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Abstract: A highly chemoselective phenol cross-coupling reaction catalyzed by a Cr-salen catalyst was developed. Kinetic studies showed that
the oxidation of Cr(III) to Cr(V) is the rate-determining step of the reaction. In addition, experimental stoichiometric analysis showed that a
high valent Cr(V) specie is the active catalyst for this process. The selectivity of the reaction was found to be determined by the cross-coupling
carbon-carbon bond forming reaction, rather than any pre-coordination species. It appears that the lowest energy cross-coupling pathway re-
quires a lesser degree of electronic reorganization in its transition state vs the lowest energy homo-coupling pathway. This result was supported
by stoichiometric Cr(V) kinetics, "°C kinetic isotope effects, and DFT calculations. The understanding of the full landscape of this reaction,
allowed us to develop a general analysis to predict the regioselectivity of the cross-coupling reaction.

INTRODUCTION

Synthesis of unsymmetrical biaryls is an important transfor-
mation in organic chemistry. The resultant products can be further
utilized for the synthesis of natural products, pharmaceuticals, ag-
rochemicals, polymers, and catalysis.”” Conventional syntheses of
this important motif involve metal-catalyzed cross-couplings of ac-
tivated arenes (Ar — X and Ar — M).>* These coupling reactions re-
quire several prefunctionalizaton steps that are intrinsically neces-
sary to achieve reactivity and which also control regio- and
chemoselectivity. In contrast, phenols can couple directly and this
important transformation® has been used to achieve the total syn-
thesis of several natural products, particularly when symmetric or
intramolecular couplings are involved. However, low site selectiv-
ity in phenol coupling reduces the utility of this approach in cross-
coupling.

Several tactics to achieve cross-coupling of phenols have been
developed over the years. Waldvogel elegantly demonstrated that
the selective synthesis of partially protected unsymmetric bi-
phenols can be achieved by means of an metal-free anodic phenol
cross-coupling approach.® A disadvantage of this chemistry is the
requirement for fluorinated solvents. In addition, in order for the
cross-coupling to occur,” one phenol must contain electron-do-
nating groups (universally methoxy) and the other cannot. Fur-
ther, a 1:3 ratio of the more oxidizable to the less oxidizable phenol
is required to further suppress homo-coupling. Within this para-
digm, remarkable results could be obtained especially where one
partner was a monosubstituted phenol, which are notoriously dif-
ficult due to multiple sites available for coupling, little steric hin-
drance to suppress overcoupling, and typically high oxidation po-
tentials. Overall, yields are modest with an average of 41% across
17 substrates and a high of 63%. In the 2014 report,* only ortho-
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ortho couplings were described and a 2019 paper® outlines only
para-para couplings. Jeganmohan’ devised an innovative strategy
using K>S,0s as the oxidant together with an ammonium salt,
wherein a more oxidizable phenol forms a radical cation and the
ammonium salt assists in deprotonation of the other partner.”
However, this method requires the use of stoichiometric K2S:0s
(2 equiv) and a 3:1 ratio of phenolic coupling partners. Again, one
phenol must contain electron-donating groups (methoxy or di-
methoxy) and yields are modest (47% average across 14 substrates
with a high of 61%). Again, remarkable results can be obtained
when one partner is phenol or a monosubstituted phenol. More



recently, Pappo and coworkers® developed two very successful dif-
ferent approaches to achieve highly selective oxidative cross-cou-
pling of phenols catalyzed by an iron source. In a 2015 report,* an
iron catalyst was described where couplings were most successful
when one substrate was more nucleophilic and the other was more
oxidizable. In practice, one phenol contains electron-donating
groups (methoxy or dimethoxy or trimethoxy) such that it is sub-
stantially more oxidizable. Within this framework, very high yields
can be obtained (up to 96%) although 3:1 ratios of substrates are
used in most such cases. A range of ortho-ortho, ortho-para, and
para-para cross couplings were viable; in some cases, mixtures of
isomers were obtained and the control elements for the regioselec-
tion with respect to the more oxidizable partner are unclear. Again,
very good results can be obtained when one partner is a monosub-
stituted phenol. In a 2017 report,™ an iron porphyrin catalyst was
proposed to react via a radical-radical coupling where the more ox-
idizable phenol forms a transient free radical that preferentially re-
acts with a persistent radical formed upon ligation of the other phe-
nol to the iron center. Selectivity is dictated by the greater binding
affinity of one phenol to the iron center. Again, one phenol con-
tains electron-donating groups (methoxy or dimethoxy) such that
it is substantially more oxidizable. Yields are variable (15-77%), 2-
3:1 ratios of substrates are used, and there is limited selectivity with
certain subsets of phenols (especially mono ortho-substituted).
Limitations of these iron catalyzed processes are the requirement
for fluorinated solvents, the use of higher molecular weight oxi-
dants (tert-butyl hydroperoxide or di-tert-butyl peroxide), and the
need for an excess of one of the coupling partners to achieve favor-
able outcomes. Our group developed a catalytic cross-coupling
method that allowed the synthesis of biphenols with high regio-
and chemoselectivity by means of a Cr-salen catalyst and dioxygen
as terminal oxidant.” A broader range of functionality was found to
be compatible, notably high cross-selectivity was observed for
partners with similar electronics and redox potentials, high regi-
oselection was observed when multiple coupling sites were availa-
ble on one partner, and 1.3-1.5:1 ratios of substrates were em-
ployed.

Few of these transformations are understood in detail. Waldvo-
gel has shown that the cross-coupling of partially protected phe-
nols (Scheme 1a) can be achieved via the oxidation of a phenol
mediated by a boron-doped diamond (BDD) anode, which is
trapped by an electron-rich arene to afford the final product.”
Pappo, in an approach involving FeCls as catalyst (Scheme 1b),*
suggests that the reaction proceeds via a chelated radical-anion
coupling.

Pappo and coworkers have proposed that complementary elec-
tronic potential (Ew) and the theoretical global nucleophilicity
(N) of the phenols govern these and related couplings.> ' A cross-
coupling will be favored when there is a significant difference be-
tween the oxidation potential (EwA < ExxB) and the global nucleo-
philicity (N4 < Ni) of the phenols. Even though their experimental

results, and selected examples from other reports,”* '

are in good
agreement with this model, we have discovered that there are sub-
stantial reactivity differences in the cross-coupling mediated by the
Cr-salen catalyst. For example, when we attempted the reaction of
2,6-di-tert-butylphenol (7) and 3,4,5-trimethylphenol (8) where
the latter substrate is more oxidizable, but their nucleophilicity is

approximately the same (Eall < Eol, Nn & Ni), we obtain the

cross-coupling product in good yield (85% isolated yield) without
detectable homo-coupling (Scheme 1c).”

With goal of approaching biphenol natural products and other
targets of interest (Chart 1),°*" we sought to understand the
mechanism of the Cr-Salen-Cy catalyzed cross-coupling of phe-
nols to be able to predict which substrate pairs couple well and to
design further catalyst systems. Here, we present a full mechanistic
picture of this transformation by a combination of experimental
and computational studies. Catalytic and stoichiometric versions
of the reaction were studied in order to understand the nature of
the rate-determining and selectivity-determining steps.

