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Dual Catalytic

Hydroxylation of Aryl Halides with Water

Liu Yang', Zhiyan Huang', Gang Li", Wei Zhang', Rui Cao', Chao Wang", Jianliang Xiao™* and Dong

Xue*!

Abstract: A highly effective hydroxylation reaction of aryl halides
with water under the synergistic merger of organophotoredox and
nickel-catalysis is reported. The OH group of phenols originates
from water following deprotonation facilitated by an intramolecular
base group on the ligand. Significantly, aryl bromides as well as
less reactive aryl chlorides can serve as effective substrates,
affording phenols with a wide range of functional groups. Using no
strong inorganic bases and no expensive noble metal catalysts, this
process can be applied to the efficient preparation of diverse
phenols and enables the hydroxylation of several multifunctional
pharmaceutical aryl halides.

Phenols and their derivatives are important organic functional
groups, prevalent in many pharmaceuticals, agrochemicals,
materials and natural products. Although the efficient
synthesis of phenols has been realized from different
strategies,? one of the most attractive methods is the metal-
catalyzed hydroxylation of aryl halides due to the abundance of
various haloarenes (Scheme 1A).! The coupling of hydroxide
anions from strong inorganic bases with aryl halides catalyzed
by copper,”® iron™ and palladium”® has been successfully
developed and recognized as one of the most valuable
approaches to phenols. However, the use of strong inorganic
bases or organic superbases® is problematic, especially for
substrates bearing base-sensitive functionalities. To overcome
this limitation, Fier and Maloney™ ™ recently reported the Pd-
and Cu-catalyzed hydroxylation of aryl halides to access
phenols with benzaldehyde oxime as the hydroxide surrogate
and Cs;CO; as the base (Scheme 1A). Despite these
achievements, the coupling of aryl halides with water as
nucleophile catalyzed by cheap metals is believed to be an
ideal strategy for the synthesis of phenols.

With the background above in mind, we envisaged a
strategy for the synthesis of phenols that would involve the
synergistic merger of organophotoredox (PC)® and nickel
catalysisi'® for the hydroxylation of aryl halides with water, as
illustrated in Scheme 1B. Although water is an ideal hydroxyl
source for hydroxylation, a highly challenging issue is that water
is a weak nucleophilic reagent. This problem could be tackled
by introducing an intramolecular hydrogen bond acceptor or
basic group in the ligand, which would facilitate the generation
of the hydroxide nucleophile in situ from the coordinated water
via hydrogen bonding and deprotonation (Scheme 1 B).™ The
Ni-catalyzed photochemical C-O bond formation from aryl
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A. Hydroxylation of Aryl Halides with Hydroxides or Benzaldehyde Oxime
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Scheme 1. Synthesis of phenols from aryl halides under various conditions
and a working hypothesis for the reaction in this work.

alcohols has witnessed significant advance.? However, the
hydroxylation of aryl halides with water using easily available
Ni catalysts with or without synergistic photocatalysis has only
been sparsely studied.*? Notably, cheap but less reactive aryl
chlorides have not been investigated thus far. In addition, the
typical photocatalysts applied in the photoredox-nickel
catalyzed reactions are expensive ruthenium and iridium
complexes.™ Cheap organic dyes have seldom been used as
photocatalysts in this type of reactions.! Herein, we report an
effective organophotoredox-Ni dual catalytic hydroxylation of
aryl halides with water under visible light using BODIPY™ " as
the organic photocatalyst and N,N-diisopropylethylamine
(DIPEA) as a mild organic base.

