- QA

A4
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Hydroxylation of Substituted Anilides with Metallaphotocatalysis
Buddha B. Khatri,* Lu Chen, Dawei Xu, Rhys Salter, and Ronghui Lin*

Cite This: ACS Omega 2024, 9, 19982-19991 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

i H o H OH
N tBu [RuCly(p-cymene)], N\n/t-Bu Removal of DG NH,
Ny d¢ <)Y .
O DCE, PhI(TFA),, hv (450 nm)
4CzIPN, No, RT

(X = CO,Et, Br, CI, F, NO,, CF3, etc)

ABSTRACT: We report the combination of organo-photocatalysis with transition metal (TM) catalysis for directed ortho-
hydroxylation of substituted anilides for the synthesis of a-aminophenol derivatives under mild conditions. The developed
metallaphotocatalysis utilizes N-pivaloyl as a directing group and phenyl iodine(III) bis(trifluoroacetate) (PIFA) in the combination
of the 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) photocatalyst and [RuCl,(p-cymene)], TM catalyst under
visible-light irradiation at room temperature. The hydroxylation reaction works well for a wide range of substrates containing
electron-withdrawing substituents and could be applied to late-stage functionalization and ortho-hydroxyl metabolite generation for
drug compounds-containing anilides with electron-withdrawing substituents in a single mild reaction.

H INTRODUCTION In 2020, Shi et al. reported an elegant metal-free chelation-
assisted direct hydroxylation of aromatic amides that covers a
wide range of substrates but does not cover some ortho-
substituted functional groups such as ester, nitro, F, CF;, etc.'®
The published literature utilizes high temperature, harsh

Aminophenols such as 2-aminophenols and 2-aminobenzene-
1,3-diols are common structures in biologically active
compounds, building blocks in material science, and
metabolites in the agrochemical and pharmaceutical indus-

tries." Classically, 2-aminophenols are synthesized through reaction conditions, and DGs that are difficult to remove,
sequential nitration-reduction of phenols,” but this strategy which limits the scope and practicability of the developed
suffers from poor regioselectivity, functional group tolerance, methodologies.' "™

and tedious work up procedures. In the past decade, with More recently, light-induced catalysis has been used in other
notable advances in transition metal (TM)-catalyzed direct C— chemical transformations beyond C—C and C-—heteroatom
H activation, several research groups have utilized TM- bond-forming cross-coupling reactions due to its ability to
catalyzed direct C—H oxidation, leading to hydroxylated generate reactive intermediates under mild conditions.'®"” In
arenes and heteroarenes as versatile synthetic intermediates. 2018, Singh et al. reported a metallaphotoredox method for
In 2009, Yu et al. demonstrated carboxylic acid group-directed ortho-hydroxylation of 2-arylpyridines by integrating 4CzIPN
ortho-hydroxylation of benzoic acids with a Pd catalyst in the photocatalyst and Pd(OAc), as a TM metal catalyst under
presence of 1 atm of O, or air.” The same group also disclosed visible-light conditions (Scheme 1bi).*° In 2022, ortho-

Cu(II)-mediated ortho-hydroxylation of aryl C—H bonds.* hydroxylation of 2-arylpyridines and 2-arylbenzoxazoles has
Furthermore, TM-catalyzed carbonyl directed hydroxylation of been reported by Chu and co-workers using a Pd(II) catalyst
arenes and hetegro7arenes has begenlgchieved successfully by the and an Eosin Y photocatalyst (EY-Na,) under mild conditions
groups of Rao,” " Ackermann,” ~ and others under thermal (Scheme 1bii).”! With the onset of hypervalent iodine(III)

c: 13,14
conditions. reagents being prevalently used as an oxidizing reagent in

Although mgglﬁcant progress has been made t.oward Fhe hydroxylation reactions of arenes and heteroarenes in thermal
ortho-hydroxylation of arenes and heteroarenes with a wide . . 7,10,15 .. . e .

i . . X ™ cataly51s reactions, and their increasing apphcatlon n

range of TM catalysts and oxidants and directing groups, site-

selective ortho-hydroxylation of substituted anilines under mild
conditions with a readily removable or traceless directing ‘ :
group (DG) remains a challenge. In 2013, Rao et al. described Revised: Apr%l 9, 2024
mono- and dihydroxylation of anilines with a Ru catalyst using Acce_}’ted’ APr}l 11, 2024
2,6-difluororobenzoyl as a DG."” The DG was successfully Published: April 24, 2024
removed after the hydroxylation in a few examples, but in

others, it leads to benzoxazole or dibenzoazepine (Scheme 1a).
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Scheme 1. Directed ortho-Hydroxylation of Anilines and 2-Arylpyridines
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visible-light-induced organophotocatalysis,22 we were promp-
ted to investigate directed ortho-hydroxylation of substituted
anilides with hypervalent iodine(III) oxidizing reagents under
visible-light metallaphotocatalysis (Scheme 1c).

B RESULTS AND DISCUSSION

Initially, we investigated ortho-hydroxylation of ethyl anthra-
nilate with N-trifluoroacetyl, N-2,6-difluorobenzoyl, and N-
pivaloyl as the DG under Rao’s thermal conditions {[RuCl,(p-
cymene)],, TFA/TFAA, K,S,05 80 °C}," and only N-
pivaloyl worked well to give the desired hydroxyl product.
Based on this, we hypothesized that an N-pivaloyl (Piv-) group
may serve as an ideal DG for the ortho-hydroxylation of
substituted anilines because it is stable under reaction
conditions and can readily be removed. We began our
photochemical investigations with N-pivaloyl ethyl anthranilate
la, a representative ortho-substituted aniline, and explored
reaction conditions to find an optimal oxidizing reagent using
[RuCl,(p-cymene)], as the TM catalyst and 4CzIPN as the
organo-photocatalyst. Standard conditions utilized irradiation
of the reaction mixture under visible light (450 nm) for 6 h in
dichloroethane under nitrogen (Table 1). A host of oxidants
including air, K,S,05 Cu(OAc), PhI(OAc), and Mesl-
(OAc), were evaluated and found ineffective (Table 1 entries
1-5), but we were pleased to find 60% conversion by high-
performance liquid chromatography (HPLC) into the desired
ortho-hydroxylated product 2 with PhI(TFA), (Table 1 entry
6). The reaction profile was clean, and the conversion was