Chart 1. Examples of Unsymmetrical Biphenol Natural Prod-
ucts.
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RESULTS AND DISCUSSION

Reaction Scope. The Cr-Salen-Cy catalyst is effective in the
coupling of a number of phenols containing alkyl, electron-donat-
ing, and weakly electron-withdrawing substituents (Figure 1).
Cross-coupling between 2,6-substituted phenols and phenols with
only unsubstituted ortho-positions available resulted in selective
formation of ortho-para cross-coupling product (9-13). Both phe-
nols of the products are hindered which prevents catalyst coordi-
nation. As such, further reaction to generate trimers is considera-
bly more difficult. In addition, cross-coupling between 2,6-substi-
tuted phenols and phenols that had both ortho- and para-positions
available resulted in the selective formation of para-para cross-cou-
pled products (14-21). For these products, one phenol remains
unhindered and can readily coordinate catalyst allowing formation
of trimeric adducts at higher conversions or when greater amounts
of the 2,6-disubstituted phenol are used.
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Figure 1. Scope and yields of oxidative cross-coupling of phenols using the Cr-Salen-Cy catalyst in DCE. “Yield based on recovered starting
material. *Remaining mass was starting material. “Around13% staring material observed by NMR and some decomposition. ¢ Around 26%
starting material observed by NMR, and 19 % homo-coupling of 6-methoxynaphthol (blue).

Finally, reactions with 2-naphthol, and its derivatives with elec-
tron-withdrawing, and electron-donating substituents, lead to
cross-coupling products in good yields (22-30). The scope of the
reaction did not extend to all phenols, particularly those with
amino (oxidation of the nitrogen interferes) or electron-withdraw-
ing substituents (no reaction due to higher oxidation potentials).
Thereaction conditions are straightforward requiring only catalyst
and substrate with oxygen and a solvent at room temperature to 80
°C. A range of solvents are typically effective including dichloro-
ethane, dichloromethane, benzene, toluene, and dichlorobenzene.
In order to understand the high selectivity of this method, and po-
tentially predict the formation of specific cross-coupling products,
mechanistic studies were undertaken.

Catalytic Kinetic Studies. To probe the reaction mechanism,
kinetic studies of the Cr-Salen catalyzed cross-coupling of 2,6-di-
tertbutylphenol (7) with 3,4,5-trimethylphenol (8) were initiated
(eq 1). Overall, this process is well-behaved (Figure 2a) exhibiting

linear behavior for the formation of product over time, and show-
ing that the formation of water from the reduction of O, does not
affect the overall reaction.
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The catalyst order was probed by holding the concentration of
each of the phenols constant at 0.1 M, while the concentration of
the Cr-Salen catalyst was varied (0.002-010 M). A double In plot
of initial rates vs catalyst concentration (see Supporting Infor-
mation) revealed a first order dependence with respect to the cat-
alyst which is also supported by arate vs [cat] plot (Figure 2b). O,
concentration was probed by utilizing different ratios of [O.] and
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[Ar] gases at atmospheric pressure (10%, 25%, S0%, 60%, and 80%
for oxygen; see SI). A first-order dependence on the concentration
of oxygen was evident (Figure 2c).

Kinetic studies were next performed for each phenol. First, the
concentration of 7 was varied over a 10-fold range while the con-
centration of 8 and the catalyst were held constant. A plot of rates
vs concentration showed that the cross-coupling reaction is zero-
order with respect to 7 (Figure 2d). The kinetic profile of 8 was
obtained utilizing the same approach. Notably, the reaction rate
decreased as higher concentrations of 8 were used. A double In
plot revealed a slope of —~0.94 consistent with negative first order
dependence (See SI). In addition, a linear correlation for the rate
vs 1/[8] (Figure 2e) was obtained. In line with this finding, higher
concentrations of phenol 8 inhibit the cross-coupling reaction
while promoting the homo-coupling of 8.

Together, these kinetic studies support an overall rate law of
k[7]°[8] '[Cat]*'[O2]". These data indicate that the rate deter-
mining step of the catalytic reaction is the oxidation of the catalyst
by interaction of the Cr(III) with dioxygen. Furthermore, Figure
2a indicates that reoxidation of Cr(11I) is rate-limiting over the en-
tire reaction course. The negative order in phenol 8 likely arises
from facile binding of the unhindered electron-rich phenol to the
Cr(I1II), which then prevents binding of oxygen and oxidation. The
other phenol, 7, cannot engage in facile coordination with the
Cr(III) due to the large ortho-tert-butyl groups, and thus exhibits
a zero order.
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Figure 2. Catalytic kinetics for the cross-coupling reaction using
Cr-Salen. (a) Formation of product over time for the catalytic re-
action of 7 (0.060 M) with 8 (0.040 M) using Cr-Salen (0.004 M,
10 mol%) in dichloroethane at 60 °C under O.. (b) Correlation
between initial rate and catalyst concentration. Both phenols = 0.1
M; [Cr-Salen] = 0.002, 0.003, 0.005, 0.007, 0.010 M; [Cr-
Salen]]/[SM]. = 0.02, 0.03, 0.05, 0.07, 0.1, respectively, in CDCL
under O at 80 °C. (c) Correlation between initial rate and oxygen
concentration (10,25, 50, 60, 80% O,/Ar) with [7] = [8] =0.2M
and [catalyst] = 0.01 M (5 mol%) in CDCl; at 80 °C. (d) Correla-
tion between initial rate and [7] (0.01, 0.02, 0.05, 0.1 M) while [8]
and [catalyst] were held constant at 0.1 M and 0.005 M (5 mol %
with respect to 0.1 M phenol), respectively, in CDCL under O at
80°C. (e) Correlation between initial rate and [8] (0.01, 0.02, 0.05,
0.1 M), while [7] and [catalyst] were held constant at 0.1 M and
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0.005 M (S mol % with respect to 0.1 M phenol), respectively, in
CDCl; under O, at 80 °C.

Formation and Reactivity of Oxochromium(V) Salen and p-
Oxochromium Salen Dimer. The kinetic data for the catalytic sys-
tem indicate that the slow step is oxidation of the Cr(III) complex
with dioxygen, which is in line with literature reports.”” Treatment
of the Cr(III) complex at 80 °C under oxygen atmosphere caused
a red shift in the UV-Vis spectrum, consistent with oxidation of
Cr(III) to a Cr(V) species (Figure 3avs 3b)."
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Figure 3. UV-Vis profiles of Cr-Salen upon treatment with oxygen
at: (a) room temperature 4 h, (b) 80 °C, 4 h, (c) 80 °C, 4 h in the
presence of 1 equiv TEMPO.

Dioxygen is a potent oxidant that can react via two electron
pathways'* (peroxide byproduct) or four electron pathways'®
(water byproduct).'* Peroxide was not observed in reaction mix-
tures when tested using starch/iodide. In addition, the chromium
catalyst was found to convert hydrogen peroxide to dioxygen very
quickly. As such, we assessed peroxide itself as an oxidant and
found it to be effective (Table 1, entry 3 vs entry S). tert-Butyl hy-
drogen peroxide was also effective (entry 2), but di-tertbutyl per-
oxide was not (entry 1). Other oxidants known to oxidize Cr(I1I)
were also effective (entry 4). Thus, users can select the most ap-
propriate oxidant depending on their application. For more sensi-
tive substrates, it was found that peroxide gives rise to more by-
product formation and lower yields.

Table 1. Impact of different oxidants on the formation of cross-

coupling product.