Following on from our previous study™®, we explored the
hydroxylation reaction of 3,5-dimethylboromobenzene 1 with
water, identifying the readily accessible organic dye BODIPY as
the most efficient photocatalyst (Table 1).2%'% The effect of
ligands for nickel and other conditions on the reaction under the
standard conditions is shown in Table 1. In particular, amongst
all the ligands examined, 6,6’-diamino-2,2’-bipyridyl (L.) gave
the best result. Of particular note is that the electronically
similar 4,4’-diamino analogue Lg afforded a much lower activity,
indicating a neighboring effect from the amino group in L.
Comparing the effect of ligands with NH. (L2), acidic analogues
such as OH (L3), COOH (L4) and NHAc (Ls) groups failed to
afford the desired products, led us to believe that the 6,6’-amino
group plays an important role in the activation of water, likely
acting as hydrogen bonding acceptor and base to facilitate
proton transfer (Scheme 1 B).*Y Interestingly, the N-ethyl
substituted Ls which was supposed to be a stronger hydrogen

16]
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bonding acceptor, surprisingly gave low yield (61% Vs 82%).
These unexpected results may stem from the crowded nickel
center which was surrounded by a bulky bipyridine Le. The
sensitively steric hindrance was further demonstrated by
introducing a slightly more bulky NMe, group. When 6,6’-di-
NMe, analogue with higher electron density but bulkier than Le
was used as a ligand suggested by a referee, it did not afford
any observable conversion of 1 to 2 (See the SI, Table S4).
Further examination of Ni salts, photocatalysts, bases, solvents

Table 1. Optimization of reaction conditions for identifying lead catalyst @

Br 2 mol% photocatalyst OH

2 mol% NiBr, *3H,0, 2 mol% ligand

H,0, DIPEA, CH3;CN/DMF=1:1,

Lo: R=N(CHy)y, 20%
Lip:R=0CH;,  21%
L;:R=COOH, 0%

Ly: R=COOH, 0%
Ls: R = NHAc, 0%
Lg: R=NHEt, 61%

1 Blue LEDs, 50 °C, Ar, 24 h 2
= i R R
Photocatalyst 7\ Ligands
N —
R R ! =N N
Li:R=H, 12% | LpR=Buy, 14%
LzR=NH; 8% & | R=NH 16%
Ls: R = OH, % i ° 2 ;

entry variation from standard conditions™” yield (%)
1 standard conditions 82
2 NiBr; instead of NiBr,'3H,0 26
3 NiCl, instead of NiBr,3H,0 75
4 NiBr,glyme instead of NiBr,'3H,0 72
5 Ni(cod), instead of NiBr, 3H,O 81
6 Ni(cod), , no photocatalyst 0
7 no photocatalyst 0
8 no light 0
9 no NiBr,'3H,0 0
10 no ligand 0
11 no DIPEA 0
12 no H,O 0
13 N(Et); instead of DIPEA 25
14 air instead of Ar trace

[a] Reaction condition A: 1 (1.0 eq., 0.5 mmol), H,O (40.0 eq.), NiBr,3H,O
(2.0 mol%), ligand (2.0 mol%), BODIPY (2.0 mol%), DIPEA (1.5 eq., 0.75
mmol), CH;CN/DMF = 1 : 1 (3 mL), isolated yield. [b] Standard conditions B:
6,6'-Diamino-2,2'-bipyridyl (2.0 mol%) was used, other conditions were same
as reaction condition A.

and light sources demonstrated the combination of NiBr, 3H,0,
L., BODIPY and DIPEA in DMF/CH3CN (1:1) to be the best with
respect to the product yield.?” Thus, the desired product 3,5-
dimethylphenol 2 was obtained with an isolated yield of 82% at
50 °C with blue LEDs in 24 h. Other nickel catalysts could also
catalyze the reaction, but with low efficiency (Tablel, entries 2-
4). Control experiments revealed that the reaction does not
proceed in the absence of nickel, BODIPY, light or ligand
(Table 1, entries 7-12). The critical role of DIPEA and water
was demonstrated by the absence of any desired product when

either of these two components was omitted (entries 11 and 12).

To the best of our knowledge, this is the first hydroxylation
reaction of aryl halides with tertiary amines as base. It is noted
that the presence of oxygen dramatically decreased the
reaction efficiency (entry 14).