19983

Table 1. Optimization of the Reaction Conditions

EtO O
'_I|Et0 o [RuCly(p-cymene)], (0.1 eq) H
piv- Piv”
4CzIPN (5 mol%) , oxidant (2 equiv), o
1a hv (450 nm), N,, 6 h 2a
entry TM catalyst oxidant (2 equiv) remarks
1 [RuCL,(p-cymene)], air no reaction
2 [RuCl,(p-cymene)], K,S,04 no reaction
3 [RuClL,(p-cymene)], Cu(OAc), no reaction
4 [RuCL,(p-cymene)], PhI(OAc), no reaction
S [RuCl,(p-cymene)], MesI(OAc), no reaction
6 [RuCL(p-cymene)], PhI(TFA), 60%"
7 [RuCl,(p-cymene)], PhI(TFA), 46% under air
8v [RuCl,(p-cymene)], PhI(TFA), 90%"
9° [RuCL(p-cymene)], PhI(TFA), complex mixture
10 RuCl;-H,0 PhI(TFA), no reaction
11 Pd(OAc), PhI(TFA), no reaction

“Product by HPLC. “3 equiv of the oxidant used. “[Ir(dF(CF;)-
ppy),(dtbbpy)]PF¢ (S mol %) used instead of 4CzIPN.

improved to 90% by HPLC with 3 equiv of the oxidant (Table
1 entry 8). Upon using the iridium photocatalyst [Ir(dF-
(CF;)ppy),(dtbbpy) ]PF, instead of 4CzIPN, although some
hydroxylated products were observed on HPLC, the reaction
mixture was complex (Table 1 entry 9). Alternative TM
catalysts such as RuCl;-H,O and Pd(OAc), were found to be

https://doi.org/10.1021/acsomega.3c10008
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ineffective in this reaction (Table 1 entries 10—11).
Furthermore, we examined N-trifluoroacetyl, N-2,6-difluoro-
benzoyl, and N-Boc on the amino group of ethyl anthranilate
as the alternative DG, instead of the N-pivaloyl group in 1la,
under our current metallaphotoredox hydroxylation condi-
tions, but all failed to give any desired product.

After identifying optimal reaction conditions, the direct
ortho-hydroxylation of a range of anilides containing o-
substituents was explored to establish the substrate scope of
the catalytic reaction. Anilides containing electron-withdrawing
groups (EWGs) such as Br, Cl, F, and CF; at the ortho position
were tolerated and oxidized in modest yields (Scheme 2,

Scheme 2. Substrate Scope for ortho-Substituted Anilides in
Isolated Yields

X [RuCly(p-cymene)], (0.1 equiv)

X
PivHN . PivHN X
PhI(TFA), (3 equiv), 4CzIPN (5 mol %) |
=
O/

hv (450 nm), N,, 6 h H
1a-i, X = CO,Et, Br, CI, F, CF3, NO,, H, OMe, NHPiv 2a-i
CO,Et Br o]
PivHN PivHN i PivHNjé
HO HO HO
2a, 60% (52%)? 2b, 53% 2c, 54%
F CFg NO,
PivHNjij PivHN]© PivHNj©
HO HO HO
2d, 41% 2e, 55% 2f, 54%°
H OMe NHPiv
PivHN\©\ PivHN\©\ PivHN\©\
OH OH OH
2g, 48% 2h, 52% 2i, 47%

“Yield in parentheses in 1 mmol of the substrate (1a) while others are
in 0.125—0.25 mmol. “Reaction required 0.2 equiv of [RuCl,(p-
cymene)],, 4 equiv of PhI(TFA),, 10 mol % 4CzIPN, and 24 h of
irradiation.

substrates la—1le). In the case of the anilide containing an
ortho-nitro substituent, a higher catalyst loading, more oxidant,
and longer irradiation time were required to complete the
reaction (Scheme 2, substrate 1f). In contrast, the introduction
of electron-donating groups (EDGs) or unsubstituted anilides
resulted in para-hydroxylation as the sole outcome (Scheme 2,
substrates 1g, 1h, and 1i), likely by a competitive non-directed
mechanism. Such para-selective hydroxylation was previously
reported with electron-rich anilides using hypervalent iodine-
(111) reagents, but only under strong acidic conditions (TFA/
CHCL,).”® To support the observed para-hydroxylation as the
non-directed pathway, three reactions on 1g were performed:
(1) without the TM catalyst, (2) without the TM catalyst and
photocatalyst, and (3) without the TM catalyst and photo-
catalyst and in the absence of light (21 h stirring at room
temperature). In each case, product 2g was obtained as the
major product with HPLC yields of 60%, 71%, and 75%
respectively, indicating that PhI(TFA), directly oxidizes the
substrates 1g to 2g without involving C—H activation and
photoredox catalysis.

Substrates with substituents at the para and meta positions
were also studied. Unlike ortho-substituted anilides, mono-
hydroxylation was accompanied by second hydroxylation in
another ortho position, yielding a mixture of mono- and
dihydroxylated products (Scheme 3a,b). Dihydroxylation was
not surprising and is useful to generate 2-aminobenzene-1,3-
diols. Again, EWG substituents such as CO,Et, Br, Cl, and F
were all well tolerated. Mixtures of mono- and bis-hydroxylated
products were separated and fully characterized. In the case of
the m-Cl substituent, the para-hydroxylated compound was
isolated as the only product, presumably formed by
competitive nondirected hydroxylation mechanism described
earlier.”’