OH

t+-Bu tBu OH Oxidant (1 equiv)
D
DCE, 80 °C

Cr-Salen-Cy

4h

OH

+Bu l +Bu
sen

7 2-naphthol
22
entry oxidant conversion
1 (£BuO), NR
2 +BuOOH 75 %
3 Hx0, 60 %
4 PhIO 60 %
N (0)3 38 %

To further understand the nature of the active oxidant, we set
out determine the oxidation state of the chromium species that
causes the phenol oxidation. Literature reports indicate that Cr-
salen species undergoes oxidation with a range of oxidants to gen-
erate oxo-Cr(V)"*"* and Cr(IV) equivalents. For the latter, reac-
tion of oxo-Cr(V) salen with Cr(III) salen generates a p-oxo-com-
plex (Cr-O-Cr).""**! Talsi and co-workers further defined the ox-
idation state of the binuclear salen complex as +5/+3 [i.e. Cr(V)-
O-Cr(III)]. They proposed that the binuclear p-oxo-chromium
complex interconverts with a mono-oxo-Cr(V) salen complex and
a Cr(III)-salen complex (Scheme 2)."* In alkene oxidation, the
mononuclear oxo-Cr(V) has been identified as the active oxidant
with the binuclear y-oxo complex serving as a reservoir of the ac-
tive oxo-Cr(V) species.

Scheme 2. Formation of Oxo-chromium(V) and p-Oxo-chro-
mium Complexes
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To determine which of the chromium species was involved in
the cross-coupling reaction, stoichiometric experiments were per-
formed under an argon atmosphere using phenols 7 and 8 (Table
2). Using only the oxo-Cr(V) complex, which was synthesized by
treatment of the Cr(III)-salen with iodosobenzene,'® a propor-
tional amount of cross-coupling product 9 was obtained (entries 1
and 2) at room temperature. This result indicates that the Cr(V)
acts as atwo-electron oxidant implicating a Cr(V) to Cr(III) redox
couple. Combining the oxo-Cr(V) with the Cr(III) complex at
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room temperature caused no change in the characteristic Cr(V)
color (green) and the reactivity was the same as with the oxo-
Cr(V) alone. The Cr(IV) equivalent was generated by heating the
oxo-Cr(V) with an excess of the Cr(III) complex to ensure that no
residual oxo-Cr(V) remained (entry 3 — 4), which caused for-
mation of a red colored solution with Cr(IV) spectral features. As
shown in entry 3, this Cr(IV) equivalent is unreactive (c.f. entry
2). At higher temperature, however, the Cr(IV) equivalent did
lead to a small amount of product. We hypothesize that a disfavor-
able equilibrium between the p-oxo salen dimer and the oxo-
Cr(V)/Cr(III) monomers would account for this observation.

Hydrogen peroxide generates the Cr(V) via a different pathway
as combination of Cr(III) and hydrogen peroxide quickly caused
rapid formation (upon addition) of the characteristic green Cr(V)
solution at room temperature whereas a slow formation of the
Cr(V) was seen with dioxygen even at elevated temperature (Fig-
ure 3). However, depending on the substrate, hydrogen peroxide
can also directly act on the substrates or products giving rise to by-
products.

Table 2. Stoichiometric Experiments using Oxochromium(V)
Salen and y-Oxochromium-Salen Complexes.
OH

OH tBu t-Bu
OH |O
3 /@\ [Cr]

—>
Me Me CHCly Me OH
Me Argon

Me
7 8 Me
9
[Cr] temp time
ent; Conversion”
Y ) (°C) (h)
1 Cr[v](0.1) 25 3 10%
2 Cr[V](0.5) 25 1 38%
Cr[V](0.5) + Y
3 Cr (1] (1.0) 25 24 0%
g CVI0OS+ 24 12%

Cr [111] (1.0)

2The indicated amount of Cr [V] and Cr [III] were combined and
heated at 80 °C for 2 h. This mixture was cooled to 25 °C and the phe-
nol substrates were then added and stirred for the indicated time and
temperature. “Determined by 'H NMR spectroscopy.

Interaction of Phenols with Oxo-chromium (V) Salen. In or-
der to probe the mechanism of the reaction after the rate determin-
ing oxidation of the Cr(III) catalyst, single turnover reactions were
undertaken with preformed oxo-Cr(V) complex.'® The onset oxi-
dation potential of this complex was measured to be -1.64 eV
which provides the upper limit of reactivity. Upon treatment of the
oxo-Cr (V) complex with substrate 8, a rapid color change was ob-
served. Thus, UV-Vis spectroscopy was used to monitor the reac-
tion and the Amw of 8 at 633 nm was observed to decrease in the
presence of phenols (Figure 4).
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Figure 4. UV-Vis spectral changes observed for the reaction of 8 with
Cr(V) complex in MeCN. Inset: decrease of the absorbance at 633
nm.

Time course experiments at 633 nm for the homo-coupling re-
actions of 7 and 8 were performed to measure rate of Cr(V) reduc-
tion in the presence of substrate (Figure S). Notably, no change in
the Cr(V) absorbance was noted in the absence of phenols under
the reaction conditions (rt, MeCN). The reaction of 7 is much
slower than the reaction of 8 [observed half-life ti/> = 45.5 min (7),
8 min (8)].
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Figure S. Exponential decay of the absorbance at 633 nm of (a) oxo-
chromium (V) only (b) 7 (0.08 M) and oxo-chromium (V) complex
(0.5 equiv) (c) 8 (0.08 M) and oxo-chromium(V) complex (0.5
equiv). All measurements were done in MeCN.

To understand the basis for this selectivity between phenols 7
and 8, several mechanisms were considered (Scheme 3) including
outer sphere mechanisms involving hydrogen atom abstraction
(path a), proton coupled electron transfer (path b PCET) or elec-
tron coupled proton transfer (path c ECPT). In addition, an inner
sphere mechanism involving coordination of the phenol (path c)
was evaluated.



Scheme 3. Possible pathways for initial oxidation of phenol by
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Deuterium Kinetic Isotope Effects (KIEs) for the Homo-
Coupling of 3,4,5-trimethylphenol. To assess the hydrogen atom
abstraction mechanism, deuterium kinetic isotope effects were
measured. Parallel deuterium KIE studies were conducted for the
homo-coupling reaction of proto- and deutero-8 (Scheme 4). The
orthopositions of the phenol were deuterated along with the alco-
hol as a consequence of the deuterium incorporation protocol. For
phenol reactions involving hydrogen atom abstraction mecha-
nism, the KIE ranges from 1.2-5.9."” The observed KIE of 1.14 thus
rules out the possibility of the reaction proceeding via a rate-deter-
mining hydrogen atom abstraction from the phenol. This experi-
ment is also inconsistent with alternative chromium oxidants that
may form in the presence of oxygen, such as a Cr(IV) superoxide'*
which engages in hydrogen atom abstraction.

Scheme 4. Deuterium KIEs for the homo-coupling of 8 medi-
ated by oxo-chromium(V).
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Effect of Radical Inhibitors. To further interrogate whether
the phenoxy radical was forming, experiments were undertaken
with radical inhibitors (Table 3). With diphenylethylene, BHT,
and galvinoxyl, no change was seen in the conversion or the selec-
tivity. On the other hand, TEMPO caused a shift in the selectivity.
Based on the UV-Vis spectrum (Figure 3c above), TEMPO sup-
presses oxidation of the Cr(III). TEMPO is also sufficiently oxi-
dizing to cause unselective coupling making it an inappropriate
probe. Thus, it appears mechanisms that generate a free phenoxy
radical are not operative, which includes hydrogen atom abstrac-
tion (path a, Scheme 3) or outer sphere electron transfer (path b,
Scheme 3).