With the optimized conditions in hand, a wide range of aryl
bromides were investigated to explore the reaction efficiency
and scope of this nickel-catalyzed hydroxylation reaction. As
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shown in Scheme 2, bromoarenes with a variety of functional
groups reacted efficiently in this synergistic protocol, delivering
the desired phenols with good to excellent yields (3-36). For
electron-deficient substrates, all the para-, meta-, and ortho-
substituted aryl bromides containing ketones, cyano and esters
groups worked well, providing phenols (3-11) in 81%-97%. For
electron-neutral and electron-rich aryl bromides, the reaction
appears to be difficult, with the desired hydroxylation product
obtained with good yields at a higher temperature or longer
reaction time (12-15). Notably, for aryl bromides bearing a
chloro or an additional bromo substituent, the corresponding

2 mol% photocatalyst

Br 2 mol% NiBr,: 3H,0, OH N
2 mol% 6,6'-Diamino-2,2'-bipyridyl N \\N e
R S H,0 (40.0 eq.), DIPEA (1.5 equiv) R P N
Z 50 °C, CHyCN/DMF=1:1, ' P Ph
(Hetero)Aryl Bromides Blue LEDs, Ar, 24 h (Hetero)Aryl Phenol photocatalyst

o
3 (89%) 4.(95%) 5(81%) 6 (89%) 7 (90%)
HO HO CcN Q HO HO
- [N
Ph NG
8 (90%) © 9 (96%) 10 (88%) 11(97%) 12 (72%)°
HO HO HO. o HO. HO. Br
o, U o T, U
13 (86%)° 14 (64%)° 15 (73%) 16 (80%) 17 (70%)
HO. HO. o HO. o CO,Me  HO. CN
NS S A A &
cl
18 (74%) 19 (72%)° 20 (74%) 21 (73%) 22 (71%)
HO. HO. o)
(o8 Oy, e
2 (82%) 23 (71%) 24 (92%) 25 (81%) 26 (71%)
OH
HO. Ho OH Ho
X N—-Boc N
CO,Me |
N7 N"cl
27 88% (E/Z = 2.5:1) 28 (77%)° 29 (63%)° 30 (81%)° 31 (40%)
L
0 ()
HO N HO
° \
Ph
32 (79%)° 33 (95%)° 34 (50%) 35 (45%) 36 (53%)

Scheme 2. The hydroxylation of (hetero)aryl bromides. For standard reaction
condition, see Sl. [a] 120 °C, [b] 36 h. Isolated yields.

mono-substituted hydroxylated products were the only
observed products (16-18), demonstrating that a high degree of
chemoselectivity can be achieved in this hydroxylation reaction.
This is likely a result of the installation of the electron-rich
hydroxyl group, which makes the second C-X (X = Br, Cl) bond
difficult to undergo oxidative addition (Scheme 1B). The di-
substituted aryl bromides bearing either electron-donating or
withdrawing groups were all applicable, delivering the desired
products (2, 19-22). Notably, in the case of aryl bromides with a
fused ring and bromo cinnamate as the substrates, excellent
yields of hydroxylated products were achieved (23-26, 27).
Hydroxylated heteroarenes  are  important  bioactive
intermediates in medicinal chemistry. We next explored the
scope of (hetero)aryl bromides. To our delight, a wide range of
(hetero)aryl bromides are compatible, affording the desired
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hydroxylated products under the same reaction conditions.
Hydroxylated heteroarenes containing benzothiophene (28),
quinoline (29), isoindole (30), pyridine (31), phthalide (32),
carbazole (33), chroman-4-one (34) and chromen-4-one (35)
were all obtained with good to excellentyields. Finally, we
demonstrated that the standard reaction condition is suitable for
the synthesis of the natural product flavonoid (36).