Another conventional way to access 2-aminophenols from
anilines is through ortho-aminophenyl sulfate esters. It has
been reported that aromatic amines can be oxidized to ortho-
aminophenyl sulfate esters by sodium or potassium persulfate,
which in turn can be hydrolyzed in hot acid to its
corresponding 2-aminophenols, with the net result being
ortho-hydroxylation (Boyland—Sims oxidation)."” This proce-
dure suffers from harsh reaction conditions, low yield, and
tedious workup steps. In a separate program, we were in need
of stable-isotope-labeled hydroxy anthranilic acid ([phenyl-
u-Cg]3-HAA) 4 to track the isotope incorporation in
downstream analytes of tryptophan degradation by the
kynurenine pathway.”* [Phenyl-u-"*C¢]3-HAA is not commer-
cially available, but we were able to prepare milligram
quantities of it by following the literature procedure with just
4% isolated yield, Scheme 4a.'”*> By using our developed
hydroxylation with the metallaphotocatalysis, the yield (total
isolated yield 29%) and reproducibility to access [phenyl-
u-3C¢]3-HAA were greatly improved, though with extra steps
(Scheme 4b).

Hydroxylation is one of the major metabolism pathways in
drug compounds, and often attempts to acquire greater
amounts of drug metabolites via chemical approaches to
both confirm structures and assess pharmacological properties
requires de novo synthesis. One-step synthesis of hydroxyl
metabolites from drug molecules or drug candidates is much
desired to potentially accelerate drug discovery and research
efforts. This mild photocatalytic hydroxylation method could
be applied to late-stage functionalization and ortho-hydroxyl
metabolite generation for drug-compound-containing anilides
with EWG substituents in a single, neutral, and mild reaction.

Hypervalent iodine(III) reagents act as oxidants through
electron transfer mechanisms.””*° In consideration of the mild
nature of selective ortho-hydroxylation of substituted anilides,
we became interested in the mechanism of the optimized
metallaphotocatalytic method. The reaction of la did not
proceed in the absence of one of the components from
4CzIPN, [RuCl,(p-cymene)],, and PhI(TFA), or in the
absence of the light, confirming the necessity of each
component within the catalytic cycle. When the reaction of
la was performed in the presence of 3 equiv of a radical
trapping agent, TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)-
oxyl, no product (2a) was detected. Likewise, no conversion
was observed when PhI(OAc), was used in place of
PhI(TFA), [calculated reference redox potential values in
the literature of —0.08 V for PhI(OAc), vs 0.63 V PhI(TFA),
in the single electron transfer (SET) mechanism”’]. These
observations support a radical reaction pathway for the Ru-
catalyzed photoredox C—H activation/ortho-hydroxylation of
substituted anilides containing various EWG substituents like

https://doi.org/10.1021/acsomega.3c10008
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Scheme 3. Substrate Scope for (a) para- and (b) meta-Substituted Anilides in Isolated Yields
(a) para-Substituted

BIVHN [RuCly(p-cymene)]; (0.1 equiv) PivHN PiVHN
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Scheme 4. Synthesis of [Phenyl-u-'>C]3-hydroxy Anthranilic Acid ([u-"*C¢]3-HAA)
(a) by Boyland-Sins oxidation
NH NH,
COOH 4 Na,S,0g, 2N NaOH/H,0, acetone  HO COOH
, 2. HCI, H,0
) 13
[u-"Cel 4% yield [u-"Cel
3 4
(b) by Metallaphotocatalysis
NH, NHPiv
CO,H 1- EtOH, H2S0,, CO,Et  [RuCly(p-cymene)], (0.1eq)
reflux, 96 h PhI(TFA), (3 eq), 4CzIPN (5 mol %)
[u-"3Cg] 2. PivCl, EtsN, DCM [u-"3Cg] hv (450 nm), N5, 6 h
3 16h 5 59%
64%
i NH
NHPiv ACOH,HCI 2
HO COEt 110 °C HO CO,H
_—
76%
[u-13Ce] ’ [u-13Ce]
6 4
la. On the other hand, the hydroxylation of substituted proceeds via competitive direct oxidation with PhI(TFA),
anilides containing EDG substituents, such as substrate 1g, without involving C—H activation and photoredox catalysis.
19985 https://doi.org/10.1021/acsomega.3¢10008

ACS Omega 2024, 9, 19982—-19991


https://pubs.acs.org/doi/10.1021/acsomega.3c10008?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10008?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10008?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10008?fig=sch4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
Scheme 5. Plausible Reaction Mechanism
O Ho
t-Bu
HN\GX
2 =

Hydrolysis

F3COCO Ry* CFs

tBu‘</
HN—7 2.x
\
=

Vil
(')
[4CzIPN]*
FSCOCO‘RU 3 4CZ|PN
tBu~</
HN /
[4CZIPN
FCOCO\
3 RU\|
t-Bu—’
‘H<N %
\

+n0
% o H YO
t-Bu—(’
* e

CF3CO(1_/

"
&

J [RuCly(p-cymene)],

1] \
'\QL“\\O\ CF,4
o HO
t-Bu—’
% / D x
PhI(TFA),
CF4,C00
Ph—*
|
OCOCF,
CF,COOH

|=3coco\Ru/ococF3

Based on the observed reactions and experimental data, a
mechanism for the ortho-hydroxylation of substituted anilides
containing the EWG substituents is proposed in Scheme S.
Initially, PhI(TFA), undergoes ligand exchange with
[RuCl,(p-cymene)],, where the carbonyl of the N-Piv group
of the substrate acts as a DG and facilitates C—H activation to
form intermediates I—III. Absorption of visible light by
4CzIPN generates the excited state species, 4CzIPN*, which
undergoes SET to another molecule of PhI(TFA),, generating
an iodanyl radical and a trifluoroacetate anion, which engage in
a ruthenacycle through ligand exchange. The reduced photo-
catalyst [4CzIPN]*~ undergoes SET to regenerate the
photocatalyst. The oxidation occurs in two steps, first by the
cleavage of the I-O bond along with the formation of the Ru—
I bond via intermediate IV, followed by the subsequent
cleavage of the second I-O bond, forming intermediate V.
Reduction of intermediate V, release of iodobenzene and
trifluoroacetate coordination to the metal center, forms
intermediate VI, which upon the reductive elimination to VII
followed by hydrolysis gives the ortho-hydroxylated product.
For dihydroxylation, the catalytic cycle repeats and ultimately
leads to hydroxylate the other accessible ortho position.