Table 3. Effect of radical inhibitors on cross-coupling of 7 and
8 under catalytic conditions.

OH
t-Bu tBu

OH OH Crl—SaIen-'Cy (10 mol%)l O

+Bu +Bu . Radical Inhibitor (0.5 equiv)
Me Me 0,, DCE, 80 °C, Me OH
7 )
Me
7 8 Me
9
entry radical inhibitor NMR yield (%)

1 None 78
2 diphenylethylene 80

3 TEMPO 35, 42 diphenoquinone

4 TEMPO (100 mol%) 46,75 diphenoquinone
S BHT 71
6 galvinoxyl 74

‘ tBu
ol ke (j L
t Bu t Bu
diphenylethane TEMPO BHT galvinoxyl

Oxidation Rates of Different Phenols. To further support the
intermediacy of a phenoxide Cr(V) adduct (path c, Scheme 3)
mass spectrometry experiments were undertaken after mixing phe-
nol substrates for 1 h with the Cr(III) catalyst under oxygen (see
SI). The Cr(I1I) salen, oxo-Cr(V) salen along with its acetonitrile
complex, and p-oxo chromium dimer were observed providing fur-
ther evidence that oxygen can convert the Cr(Ill) into the oxo-
Cr(V). However, no adducts with the phenols were found. Rea-
soning that such adducts are likely unstable due to a propensity to
undergo electron transfer and react, indirect means were devised
to gauge whether phenoxy coordination adducts were forming
(path ¢, Scheme 3).

Specifically, the rates of oxidation of a series of 2,6-di-substi-
tuted phenols with the oxo-Cr(V) were measured to further probe
this hypothesis (Figure 6). The results revealed that the reaction
rate decreases as the steric bulk of the positions adjacent to the
phenol increase: Me > iPr > tBu (halflife t12 = 23 min Me, 33.5
min 7-Pr, 45.5 min £Bu). Fitting of the data generated the rate con-
stants shown in Figure 7.

There was a good correlation between measured oxidation po-
tentials and the reactions rates (see SI). Such a result is somewhat
surprising when the electronic effects of the substituents are con-
sidered. The 2,6-dimethoxyphenol should be more reactive con-
sidering its electron rich character, but linear relationships were
not seen between rate or oxidation potential using different Ham-
mett parameters. It appears that the steric hindrance of the phenol
plays a role in the relative reactivity both in this catalytic system
and in oxidation at the electrode. Indeed, a good correlation was
found between rate and the resonance Hammett parameter to-
gether with the B1 sterimol parameter (Figure 8). This scenario is
consistent with a phenol coordinated species forming more readily

from less sterically hindered phenols. Notably, this regression
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model allows reactivity to be estimated easily without having to
undertake measurements of oxidation potentials.
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Figure 6. Absorbance decay profiles of Cr(V) to Cr(III) in MeCN at
633 nm in the presence of the 2,6-disubstituted phenols (0.5 mM, 2
equiv).
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Figure 7. Reaction rate constants of 2,6-disubstituted phenols.
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Figure 8. Multiple linear regression fit of In(k) vs sterimol B1 param-
eter'® and the cR Hammett parameter'®: In(k) = —0.48(sterimolB)* -
1.58(Hammett) — 3.58. Structures: 2,6-disubstituted phenols except
for H = 3,4,5-trimethylphenol.

Oxo-chromium(V) Single Turnover Kinetics. The above
studies showed that the disappearance of oxochromium(V) could
be readily monitored by UV-Vis spectroscopy, which provided an
opportunity to gain insight into the kinetics after the rate deter-
mining step [oxidation of Cr(III)]. Single turnover experiments
were, thus, undertaken to obtain the rate orders phenols 7 and 8 as
well as oxochromium(V) (Figure 9).

Oxochromium('V). Monitoring the consumption of the oxo-
chromium(V) was undertaken at various concentrations (0.125,
0.0875,0.0625, and 0.0375 mM) while holding the concentrations
of 7 and 8 constant. A plot of In rate vs In concentration (See SI)
shows that the reaction is first-order with respect to the oxo-
Cr(V). This result is also supported by the linear correlation of the
rate vs [Cr(V)]' (Figure 9a).
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Figure 9. Stoichiometric kinetics for the cross-coupling reaction.
(a) Correlation between reaction rate by monitoring loss of oxo-
Cr(V) salen and concentration of Cr(V) (0.125, 0.0875, 0.0625,
and 0.0375 mM) using an excess of 7 and 8 (2.5 mM). (b) Corre-
lation between reaction rate by monitoring loss of oxo-Cr(V) salen
and concentration of 8 (0.25, 0.175, and 0.125 mM ) with excess 7
(2.5 mM) and Cr(V) (0.25 mM). (c) Correlation between reac-
tion rate from GC measurements and concentration of 7 (0.41,
0.82, and 1.65 mM) using an excess of 8 (4.1 mM) and Cr(V)
(0.41 mM).

Phenol 8. A second set of kinetics was measured holding the
0x0-Cr(V) and phenol 7 concentrations constant in order to de-
termine the pseudo-rate order of phenol 8. The concentration of
phenol 7 was varied (0.25,0.175, and 0.125 mM) while the rate of
loss of oxochromium (V) was measured. A rate vs [8]" (Figure 9b)
shows a linear correlation, which suggests that the reaction is first
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order with respect to 7 (results also supported by a double In plot;
see SI). However, a non-zero y-intercept was observed, which is
attributed to simultaneous consumption of excess phenol 7 by the
oxo-Cr(V) species.

Phenol 7. A similar set of experiments was undertaken to probe
phenol 7 using an excess of phenol 8. An apparent zero order con-
sumption was observed. However, the oxidation profile of7 and 8
(Figure 8) indicates that the latter oxidizes more quickly. Even
though cross-coupling was predominantly observed, the UV/Vis
method used is limited because the Cr(III) and Cr(IV) species
have very similar UV absorption constants. Thus, only the Cr(V)
to Cr(IV) transformation is observed which correlates to first one-
electron oxidation rather than product formation.

Thus, a separate method, gas phase chromatography, was used
in order to monitor formation of product. This approach allowed
us to indirectly measure kinetics for phenol 7, by monitoring the
formation of product over time. Pseudo-rate kinetics were deter-
mined by varying the concentration of phenol 7 (0.41, 0.82, and
1.65 mM) while the concentration of phenol 8 and oxochro-
mium(V) were held constant. A plot of rate vs concentration
showed a first-order dependence with respect to phenol 7 (Figure
9¢c).

The above data is consistent with the catalytic cycle outlined in
Figure 10. The catalytic kinetics show that the oxygen uptake by
chromium is rate-determining (Figure 2). An oxo-Cr(V) was
shown to be the active oxidant (Table 2, Figure 4). Further, reac-
tion of oxo-Cr(V) with phenol was found to be kinetically faster
than reaction of oxo-Cr(V) with Cr(I1I) to form the p-oxo-Cr(IV)
(Table 2). Under equilibrium conditions in the absence of phenol,
the p-oxo-Cr(IV) is the most stable species, and hence the catalyst
resting state.

The slowest step from Cr(V) to Cr(III) is neither ligation or re-
action of phenol IT with the oxo-Cr(V), since such steps would be
not be first order in phenol I (phenol 7 from Figure 9). These re-
sults indicate that a step involving both phenol I and phenol II is
likely rate determining starting from the oxo-Cr(V). To gain fur-
ther insight into this step that is likely also selectivity determining,
the details of the proton and electron transfer events needed to be

probed.

