
an acid-base equilibrium (initial PT process in Scheme 2(a)).
Then, electron transfer from the generated phenolate to
copper(u) ion occurs concomitantly with dissociation of Br™,
giving a copper(i) complex and the phenoxyl radical product
PCOMes Dissociated Br~ forms a guanidinium salt with the
protonated TMG substituent (Scheme 2(a)). Thus, the reductive
dissociation process of Br~ from the Cu"-Br centre is rate-
limiting. This mechanism is consistent with the fact that no
KIE was observed, as mentioned above.

On the other hand, for the reaction of phenols with an ED-
substituent, like P°°H, such a proton transfer from the phenol
hardly occurs due to the higher pK, of the phenolic proton
of P°M°H, so that concerted proton/electron transfer (CPET)
becomes the major pathway (Scheme 2(b)). In this case as well,
the generated HBr eventually forms a guanidinium salt with the
TMG substituent of the supporting ligand (Scheme 2(b)).

To gain further insight into the reaction mechanism, the
effects of the halide ligands X were examined using P°“M°H
with EW-substituents as substrates under the same reaction
conditions. Fig. S12-S14 (ESIt) show the kinetic analysis data
for the reactions of 1%, 1!, and 1", respectively. The k, values for
these reactions were determined in the presence of a stoichio-
metric amount of the substrate (a second-order reaction con-
dition), since the reactions of P®™¢ were too fast under the
pseudo-first-order reaction conditions (in the presence of an
excess amount of the substrate). Thus, the plot of (40 — A)/
[Culo(A — A,,) against time gave a straight line passing through
the origin, from which the second-order rate constant (k,) was
obtained as the slope of the linear line, as listed in Table 1.
Reported Cu-X bond dissociation energy (BDE) values are also
included in Table 1 and the plot of logk, against the BDE of
Cu-X is shown in Fig. 4.

Notably, the log k, of 1", 1% and I! exhibited very good linear
correlation with the reported BDE values® of Cu-X, where the
weaker the Cu-X bond, the faster the reaction rate. This is
consistent with the proposed mechanism involving the rate-

Table 1 The second-order reaction rates (k) for the reactions of 1* and
P€°MeY and the reported BDE of Cu''-X

F Cl Br I
k10> M s 1.25 0.50 2.53 10.34
BDE (kcal mol™") of Cu-X* 103 90 80 70
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Fig. 4 Plot of logk, vs. BDEc,_x for the reaction of 1X and PCOMey

limiting reductive Cu-X dissociation reaction for the oxidation
of POOMeH.

On the other hand, the logk, value of 1 is significantly
larger than that predicted from the linear line, as shown in
Fig. 4. This result clearly indicates that the reaction mechanism
of 1¥ is different from that of the other complexes (1, 1%, or
1°Y). That is, the oxidation of the phenol by 1 may involve a
CPET mechanism rather than a PTET mechanism. This may be
due to the extremely strong BDE of HF (136 kcal mol )* com-
pared to those of the others (HCl: 103 kcal mol ', HBr:
88 kcal mol™ !, HI: 71 kcal mol ").* In fact, we obtained a KIE
value of 1.4, similar to those of the CPET reactions mentioned
above (KIE = 1.6-1.7, Fig. S11, ESIt). The formation of free HF was
confirmed by "’F-NMR for the reaction of 1¥ with P°°°H in CH,CN
(vide infra), where the fluorine signal of HF was detected at 6 =
—148 ppm and its yield was estimated as 78% based on the copper(u)
complex using OTf  as an internal standard (Fig. S15, ESIT).

In summary, we have demonstrated that tetrahedrally dis-
torted copper(n)-halide complexes 1* supported by a TMG;tach
ligand showed oxidation ability toward phenol derivatives,
where substrates with an EW-substituent are oxidized via a
proton-transfer/electron-transfer (PTET) mechanism and those
with an ED-substituent undergo a concerted proton/electron
transfer (CPET) mechanism. The importance of the tetrahedral
geometry of the metal centre was also demonstrated by com-
paring the reactivity with that of a copper(u)-halide complex 2*
with a trigonal bipyramidal geometry. Moreover, the TMG
group is shown to work as a proton acceptor from the phenol
substrate in the PTET mechanism, and in the reaction of P€°M¢
and 1%, the strong BDE of HF (the product) greatly enhanced
the reactivity. Further mechanistic studies are being conducted
to gain more detailed insights into the reaction mechanism.
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