In conclusion, the metallaphotocatalysis method for the
ortho-hydroxylation of substituted anilines containing various

19986

EWG substituents operates under mild conditions using a
readily removable pivaloyl DG by integrating the photocatalyst
4CzIPN and [RuCl,(p-cymene)], and PIFA. The ortho-
substituted pivalanilides containing EWGs such as Br, Cl, F,
CF;, and CO,Et at the ortho position were hydroxylated at the
ortho positions of the DG in 41-60% isolated yields. In
comparison, the substrates with ortho EDGs or unsubstituted
anilides resulted in para-hydroxylation of the anilides as the
only product, likely by a nondirected hydroxylation mecha-
nism. On the other hand, for para-substituted pivalanilides,
monohydroxylation was accompanied by second hydroxylation
in another ortho position, yielding a mixture of mono- and bis-
hydroxylated products. For meta-substituted pivalanilides, with
limited substrates, it might produce a mixture of mono- and
bis-hydroxylated products or monohydroxylated products.
This methodology was applicable to hydroxylate at the ortho
positions of substituted anilines containing various EWG
substituents, which would otherwise not be easily accessible.
The utility of the developed hydroxylation method was
exemplified by preparing the stable-isotope-labeled compound
[phenyl-u-"*C¢]3-hydroxy anthranilic acid, which was difficult
to prepare using conventional methods. The hydroxylation
method could be potentially applied to late-stage functional-
ization and ortho-hydroxyl metabolite generation for drug

https://doi.org/10.1021/acsomega.3c10008
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compound-containing anilides with EWG substituents in a
single, neutral, and mild reaction, offering an advantage to de
novo synthesis.

B EXPERIMENTAL SECTION

All reagents and chemicals were obtained from commercial
suppliers and used as received. Reactions were monitored by
thin layer chromatography (TLC) analysis on silica gel
(Merck, 60 F254 plate) and/or liquid chromatography mass
spectrometry (LC—MS). TLC plates were visualized by
exposure to short-wave ultraviolet (254 and 366 nm) light.
LC—MS analyses were performed on an Agilent 6140
quadrupole LC/MS system. Thermally heated reactions were
carried out in an oil bath on a hot plate with a temperature
controller. Photochemical reactions were performed on
photoreactors m1 and m2 from Penn Optical Coatings LLC
equipped with 450 nm LED light and an 8 mL vial holder.
Purification of compounds was performed by gradient elution
by specified solvents either by flash column chromatography or
by preparative HPLC. Flash column chromatography was
carried out on a CombiFlash R; with prepacked silica gel (Redi
Sep) columns. Preparative HPLC was conducted on a
Teledyne ISCO EZ prep using a Phenomenex Gemini C18,
5 pum, 110 A column (size: 250 X 21.2 mm). HPLC analysis
was performed on an Agilent 1200 using a Waters Xbridge
C18, 3.5 um, 4.6 X 150 mm column at 25 °C with a 1 mL/min
flow rate and a S uL injection volume. Mobile phase A: 0.1%
TFA in H,O. Mobile phase B: 0.1% TFA in CH;CN. Gradient:
10—90% B, 0—15 min; 90% B, 15—18 min; 90—10% B, 18—19
min; and 10% B, 19—20 min 'H NMR, *C NMR, and 2D
NMR spectra were recorded on a Britker AVANCE III HD
Nanobay spectrometer (400 and S00 MHz). Chemical shifts
(8) were given in ppm relative to TMS, and multiplicities are
reported using the following abbreviations: s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet. Coupling
constants (J) are given in hertz (Hz). High-resolution mass
spectrometry (HRMS) was performed on a Waters TOF LC/
MS system using a Zspray electrospray ionization (ESI) and
time-of-flight (TOF) analyzer in the positive-ion detection
mode. The mass peak with a higher intensity of [M + H]* was
chosen for accurate mass analysis.

Substrates for hydroxylation reactions were purchased from
chemical suppliers, except 1a, 1i, and 1j, which were prepared
as described below.

Ethyl 2-Pivalamidobenzoate (1a). To a solution of ethyl
anthranilate (1.669 g, 10 mmol) in dichloromethane (DCM)
at 0 °C was added triethylamine (4.17 mL, 0.728 g/mL, 30
mmol), followed by pivaloyl chloride (1.462 g, 12 mmol). The
reaction was slowly warmed to room temperature and stirred
for 4 h before diluting with water (40 mL). Layers were
separated, and the aqueous layer was extracted with DCM (2 X
20 mL). Combined organic layers were washed with water and
brine, dried over Na,SO,, concentrated, and purified on a silica
gel column with 20% EtOAc/heptane. Pure fractions were
combined and concentrated to obtain the title compound (2.4
g, 96% yield). '"H NMR (400 MHz, CDCl;): § 11.36 (br s,
1H), 8.78 (dd, ] = 1.0, 8.8 Hz, 1H), 8.05 (dd, J = 1.7, 8.1 Hz,
1H), 7.53 (dt, ] = 1.7, 7.9 Hz, 1H), 7.09~7.04 (m, 1H), 4.39
(q,J=7.3 Hz, 2H), 1.39 (t, ] = 7.3 Hz, 3H), 1.35 (s, 9H). 1*C
NMR (101 MHz, CDCLy): § 177.96, 168.41, 142.05, 134.53,
130.81, 122.14, 120.31, 11527, 61.34, 40.39, 27.62, 14.22.
HRMS (ESI) caled for C,,H,NO; [M + HJ*, 250.1443;
found, 250.1447.