Role of the Phenol Hydroxyl Group. For the mechanism in
Figure 10, a free phenol is required for phenol II, but phenol I
could be any nucleophilic arene. To probe this hypothesis, a com-
parison between the reactivity of TMS-phenols vs free-phenols
was performed (Scheme $).

The results showed that the cross-coupling of 7 with 2-naphthol
afforded the desired cross-coupling product in 83% yield (Scheme
Sa). However, when 7MS-naphtholwas submitted to the same re-
action conditions, no detectable amount of the desired cross-cou-
pling product was observed after 24 h (Scheme Sb). This result fur-
ther supports that phenol II (TMS-naphthol) must possess a hy-
droxyl group in order to undergo ligand exchange and form the
oxo-Cr(V)phenoxy adduct. A crystal structure showing coordina-
tion of pyridine N-oxide to the apical position of an oxo-Cr(V)
salen® also provides support for the proposed binding of phenol
II.

R
(o]
oy d?
Catalyst @ @
R

Cl Resting O
State
Cl
Cr(IV)/Cr(IV)
o
. » Em
e Tautomerization Slow Step 5

\/ R OH

from
Ccr(V)to Cr(ll) H_e
: |

OH OH O 5 \\R
R H R
R

\ HO~
\\R | 1
RX

Figure 10. Preliminary catalytic cycle for cross-coupling phenols.

Surprisingly, phenol I appears to be subject to the same require-
ment even though it is not proposed to ligate directly to the chro-
mium. When 7-TMS was used in place of 7, no cross-coupling
product was observed after 38 h (Scheme Sc). We postulate that
phenol I must undergo a deprotonation prior to coupling, which
modifies the catalytic cycle to involve coupling of the anion of phe-
nol I with the chromium ligated phenol II.

To test this theory, experiments were performed with acid and
base additives (Table 4). Three parallel reactions were conducted
simultaneously over 15 h. Notably, the addition of acid (entry 2 vs
entry 1) completely suppressed reactivity consistent with phenol
deprotonation being integral. On the other hand, the results with
anoncoordinating base, 2,6-di- fert-butyl-4-methylpyridine, (entry
3 vs entry 1) are consistent with generation of a phenoxide anion.
The use of other bases, such as: Et:N, potassium fert-butoxide, po-
tassium hydroxide, sodium hydroxide and potassium carbonate,
led to decomposition.

Scheme S. Reactions Performed to Probe the Importance of

Free-Phenol.
OH

B +Bi
Cr-Salen-Cy Y Y
“/OH (10 mo 1%)
O,, DCE 80 °C OH
2-naphthol OO

22
83 % yield

oTMs Cr-Salen-Cy
“/ (10 mol %) No Cross-Coupling
02 DCE 80 oc Product

TMS-naphthol

OTMS Cr-Salen-Cy

“OH (10mol %) N Cross-Coupling
0, DCE, 80 °C Product
38h
7-TMS 2-naphthol



Table 4. Effect of acid or base.

OH
tBu +Bu
OH oH Cr-Salen-Cy (10 mol%) O
By tBu Additive
+ —_—
Me Me  Op DCE, 60°C, Me OH
r o g
Me
7 8 Me
9
entry additive NMR yield (%)
1 None 78
2 acetic acid (2 equiv) 0
3 2,6-di- tert-butyl-4-methylpyridine 96
2 equiv)

The higher yield with the hindered base vs without (entry 3 vs
entry 1) was puzzling as the rate of the catalytic reaction is con-
trolled by oxidation of the Cr(III) rather than the coupling of the
phenoxide (see text below Figure 15). To assess whether phenox-
ide formation would accelerate the coupling, reactions with stoich-
ometric Cr(V) were undertaken with and without base. The reac-
tion with 2,6-di-tert-butyl-4-methylpyridine (2 equiv) and was
found to be substantially faster (<1 min vs 30 min) providing fur-
ther support for a deprotonation event.

Reaction Pathway Calculations. Experimental data showed
that the rate-determining step of the reaction was the formation of
oxo-chromium(V), and that this specie was the active catalyst in
the reaction. In addition, deuterium KIEs showed that the reaction
does not proceed via a hydrogen atom abstraction mechanism.
However, the nature of the cross-coupling selectivity was not fully
understood. Based on these results, the reaction of 3,4,5-trime-
thylphenol (8) mediated by the oxo-chromium (V) was modeled
using DFT calculations with 2,6-dimethylphenol as a model sub-
strate vs the more computationally costly 2,6-di- tert-butylphenol
(7). A simplified catalyst, containing methyl groups in place of
tert-butyls, was also used in order to decrease the amount of com-
putational time required to model the full system.

DFT calculations were performed using Gaussian 09. All geom-
etry optimizations, and vibrational frequency calculations, of sta-
tionary points and transition states (TSs) were carried out at the
UB3LYP level of theory with LANL2DZ basis set for Cr and 6-
31G(d) basis set for all other atoms. Single point energies and sol-
vent effects in DCE were computed at the UMOG6 level of theory
with LANL2DZ basis set for Crand 6-311+G(d,p) basis set for all
other atoms, using the gas-phase optimized structures. Solvation
energies were calculated by a self-consistent reaction field (SCRF)
using the SMD solvation model. Both, homo- and cross-coupling
of the phenols were calculated in order to explain the experimen-
tally observed selectivity.

In addition, all possible spin states were assessed in order to
evaluate the most favorable pathway (Figure 11). Starting from the
active catalyst Cr(V), calculations suggest that the doublet spin
state for this specie is considerably (7.6 kcal/mol) more stable.
The next step of the process involves the coordination of the less
hindered phenol 8 to afford INT1. A similar intermediate arising
from the more hindered phenol (7 or 2,6-dimethylphenol) could

not be located due to substantial steric interactions between the
ortho-substituents of the phenol and the ligand of the catalyst.
When comparing the energies of INT1, the quartet spin state was
now found to be slightly lower (0.5 kcal/mol) in energy. The next
step involves a proton transfer to the oxo-Cr(V) and subsequent
oxidation of the coordinated phenol to afford INT2 via TSpeprot.
Here, the doublet is slightly lower in energy for TSpeprt (0.6
kcal/mol) and the quartet for INT2 (0.5 kcal/mol). In the key
cross-coupling of the two phenols, however, a large difference
manifests in the barriers for the doublet (36.1 kcal/mol) vs the
quartet (9.9 kcal/mol) with the former being essentially inaccessi-
ble. Overall, it appears that the doublet or quartet spin states are
energetically similar after phenol coordination, but only the quar-
tetleads to a reasonable barrier for the cross-coupling. Thus, an in-
tersystem crossing occurs at some juncture. Addition of heavy
atom additives such as iodobenzene did accelerate the reaction
starting from the Cr(V) species consistent with such an event (see
SI).2

Notably, the calculations show that the slow step from the oxo-
Cr(V), is deprotonation of the second phenol. However, there is
charge separation in this transition state (TSpeprot) and such ener-
gies are notoriously difficult to compute even with solvation mod-
els.”” To determine if deprotonation, spin state crossover, or car-
bon-carbon bond formation was the slow and likely selectivity de-
termining step, further experimental mechanistic studies were pur-
sued.

C Intermolecular Kinetic Isotope Effects. *C KIE studies
were performed for the catalytic cross-coupling of 7 with 8 (eq 2).
The "C KIEs for this homogeneous reaction were determined at
natural abundance.

OH
t-Bu tBu
OH
OH Cr-Salen-Cy O
+Bu +Bu (5 mol%)
* > Me oH @
Me Me Oy, DCE, 70°C O
Me
Me
7 8 Me
9

For the analysis of samples of 7, two independent reactions at
70 °C were taken to 65 + 2% and 78 + 2% conversion. Reactions
were carried out using an excess of 8 (2.5 equiv) to suppress for-
mation of the bisphenoquinone of dimerized 7. The isolated unre-
acted phenol was analyzed by *C NMR and compared to samples
of the phenol that had not been submitted to the reaction condi-
tions. The relative changes in "*C isotopic composition of the aro-
matic carbons were determined using the quaternary carbon of the
tert-butyl groups as internal standard, assuming that their isotopic
composition does not change during the course of the reaction. A
similar approach was taken in order to analyze samples of 8, for
which two independent reactions were taken to 78 + 2% and 80
2% conversion. Reactions were carried out using a slight excess of
7 (1.2 equiv) to suppress any possible homo-coupling of 8. From
the changes in isotopic composition of the aromatic carbons, the
C KIEs were calculated as previously described.”
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Figure 11. Doublet and quartet Gibbs free energy profile for the Cr-catalyzed cross-coupling reaction of phenols. Relative free energy values calculated

with SMD-DCE- UM06/6-311+G(d,p); Cr: LANL2DZ//UB3LYP/6-31G(d)

The results are summarized in Figure 12. From this intermolec-
ular competition experiment, the slowest step involving the phe-
nols can be probed even though the rate-determining step is oxi-
dation of the catalyst. The para carbon of 7 exhibits a significant
KIE. In addition, the ortho carbons of 8 also show significant and
slightly larger KIEs.

0.999(1)
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1.003(1) 0.998%1; 0'992(1)\OH 1.027(1)
OH 0.995(1) 1.023(2)
- 1.002(2) 0:994(1)
\ 1.001(1) : N
1.000 Me Me
1.002(2)/ T (Assumed) 1.005(1)/Me \1 000
1.006(1 0.997(1) T (Assumed)

1.019(2)

1015(1) 1.001(1)

1.007(1)

Figure 12. 3C KIEs (ki2/ki3, 70 °C) for the reaction of 2,6-di- tert-but-
lyphenol (7) with 3,4,5-trimethylphenol (8).

Considering the three possibilities outlined above, selectivity
being determined by a) deprotonation, b) spin state crossover, or
c) the cross-coupling C-C bond formation, only the last is con-
sistent with these isotope effects. In the first case the expected re-
sult will be a very small or negligible KIE; substrate 8 is not in-
volved in the deprotonation and there is no change at the para car-
bon of 7. For the crossover, there is a change in the spin density on
phenol 7 which might cause a very small secondary KIE and no
change at all for phenol 8. However, a significant KIE is expected
at the positions on both phenols involved in the C-C bond for-
mation.”* With the observation of significant primary KIEs at the
paracarbon of 7 and the ortho carbons of 8, the results support the
selectivity of the reaction being determined by the cross-coupling
of the phenols.

These results in combination with the kinetics and DFT calcu-
lations suggest that the slow step from Cr(V) to Cr(III) is the phe-
nol cross-coupling, which also controls the selectivity of the reac-
tion.

Basis of Cross-Coupling Selectivity. In order to understand
why cross-coupling predominates over homo-coupling of the less
hindered phenol (e.g., 8), further calculations were undertaken
with 2,6-dimethylphenol (see SI) and 2,6-di-tert-butyl-phenol
(Figure 13). Again, the barrier for the quartet was found to be sub-
stantially lower in energy and Figure 13 illustrates the free energy
surface of the quartet spin state for both cross-coupling and homo-
coupling of 2,6-di-tert-butyl-phenol (7) with 3,4,5-trimethylphe-
nol (8). Starting from INT1 where the less hindered phenol 8 is
coordinated, either phenol 7 or phenol 8 can be deprotonated by
the oxo-Cr(V) to form ion pair INT2. While two forms of INT2
with either phenoxide are close in energy, the barrier to the cross-
coupling reaction via T'Scross (6.8 kcal/mol), is lower than the bar-
rier to the homo-coupling reaction via TSuomo (11.9 kcal/mol).
This 5.1 keal/mol difference accounts for the observed selectivity,
namely the absence of the homocoupling product for this substrate
pair at the temperature of the reaction (60-80 °C). Subsequent re-
lease of the adduct and tautomerization leads to the product and
regenerates the catalyst. A similar trend was observed for the reac-
tion of 3,4,5-trimethylphenol (8) with 2,6-dimethylphenol (44),
with the difference in the barrier for homo- vs cross-coupling being
1.3 kcal/mol, favoring the cross-coupling product. Experimental
results showed that for this reaction a small amount of the homo-
coupling product is obtained (5% homo-coupling vs 87% cross-
coupling, see Figure 18 and discussion below).
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Figure 13. Gibbs free energy profile for the Cr-catalyzed cross- and homo-coupling reaction of phenol (quartet surface shown). Relative free energy
values calculated with SMD-DCE- UM06/6-311+G(d,p); Cr: LANL2DZ//UB3LYP/6-31G(d);Cr:LANL2DZ.

With the carbon-carbon bond forming event established as key
to selectivity, the reasons behind the difference in energy of the
transition states controlling the selectivity, TScross and T'Swuomo,
were probed. The charges and spin densities were almost identical
for each comparable center in the two transition states. To gauge
the orbitals involved, the singly occupied orbitals of the quartet
forms of INT2 were examined for the corresponding cross-cou-
pling and homo-coupling (Figure 14 for 7 and 8, see SI for orbitals
from 44 and 8). For the homo-coupling INT2, there is significant
single electron character on the catalyst portion in all three of the
singly occupied orbitals. For the HOMO and HOMO?, there is
also substantial single electron character on the phenol II bound
to the chromium metal center. A similar distribution is seen in the
HOMO and HOMO™ orbitals of cross-coupling INT2. However,
the HOMO? differs greatly between the INT2 precursors. In the
homo-coupling, there is no single electron density on the phenox-
ide. On the other hand, there is a large amount of single electron
character at phenol I. As such, a radical-anion best represents the
homo-coupling INT2 whereas a radical-radical form best repre-
sents the cross-coupling INT2. The barrier for carbon-carbon
bond formation from the radical-radical form is lower in energy as
less electronic reorganization is required in the transition state. As
a result, cross-coupling is more facile. The same orbital features
were observed for the cross-coupling reaction with 2,6-dime-
thylphenol (See SI).

Overall Mechanism. The mechanism outlined in Figure 15 is
consistent with the data described above. The rate-determining
step of the reaction is the oxidation of the Cr(III) catalyst to the
active Cr(V) oxidant. Single turnover rate orders with Cr(V), DET
calculations, and natural abundance KIE data show that the high-
est energy step involving the phenols is the C-C bond formation.
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Figure 14. Singly occupied molecular orbitals (MOs) of INT2 for
homo-coupling and cross-coupling.
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The selectivity of the reaction is determined at two stages. Dur-
ing the first stage, one of the phenols is better able to bind to the
chromium catalyst and undergo oxidation forming INT1 (phenol
II). A proton transfer from the second phenol (phenol I) to the
catalyst leads to INT2, which constitutes the second decision
point. More acidic substrates (i.e. phenol I) deprotonate more
readily forming INT2 which results in carbon-carbon bond for-
mation. After carbon-carbon bond formation, release of the adduct
regenerates the catalyst. Subsequent tautomerization yields the fi-
nal biphenol.
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Figure 15. Proposed catalytic cycle for the cross-coupling of phenols.