N,N’-(1,2-Phenylene)bis(2,2-dimethylpropanamide)
(1i). To a 0 °C solution of benzene-1,2-diamine (200 mg, 1.85
mmol) in DCM (3 mL), DMAP (22.6 mg, 0.185 mmol), and
N,N-diisopropylamine (0.5 mL, 3.70 mmol) was added
pivaloyl chloride (0.46 mL, 3.70 mmol). The solution was
slowly warmed to room temperature and stirred for 3 h before
diluting with water (5 mL). Layers were separated, and the
aqueous layer was extracted with DCM (2 X 3 mL). Combined
organics were dried in MgSO,, filtered, and concentrated in
vacuo. The residue was purified on a silica gel column with 0—
70% EtOAc/heptane. Pure fractions were combined and
concentrated to get the title compound 1i as a fluffy-white
solid (439 mg, 86% yield). 'H NMR data match with the
literature.”® '"H NMR (400 MHz, CDCL,): § 8.08 (br s, 2H),
7.39—7.42 (m, 2H), 7.18—7.22 (m, 2H), 1.32 (s, 18H).

Ethyl 4-Pivalamidobenzoate (1j). Prepared following the
literature procedure.”” 'H NMR (400 MHz, CDCl,): & 8.03—
7.99 (d, J = 8.8 Hz, 2H), 7.64—7.60 (d, ] = 8.8 Hz, 2H), 7.44
(brs, 1H), 436 (q, ] = 7.3 Hz, 2H), 1.39 (t, ] = 7.3 Hz, 3H),
1.33 (s, 9H).

A general representative procedure for the hydroxylation is
described here using ethyl 2-pivalamidobenzoate (1a).

Ethyl 3-Hydroxy-2-pivalamidobenzoate (2a). To a
mixture of ethyl 2-pivalamidobenzoate (1a) (31.2 mg, 0.125
mmol), (bis(trifluoroacetoxy)iodo)benzene (161.3 mg, 0.375
mmol), dichloro(p-cymene)ruthenium(II) dimer (7.6 mg,
0.0125 mmol), and 4CzIPN (4.9 mg, 0.0062 mmol) in a
vial, dichloroethane (1 mL) was added under nitrogen and
irradiated at 450 nm for 6 h. The reaction was concentrated
and purified on a silica gel column using 15% EtOAc/heptane
to get the monohydroxylated title product 2a (20 mg, 60%
yield) as an off-white solid. 'H NMR (400 MHz, CDCL): §
11.35 (br s, 1H), 9.83 (s, 1H), 7.55 (dd, ] = 7.6, 1.7 Hz, 1H),
7.17 (dd, ] = 8.2, 1.3 Hz, 1H), 7.07 (t, ] = 8.2 Hz, 1H), 4.31 (q,
J = 7.2 Hz, 2H), 1.36—1.31 (m, 12H). *C NMR (101 MHz,
CDCl,): 6 180.55, 168.50, 150.02, 128.97, 125.73, 125.66,
122.86, 119.91, 61.73, 40.15, 27.75, 14.16. HRMS (ESI) calcd
for C,,H,(NO, [M + H]*, 266.1392; found, 266.1394. The
isolated yield of 2a was 52% when the reaction was scaled up
to 1 mmol of the substrate (1a), while HPLC analysis of the
reaction mixture showed that it was composed of the desired
product and the starting material (1a) in a ratio of about 3:1.

N-(2-Bromo-6-hydroxyphenyl)pivalamide (2b). Pre-
pared following the general procedure from N-(2-
bromophenyl)pivalamide (1b, 50 mg, 0.195 mmol), and 28
mg was isolated (53% yield), "H NMR (400 MHz, DMSO-d):
59.60 (s, 1H), 8.75 (s, 1H), 7.08—6.99 (m, 2H), 6.86 (dd, ] =
7.8, 2.0 Hz, 1H), 1.22 (s, 9H). 3C NMR (101 MHz, DMSO-
dg): 6 176.88, 155.69, 129.02, 125.49, 124.74, 122.91, 115.83,
39.06, 27.89. HRMS (ESI) calcd for C;;H,;sNO,Br [M + HJ",
272.0286; found, 272.0286.

N-(2-Chloro-6-hydroxyphenyl)pivalamide (2c). Pre-
pared following the general procedure from N-(2-
chlorophenyl)pivalamide (1c, 50 mg, 0.236 mmol), and 27
mg was isolated (54% yield). "H NMR (500 MHz, CDCL,): §
9.50 (s, 1H), 8.04 (br's, 1H), 7.07 (dd, J = 8.7, 7.5 Hz, 1H),
6.99—6.95 (m, 2H), 1.40 (s, 9H). *C NMR (126 MHz,
CDCL): & 179.71, 150.74, 127.17, 126.17, 123.23, 120.73,
119.28, 40.06, 27.66. HRMS (ESI) calcd for C,,H,;NO,Cl [M
+ HJ, 228.0791; found, 228.0797.

N-(2-Fluoro-6-hydroxyphenyl)pivalamide (2d). Pre-
pared following the general procedure from N-(2-
chlorophenyl)pivalamide (1d, 24.4 mg, 0.125 mmol), and 11
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mg was isolated (42% yield) as an off-white solid. 'H NMR
(400 MHz, CDCL,): 6 9.81 (s, 1H), 7.76 (br s,1H), 7.07 (td, ]
= 829, 6.82 Hz 1H), 6.81-6.83 (d, ] = 8.50, 7.5 Hz, 1H),
6.66—6.68 (ddd, J = 10.13, 1.13 Hz, 1H), 1.38 (s, 9H). *C
NMR (126 MHz, CDCl,): 6 179.56, 155.84, 153.43, 150.37,
126.65, 126.55, 115.67, 114.97, 114.85, 106.34, 106.13, 39.80,
27.58. F NMR (377 MHz, CDCl,): § —128.50 (s, 1F).
HRMS (ESI) caled for C,,H,,FNO, [M + HJ*, 212.1087;
found, 212.1087.

N-(2-Hydroxy-6-(trifluoromethyl)phenyl)pivalamide
(2e). Prepared following the general procedure from N-(2-
(trifluoromethyl)phenyl)pivalamide (le, 57.9 mg, 0.236
mmol), and 34 mg was isolated (55% yield), '"H NMR (400
MHz, C,Dy): 6 9.28 (s, 1H), 7.70—7.57 (m, 1H), 7.19—7.16
(m, 1H), 6.88 (d, J = 7.2 Hz, 1H), 6.68 (t, ] = 8.1 Hz, 1H),
0.96 (s, 9H). 3C NMR (101 MHz, CDCL,): § 180.10, 151.67,
127.32, 125.36, 125.05, 123.65, 122.88, 118.30, 39.77, 27.40.
YE NMR (377 MHz, CDCl,): § —60.39 (s, 3F). HRMS (ESI)
caled for C;,H,{NO,F; [M + H]*, 262.105S; found, 262.1056.

N-(2-Hydroxy-6-nitrophenyl)pivalamide (2f). To a
mixture of N-(2-nitrophenyl)pivalamide (1f $5.6 mg, 0.25
mmol), (bis(trifluoroacetoxy)iodo)benzene (430 mg, 1.0
mmol), dichloro(p-cymene)ruthenium(II) dimer (30.6 mg,
0.20 mmol), and 4CzIPN (19.7 mg, 0.025 mmol) in a vial,
dichloroethane (1 mL) was added under nitrogen and
irradiated at 450 nm for 24 h. The reaction was concentrated
and purified on a silica gel column using 20% EtOAc/hexane
to get the monohydroxylated title product 2f (32 mg, 54%
yield) as an off-white solid. '"H NMR (400 MHz, CDCly): &
10.29 (br s, 1H), 9.30 (s, 1H), 7.66 (dd, J = 8.1 1.7 Hz, 1H),
729 (dd, J = 7.8, 1.5 Hz, 1H), 7.21=7.15 (m, 1H), 7.25—7.11
(m, 1H), 1.42—1.27 (m, 9H). *C NMR (101 MHz, CDCl,): §
181.09, 151.30, 141.27, 127.14, 126.12, 122.47, 118.00, 40.31,
27.60. HRMS (ESI) caled for C,H,N,O, [M + HJ,
239.1032; found, 239.1029.

N-(4-Hydroxyphenyl)pivalamide (2g). Prepared follow-
ing the general procedure from N-phenylpivalamide (1g, 44.3
mg, 0.25 mmol), and 23 mg was isolated (48% yield). Both 'H
and '*C NMR spectra matched with literature data.”® "H NMR
(400 MHz, DMSO-dg): 6 9.13 (s, br, 1H), 8.94 (s, br, 1H),
7.38—7.32 (m, 2H), 6.74—6.60 (m, 2H), 1.20 (s, 9H). *C
NMR (101 MHz, DMSO-d¢): § 176.32, 153.77, 131.31,
122.79, 115.20, 39.28, 27.81.

To confirm non-directed hydroxylation in example N-
phenylpivalamide (1g), the following test reactions were
conducted: (1) reaction without the TM catalyst, (2) reaction
without the TM and photocatalyst, and (3) reaction without
the TM and photocatalyst and in the absence of light (21 h
stirring at room temp). In all cases, product 2g was formed as a
major product with HPLC yields of 60%, 71%, and 75%
respectively, while the products were not isolated.

N-(4-Hydroxy-2-methoxyphenyl)pivalamide (2h). Pre-
pared following the general procedure from N-(2-
methoxyphenyl)pivalamide (1h, 38 mg, 0.183 mmol), and 21
mg was isolated (51% yield). '"H NMR (400 MHz, CDCL): &
8.08 (d, J = 8.51 Hz, 1H), 7.94 (s, 1H), 7.27 (s, 1H), 6.84 (br,
s, 1H) 6.42—6.48, (m, 1H), 3.82 (s, 3H), 1.32 (s, 9H). *C
NMR (126 MHz, CDCl,): § 176.96, 153.43, 149.73, 121.14,
119.69, 106.64, 98.73, 55.70, 39.76, 27.55. HRMS (ESI) calcd
for C;,H,,NO; [M + HJ*, 224.1287; found, 224.1288.

N,N’-(4-Hydroxy-1,2-phenylene)bis(2,2-dimethylpro-
panamide) (2i). Prepared following the general procedure
from N,N’-(1,2-phenylene)bis(2,2-dimethylpropanamide) (1i,

34.5 mg, 0.125 mmol), and 17 mg was isolated (47% yield) as
an off-white solid. '"H NMR (400 MHz, CDCL): 6 7.12 (d, ] =
8.68 Hz, 1H), 6.97 (d, J = 2.69 Hz, 1H), 6.65 (dd, ] = 8.68,
2.69 Hz, 1H), 1.28 (s, 8H) 1.28(s, 8H). *C NMR (126 MHz,
CDCly): 6 180.49, 179.86, 157.15, 134.16, 128.11, 123.77,
114.00, 112.78, 40.53, 40.26, 28.04, 27.97. HRMS (ESI) calcd
for C,4H,,N,O; [M + HJ*, 293.1865; found, 293.1871.

Ethyl 3-Hydroxy-4-pivalamidobenzoate (2j1). Pre-
pared following the general procedure from ethyl 4-
pivalamidobenzoate (1j, 62.3 mg, 0.25 mmol); two products
(2j1 and 2j2) were isolated. 17 mg of 2j1 was isolated (26%
yield). '"H NMR (400 MHz, CDCL,): & 8.56 (s, 1H), 7.95 (s,
1H), 7.69 (d, ] = 1.5 Hz, 1H), 7.58 (dd, J = 8.3, 1.9 Hz, 1H),
7.54 (d, ] = 8.3 Hz, 1H), 4.35 (q, ] = 6.8 Hz, 2H), 1.40—1.33
(m, 12H). 3C NMR (101 MHz, CDCL): § 178.72, 166.40,
147.18, 130.25, 127.67, 12222, 120.96, 119.24, 61.14, 39.86,
27.63, 14.28. HRMS (ESI) caled for C,,H,,NO, [M + HJ,
266.1392; found, 266.1395.

Ethyl 3,5-Dihydroxy-4-pivalamidobenzoate (2j2). Iso-
lated 14 mg of 2j2 (20% yield). '"H NMR (400 MHz, CDCL,):
§9.10 (s, 2H), 8.33 (s, 1H), 7.30—7.25 (m, 2H), 4.34 (q, ] =
7.2 Hz, 2H), 1.41—-1.34 (m, 12H). *C NMR (101 MHz,
CDCL): § 179.66, 167.17, 148.30, 127.58, 119.21, 110.51,
61.55, 40.00, 27.65, 14.15. HRMS (ESI) calcd for C,,H,NO;
[M + HJ*, 282.1344; found, 282.1341.