This mechanism can be used to assess the likelihood that any
given pair of phenols will undergo an effective cross-coupling. For
a phenol to participate, it must be oxidizable by the oxo Cr(V) (-
1.64 eV). For phenols in this range, the ability to bind the catalyst
and oxidize first can be estimated with Hammett and sterimol pa-
rameters (see Figure 8 above).

Readily calculated gas phase acidities (Figure 16) provide a
good measure of which phenol will most readily deprotonate. For
example, the results of Scheme 1c are aptly explained. 3,4,5-rime-
thylphenol (Scheme 1c) (8) is clearly less hindered and more oxi-
dizable that 2,6-di-tert-butylphenol (7), so it is taken up selectively
by the chromium catalyst. Given the very similar global nucleo-
philicities of the neutral species (3.43 and 3.44, respectively, see
SI) per Pappo’s analysis,* it was unclear why the reaction was so
high yielding and so selective; <2% of 3,4,5-trimethylphenol dimer
was observed even though the global nucleophilicities would pre-
dict formation of this byproduct. Examination of the global nucle-
ophilicities of the anions (Figure 16) also anticipate homo-cou-
pling. On the other hand, the pK. values predict that 7 (127.5)
would form the ion pair INT2 more readily than 8 (133.8). Fur-
ther, addition of 2,6-di- tert-butyl-4-methylpyridine, gave rise to a
higher yield of cross-coupled product (see Table 4, entry 3 vs 1)
due greater selectivity (no 3,4,5-trimethylphenol dimer was ob-
served) and, in this particular case, less decomposition. Similarly,
the results from 9-19 and 21 in Figure 1 are in accord with this

model. For 22-30, the naphthols are expected to be more oxidiza-
ble and more acidic. However, it appears that 2-naphthols do not
deprotonate and homo-couple due to disfavorable sterics in for-
mation of a hindered C-C biaryl bond.
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Figure 16. Calculated overall and site-nucleophilicities for several
phenols. (N refers to overall nucleophilicity; site-nucleophilicities are
labeled for selected positions of the phenols. All nucleophilicities are
ineV.)

Regioselectivity and Site Nucleophilicity. In cases where
more than one reaction site exists on the phenols, different regioi-
somers are possible. In all cases, only one isomer was observed in
these processes. If two sites are available on phenol II, then reac-
tion occurs at the less hindered site which explains the outcomes
for 14-19 and 21 in Figure 1. Again, naphthols appear to be an
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exception (22-30) and reaction occurs at the site that causes the
least loss of aromaticity in the keto-radical intermediate.

If two sites are available on phenol I, the most nucleophilic site
reacts. While global nucleophilicity scales derived from HOMO
energies® provide a useful estimation of the nucleophilicity of the
entire molecule, they do not permit multiple sites within a single
molecule to be differentiated. In order to do so, we developed a
measure of local kinetic nucleophilicities which is simple to imple-
ment using only the orbital coefficient at a given atom along with
the HOMO energy level.” The thus calculated site-specific nucle-
ophilicities for a series of phenoxides are shown in Figure 16 along
with the overall nucleophilicities.

For compound 20 from Figure 1, several anomalies arose in ap-
plying our model to this high yielding selective coupling. It was un-
clear which substrate was undergoing oxidation first. Cyclic volt-
ammetry measurements revealed that 2-fert-butyl-6-methylphe-
nol was slightly more oxidizable and functions as phenol II (see
SI). The pKavalues for the two monomers were, however, identical
begging the question of the cross-selectivity. Theorizing that both
anions could form, but that the more nucleophilic would react, we
turned to global nucleophilicities. However, these values would
anticipate a homo-coupling. Site nucleophilicities proved more
predictive indicating that 2-fert-butyl-S-methylphenol would be
more reactive. In addition, these parameters indicated that the
para-position (2.15) within the molecule was substantially more
nucleophilic than the ortho-position (1.70), thus accounting for
the regioselection observed. Ortho- and para-positions both ob-
tain electron density through resonance, but ortho-positions are
more strongly affected by the inductive withdrawing effect of the
OH, which reduces nucleophilicity.

Predictions from the Model. Finally, our proposed mechanism
for this reaction involves oxidation of a phenol that can readily
bind the catalyst, followed by selective deprotonation of a second
phenol to form an ion-pair. Intersystem crossing from this adduct
then allows an intramolecular radical-radical recombination. By
taking into consideration the electronics and binding-ability of
phenols to the Cr-catalyst, along with pK. values and site nucleo-
philicities, we tested the ability of this mechanistic construct to
predict if given pairs would react and if we could anticipate the
product isomers.

Our discovery efforts (Figure 1) had identified 2,6-disubsti-
tuted phenols as reaction partners that readily underwent selective
cross-coupling with a range of phenol partners with the chromium
catalysts. To determine whether it was possible to move away from
having one partner being a 2,6-disubstituted phenol, 2-tert-bu-
tylphenol was assessed. We reasoned that this reaction partner
would still be sufficiently hindered to disfavor direct binding to the
chromium catalyst. For the other partner, 2,4-dimethylphenol was
utilized. The molecular nucleophilicity scale rates the 2,4-dime-
thylphenol (neutral: 3.46 vs 3.21; anionic 9.26 vs 8.97) as more
nucleophilic which predicts homo-coupling to predominate. On
the other hand, the pK. values indicate that the 2- tert-butylphenol
should deprotonate more readily (131.6 vs 134.5). In addition, the
site nucleophilicity scale predicts that the most nucleophilic site is
the paraposition of 2-tert-butylphenol (ortho 1.70, para2.15). To-
gether, these elements predict that a selective para-ortho cross-
coupling should occur which was verified experimentally (31,

Figure 17). Notably, good yields in coupling of mono-ortho sub-
stituted phenols like 2-tert-butylphenol are difficult to obtain.”

Additional couplings were attempted (32-3S, Figure 17) where
our model, utilizing sterics/electronics and pK,, predicted that
cross-coupling would occur. In all cases, good yields and selectivi-
ties were observed. Notably, a model based on oxidizability and
global nucleophilicity anticipated homocoupling of phenol II as
the major product.

For the phenol bound to the chromium catalyst (phenol IT), the
cross-coupling was hypothesized to occur at the least sterically hin-
dered site. This hypothesis explains the para-para coupled prod-
ucts we obtained in the reaction scope. To shift the outcome, ad-
ditional steric hindrance was introduced around the para- position
to obtain ortho-para coupled products, such as in the use of 2,3,5-
trimethylphenol (32, 35), 2,3-dimethylphenol (33), and 3,5-di-
methylphenol (34). In each case, coupling was observed at the
least sterically hindered ortho- position.

For compound 36, 2,4-dimethoxyphenol is expected to be less
sterically hindered with respect to binding the Cr catalysts as well
as more oxidizable electronically. The 2,5-dimethylphenol is 0.5
pK. units more acidic predicting a cross-coupling. The site nucle-
ophilicities further reinforce 2,5-dimethylphenoxide as more reac-
tive than 2,4-dimethoxyphenoxide (1.85) and also corroborate the
coupling at the para-position (2.19 vs 1.74).