N-(4-Chloro-2-hydroxyphenyl)pivalamide (2k1). Pre-
pared following the general procedure from N-(4-
chlorophenyl)pivalamide (1k, 52.9 mg, 0.25 mmol); two
products (2kl and 2k2) were isolated. 15 mg of 2kl was
isolated (26% yield). "H NMR (400 MHz, CDCL,): & 9.06 (s,
1H), 7.63—7.50 (m, 1H), 7.02 (d, ] = 2.0 Hz, 1H), 6.94 (d, ] =
8.3 Hz, 1H), 6.86—6.82 (m, 1H), 1.35 (s, 9H). *C NMR (101
MHz, CDCL): § 17924, 149.77, 132.12, 124.39, 12291,
120.39, 120.02, 39.53, 27.66. HRMS (ESI) calcd for
C,,H,sNO,CI [M + HJ*, 228.0791; found, 228.0796.

N-(4-Chloro-2,6-dihydroxyphenyl)pivalamide (2k2).
Isolated 18 mg of 2k2 (30% yield). 'H NMR (400 MHz,
CDCL,): & 8.25 (s, 2H), 8.05 (br s, 1H), 6.51 (s, 2H), and 1.36
(s, 9H). 3C NMR (101 MHz, CDCL): § 179.27, 148.83,
131.29, 113.80, 109.76, 39.82, 27.65. HRMS (ESI) calcd for
C,,H,NO,Cl [M + HJ*, 244.0748; found, 244.0743.

N-(4-Bromo-2-hydroxyphenyl)pivalamide (2I1). Pre-
pared following the general procedure from N-(4-
bromophenyl)pivalamide (11, 64 mg, 0.25 mmol); two
products (211 and 2I2) were isolated. Isolated 16 mg of 211
(24% yield). "H NMR (400 MHz, DMSO-dy): § 10.36 (s,
1H), 8.48 (s, 1H), 7.73 (d, J = 8.6 Hz, 1H), 7.03 (d, ] = 2.4
Hz, 1H), 6.96 (dd, J = 2.2, 8.6 Hz, 1H), 1.23 (s, 9H). 3C
NMR (101 MHz, DMSO-d,): & 176.83, 149.59, 126.47,
124.01, 122.14, 118.26, 116.15, 39.68, 27.68. HRMS (ESI)
caled for C;;H,;sNO;Br [M + H]*, 272.0286; found, 272.0291.

N-(4-Bromo-2,6-dihydroxyphenyl)pivalamide (212).
Isolated 20 mg of 212 (28% yield). 'H NMR (400 MHz,
DMSO-dy): 6 9.74 (s, 2H), 8.43 (s, 1H), 6.52 (s, 2H), 1.23 (s,
9H). 3C NMR (101 MHz, DMSO-d,): § 178.30, 154.41,
118.80, 114.03, 110.55, 39.24, 27.86. HRMS (ESI) calcd for
C,,H,sNO,Br [M + HJ*, 288.0235; found, 288.0242.

N-(4-Fluoro-2,6-dihydroxyphenyl)pivalamide (2m2).
To a mixture of N-(4-fluorophenyl)pivalamide (1m, 48.8 mg,
0.25 mmol), (bis(trifluoroacetoxy)iodo)benzene (430 mg, 1
mmol), dichloro(p-cymene)ruthenium(II) dimer (15.3 mg,
0.025 mmol), and 4CzIPN (9.9 mg, 0.0125 mmol) in a vial,
dichloroethane (2 mL) was added under nitrogen and
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irradiated at 450 nm for 24 h, generating a mixture of 2m2 and
trace 2m1. The reaction mixture was concentrated and purified
on a silica gel column using 0—30% EtOAc/hexane to get the
dihydroxylated title product 2m2 (9 mg, 16% yield) as an off-
white solid. '"H NMR (400 MHz, CD,0D): 6 6.14 (d, ] = 9.8
Hz, 2H), 132 (s, 9H). *C NMR (101 MHz, CDClL,): &
179.71, 161.75, 152.18, 110.19, 94.63, 39.08, 26.51. ’"F NMR
(377 MHz, CD,0OD): § —117.09 (s, 1F). HRMS (ESI) calcd
for C,;H,;sFNO, [M + H]*, 228.1036; found, 228.1039.

N-(5-Bromo-2-hydroxyphenyl)pivalamide (2n1). Pre-
pared following the general procedure from N-(3-
bromophenyl)pivalamide (1n, 32 mg, 0.125 mmol); two
products (2n1 and 2n2) were isolated. Isolated 14 mg of 2n1
(42% yield). "H NMR (400 MHz, CDCL,): & 8.62 (br s, 1H),
7.55 (br's, 1H), 7.24—7.20 (m, 2H), 6.89 (d, ] = 8.8 Hz, 1H),
1.35 (s, 9H). 3C NMR (101 MHz, CDCL,): § 179.23, 148.10,
129.78, 126.93, 124.80, 121.31, 111.86, 39.61, 27.65. HRMS
(BSI) caled for C;;H;sNO,Br [M + H]*, 272.0286; found,
272.0290.

N-(3-Bromo-2,6-dihydroxyphenyl)pivalamide (2n2).
Isolated 6 mg of 2n2 (17% yield). '"H NMR (400 MHz,
CDCly): 5 9.74 (brs, 1H), 8.05 (brs, 1H), 7.16 (d, ] = 8.8 Hz,
1H), 6.53 (d, ] = 9.3 Hz, 1H), 6.16 (br s, 1H), 1.37 (s, 9H).
3C NMR (101 MHz, CDCL): § 179.47, 149.39, 143.83,
128.34, 115.58, 112.81, 99.64, 39.88, 27.65. HRMS (ESI) calcd
for C;;H,;sNO;Br [M + H], 288.0235; found, 288.0240.