In coupling of 2,6-dimethoxyphenol with 2-naphthol, the for-
mer is more readily oxidized (phenol II). Using global nucleo-
philicities alone would suggest that it is also the most nucleophilic,
which would lead to the homo-coupled 2,6-dimethoxyphenol
product. However, 2-naphthol is more acidic (129.4 vs 134.5)
which correlates well with the observed outcome in formation of
37. The 1-position of 2-naphthoxide possessed a much higher site
nucleophilicity (2.61 vs 0.52) than the 3-position in accord with
general trends observed in 2-naphthol couplings.

Compounds 38 and 39 show that the method tolerates well var-
iations in the electronic properties of the phenols. For example, in
the case of 38, we expect the methoxy substituent to decrease the
oxidation potential of the 3,5-dimethyl-4-methoxy phenol by do-
nation of electron density into the ring. When pK. values are taken
in consideration, we find that 2,6-di- fer#butylphenol (7) is signif-
icantly more acidic than 3,5-dimethyl-4-methoxy phenol (127.5 vs
134.8) allowing it to act as the phenol I partner, leading to the for-
mation of the desired cross-coupling product. Compound 39
shows that the presence of slightly electron-withdrawing groups al-
lows the formation of the desired cross-coupling products. In this
case, the presence of a phenyl substituent on 3,5-dimethyl-4-phe-
nyl phenol is expected to slightly increase the oxidation potential,
but still allow it to act as the more oxidizable partner. When the pK.
values of 7 and 3,5-dimethyl-4-phenyl phenol are compared we
find that 7 is still more acidic (127.5 vs 133.5), allowing 7 to act as
the nucleophilic partner, leading to the formation of the cross-cou-
pling product.

In order to explore how the incorporation of additional hy-
droxyl groups would affect the cross-coupling, 2,5-dimethylresor-
cinol was coupled with 2,6-di-tert-butylphenol to afford 40. The
2,5-dimethylresorcinol acts as the more oxidizable partner, and the
pK. values suggest that 2,6-di-tert-butylphenol reacts as the
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phenol I partner (127.5 vs 133.4), leading to formation of the de-
sired compound 40.

Compound 41was obtained from the cross-coupling of 2,6-di-
tertbutylphenol with 2-bromo-4- ter#-butyl phenol. The 2-bromo-
4-tert-butyl phenol acts as the more oxidizable partner, while 2,6-
di- tert-butylphenol is phenol I. The observed reactivity can be ex-
plained since 2,6-di-fert-butylphenol is more acidic (127.5 vs
129.4). The formation of desired compound 41 shows a broader
applicability of this chernistry.

oH tBu tBu t+Bu tBu
tBu l
M OH
] oH
Me Me

31
2d, 65% 2d 74% 2d 67"o 2d, 564(91%)
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O O MeO OMe
Me OH
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35 36
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+Bu
OH OH
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41
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(at 60 °C) (at 60 °C) (at 60 °C)

Figure 17. Examples of cross-coupling products for which the region
selectivity could be predicted by ourmodel. *Yield based on recovered
starting material.

Limitations in Reactivity Anticipated from the Model. The
developed model has been shown to successfully predict the selec-
tive formation of cross-coupling products, based on the electronis,
sterics, acidity, and site nucleophilicities of the reacting phenols.
The model also correctly accounts for the selectivity of reactants
that led to either homo-coupling of one of the phenolic species or
to a mixture of homo- and cross-coupling products. A few exam-
ples are outlined in Figure 18.

For the reaction of 3,4,5-trimethylphenol (8) with 2,5-dime-
thylresorcinol (42) we only observed the homo-coupling product
43. When analyzing this result using our model we find that 42 is
both more acidic and nucleophilic (pK.= 133.4, site N = 2.42)
than its coupling partner 8 (pK. = 133.8, site N = 1.66) supporting
the observed homo-coupling product.

Moreover, the reaction of methyl p-hydroxybenzoate (44) with
2,6-di-tert-butylphenol (7) showed the importance of the oxida-
tion potential and the nucleophilicity of the phenols. For this

reaction, the only product observed was 45, which corresponds to
the homo-coupling of phenol 7. In this case, 44 has a high onset
oxidation potential (1.47 eV) due to the electron-withdrawing na-
ture of the ester group, rendering phenol 7 more oxidizable. In ad-
dition, the electron-withdrawing nature of the ester group will re-
duce the nucleophilicity of 44 (site N = 1.47 vs 2.02), decreasing
the reactivity of the substrate after deprotonation and leading to
the formation of homo-coupling product 4S.

The reaction of 2,6-dimethylphenol (46) with 3,4,5-trime-
thylphenol (8) led to the formation of both homo- and cross-cou-
pling products, in isolated yields of 5% and 87%, respectively. This
reactivity is consistent with our model; the acidity of these two
phenols is very similar (pK.=133.4 and 133.3 respectively) which
willlead to a similar amount of deprotonated phenols in solution.
However, the site nucleophilicity of 46 is significantly higher than
that of 8 (2.11 vs 1.66) leading to the formation of the cross-cou-
pling product predominantly.
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Figure 18. Examples of reactions that did not selectively afford the de-
sired cross-coupling product. * Isolated yield.

CONCLUDING REMARKS

In summary, the mechanism of the selective Cr-catalyzed cross-
coupling of phenols was investigated via a combination of experi-
mental and computational studies. The results showed that the
rate-determining step of the reaction is the oxidation of the Cr(III)
to the active Cr(V). In addition, pseudo-rate orders, DFT calcula-
tions, and KIE data showed that the selectivity of the cross-cou-
pling reaction is determined during carbon-carbon bond for-
mation. The preponderance of the evidence supports the catalytic
cycle outlined in Figure 15. The first step is rate-determining oxi-
dation of the Cr(III) pre-catalyst to the active Cr(V) catalyst. In
contrast to past work in epoxidation with chromium oxo species,
oxygen was found to be an effective terminal oxidant."*® Even so,
this step could be accelerated by use of different oxidants, so long
as direct oxidation of the substrates could be avoided. Future
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catalyst design will focus on further accelerating this step, while
also suppressing formation of the less reactive Cr(IV) complex.
From here, the phenol that can more readily coordinate and oxi-
dize (phenol II) generates Cr(V) adduct INT1 (Scheme 6, item
2). The oxo-Cr(V) causes deprotonation of a the more acidic phe-
nol (phenol I) to generate ion pair INT2 (Scheme 6, item 3),
which upon intersystem crossing would generate the quartet ver-
sion that is best characterized as containing two phenoxy radicals.
Carbon-carbon bond formation from this intermediate is lower in
energy for the cross-coupling than the homo-coupling due to a
lesser degree of electronic reorganization being needed. Regiose-
lection is determined by steric hindrance for phenol I (Scheme 6,
item 4) or site nucleophilicity for phenol I (Scheme 6, item 5). Fi-
nally, release of the adduct and tautomerization generates the
product and regenerates the catalyst.

Scheme 6. Flowchart to determine product outcomes.
up to 10 biphenol products possible!
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The mechanistic construct outlined allows prediction of out-
comes for different phenol pairs. Using steric and electronic pa-
rameters to assess catalyst binding/oxidation in combination with
pK. values and site nucleophilicites shows good fidelity in antici-
pating reactivity, cross-selectivity, and regioselectivity. A greater
degree of mechanistic understanding will allow the design of fur-
ther catalyst systems and oxidants to access these important ad-
ducts.
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