N-(3-Chloro-4-hydroxyphenyl)pivalamide (20). Pre-
pared following the general procedure from N-(3-
chlorophenyl)pivalamide (1o, 27.2 mg, 0.125 mmol), isolated
yield = 12 mg (42% yield). "H NMR (400 MHz, CDCl,): §
7.73 (d, J = 2.4 Hz, 1H), 7.21 (s, br, 1H), 7.17—7.16 (dd, ] =
8.8, 2.4 Hz, 1H), 6.95 (d, J = 8.8 Hz, 1H), 5.51 (s, 1H), 1.30
(s, 9H). C NMR (101 MHz, CDCL,): § 176.62, 148.20,
131.42, 121.46, 120.68, 119.83, 116.08, 39.49, 27.59. HRMS
(BSI) caled for C;;H;sNO,Cl [M + H]*, 228.0791; found,
228.0793.

[Phenyl-u-'3C¢lethyl 2-Pivalamidobenzoate (5). To an
ethanol (1 mL) solution of [phenyl-u-'*C¢]anthranilic acid (3)
(200 mg, 1.398 mmol) in a 15 mL round-bottom flask
equipped with an air condenser was added concentrated
sulfuric acid (0.25 mL, 4.69 mmol) at room temperature. The
reaction was slowly heated to reflux for 96 h. After cooling to
ambient temperature, the reaction mixture was neutralized
with 2N aqueous sodium bicarbonate solution and extracted
with ethyl acetate (3 X 5 mL). Combined organic layers were
dried over anhydrous sodium sulfate, filtered, and concentrated
to dryness to get an off-white solid (240 mg), which was
dissolved in DCM (2 mL) and cooled to 0 °C. To this was
added triethylamine (0.58 mL) followed by the dropwise
addition of pivolyl chloride (236 mg, 1.957 mmol). The
reaction was slowly warmed to room temperature and, after
stirring for 16 h, diluted with DCM (2.5 mL) and water ($
mL). Layers were separated, and the aqueous layer was
extracted with DCM (S mL). Combined organic layers were
dried over anhydrous sodium sulfate and concentrated, and the
residue was purified on a 12 g silica gel column with 0—10%
EtOAc/heptane. Pure fractions were combined and concen-
trated to get the title compound § (230 mg, 64% over two
steps) as a clear oil, which solidified upon storage. "H NMR
(400 MHz, CDCL,): & 11.36 (br s, 1H), 9.05—8.48 (m, 1H),
8.40—7.78 (m, 1H), 7.79—7.31 (m, 1H), 7.30—6.75 (m, 1H),
4.39 (q, ] = 6.8 Hz, 2H), 1.55 (s, H), 1.42 (t, ] = 7.3 Hz, 3H),
1.35 (s, 9H). *C NMR (101 MHz, CDCL,): § 177.95, 168.41,

19989

142.03, 134.51, 130.79, 122.08, 120.27, 115.22, 61.33, 40.39,
27.62, 14.22. HRMS (ESI) calcd for C¢"*CH,,NO, [M + H]*,
256.1644; found, 256.1647.

[Phenyl-u-"3C¢lethyl 3-Hydroxy-2-pivalamidoben-
zoate (6). To a mixture of [phenyl-u-'>C¢lethyl 2-
pivalamidobenzoate (5) (31.9 mg, 0.125 mmol), (bis-
(trifluoroacetoxy)iodo)benzene (161.3 mg, 0.375 mmol),
dichloro(p-cymene)ruthenium(II) dimer (7.6 mg, 0.0125
mmol), and 4CzIPN (4.9 mg, 0.0062 mmol) in a vial,
dichloroethane (1 mL) was added under nitrogen and
irradiated at 450 nm for 6 h. The reaction was concentrated
and purified on a 12 g silica gel column using 15% EtOAc/
hexane to get the title compound 6 (20 mg, 59% yield) as an
off-white solid. '"H NMR (400 MHz, CDCl,): § 11.33 (br s,
1H), 9.90 (t, ] = 4.2 Hz, 1H), 7.92—7.29 (m, 2H), 7.16—6.78
(m, 1H), 4.38 (q, ] = 7.3 Hz, 2H), 1.45—1.37 (m, 12H). °C
NMR (101 MHz, CDCL): & 180.55, 168.45, 150.01, 128.95,
125.72, 125.65, 122.78, 119.83, 61.73, 40.14, 27.62, 14.16.
HRMS (ESI) calcd for C4"*CH,,NO, [M + HJ]*, 272.1593;
found, 272.1596.

[Phenyl-u-1"3C4]3-hydroxy Anthranilic Acid (4). To a
solution of [phenyl-u-"*Cylethyl 3-hydroxy-2-pivalamidoben-
zoate (6) (18 mg, 0.067 mmol) in acetic acid (1 mL) was
added 6 M HCI (2 mL), and the mixture was heated to 110 °C
for 110 h. The reaction was concentrated to dryness and
purified on a Teledyne ISCO EZ prep using a Gemini S pm
C18 110 A column (size 250 X 21.2 mm) with the following
solvent gradient. Solvent A: 0.1% formic acid in water, solvent
B: ACN. 0—4 min, isocratic 5% B; 4—7 min, gradient 5—38%
B; 7—17 min isocratic 38% B, 17—18 min, gradient 38—95% B;
18—21 min, isocratic 95% B; 21 min, back to 35% B; 21—23
min isocratic 35% B. The flow rate was 22 mL/min. The
desired product was eluted at 17.8 min. Pure fractions were
combined and concentrated to dryness to give the title
compound 4 (8 mg, 76% yield) as an off-white solid. "H NMR
(400 MHz, DMSO-d;) 6 = 9.52 (br s, 1H), 8.25 (br s, 1H),
7.42—6.14 (m, 3H). ®C NMR (101 MHz, DMSO-dy):
170.29, 144.92, 141.61, 121.80, 117.11, 114.41, 110.41. HRMS
(ESI) caled for CBCHNO,; [M + H]*, 160.0705; found,
160.0705.
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