To find more applications of our methodology, we attempted
to expand the reaction scope to cheaper but more challenging

cl 2 mol% photocatalyst OH
5 mol% NiBrz* 3H,0 : N\
10 mol% 6,6"-Di -2,2'-bipyridyl S H
N mol% iamino ipyridyl N : SN
- H,0 (40.0 eq.), DIPEA (1.5 eq.) — B
120 °C, CH3CN/DMF=1:1 Ph Ph
Aryl Chlorides blue LEDs, Ar, 24 h Aryl Phenol photocatalyst
HO.

o L, L “Cln
9% 4(95%) 7 (78%) 63% 8 (BO%

m 7@/ w@*
37(41/ 8 (45% 0 (54%)

"0 R oo "0,

24 (53%) 9 (76%) 40 (88%) 1 (69%)

Ut TG,

9 (91%) 16 (62%)

Scheme 3. The hydroxylation with aryl chlorides. For standard reaction
condition, see Sl. Isolated yields.

aryl chlorides. Considering the stronger C-Cl bond, it was not
unexpected to find that reaction temperature plays a vital role in
the reaction. Thus, phenol products were obtained with low
yields under conditions used for aryl bromides; however, by
increasing the temperature to 120 °C, satisfactory yields could
be achieved. As shown in Scheme 3, the reaction provides the
phenol products in high yields with aryl chlorides containing
ester (3, 7 and 38), ketone (5, 8 and 10) or nitrile units (4, 9 and
37), as well as with fused-aromatic (24) and di-substituted aryl
chlorides (39). Similar to the bromides, when 1,4-
dichlorobenzene was used as the substrate, the corresponding
mono-substituted hydroxylated product was obtained (16). Of
particular note is that more complex, biologically relevant
substrates are also tolerated in this transformation, as
demonstrated by the hydroxylation of Fenofibrate (40)?Y and
Indomethacin (41)?? with excellent yields.

To further demonstrate the utility of this new hydroxylation
protocol, more challenging polyfunctional, drug-like aryl halides
were studied (Scheme 4). A key intermediate of Elbasvir,®
which has been approved for the treatment of Hepatitis C virus
(HCV) infection, the mono- substituted hydroxylated product

s med
Standred reac!lon / ( e
o
e
'l,

42 (S, 97% ee) 43 (S, 71%, 95% ee)

N 2 mol% BODIPY N
~ CO,Et 5 mol% NiBr,. 3H,0,
Br. N\/{, 10 mol% 6,6'-Diamino-2,2'-bipyridyl HO /
H,0 (40.0 eq.), DIPEA (1.5 equiv)
NS 120 °C, CH;CN/DMF=1:1,
O 44 Blue LEDs, Ar, 24 h

0 45626

Scheme 4. Hydroxylation of polyfunctional, drug-like aryl halides.
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(43) was achieved in 71% vyield with little loss of
enantioselectivity. In the case of the challenging N-heterocycle
substrate 44,”4 the desired phenol 45 was also formed in good
yield. These examples showcase the significant potential of this
method in the synthesis of complex molecules.

To show the scalability of this new hydroxylation protocol,
gram-scale reactions were performed (Scheme 5). Gratifyingly,
starting with 4-bromobenzonitrile (1.81 g), the desired product 5
was obtained with 92% isolated vyield. Furthermore,
hydroxylation of 2-bomofluorene (2.44 g) led to the desired
product 26 in 78% isolated yield, which can be used as a
versatile synthetic intermediate.?® The commercial availability
of 26 is limited,?® probably because of the low reactivity of 2-

bomofluorene.
Br. HO.
\@\ Standred reaction conditions \©\
CN 24 h CN
51.09 g (92%)

1.81g

10 mmol scale
O.Q Standred reaction conditions O’
Br 2h OH

2.44g
10 mmol scale

26 1.42g (78%)

Scheme 5. Scaling up the hydroxylation reaction.

To verify that the OH moiety of the phenolic products
originates from water, we carried out reactions in which H,O
was replaced with H,'®0. As shown in Scheme 6, the 0
labeled phenols 46, 47 and 48 were obtained with good yields.
The protocol thus also provides a methodology for the
synthesis of 20 labeled drug-like complex molecules.

Br 180H
Standred reaction conditions
N 18, N
RIL H,'80 (40.0 eq.), 24 h R-
= =

46 92% 47 90% 6\48 64%

Scheme 6. Synthesis of *0 labelled phenols.

The mechanism of this dual catalytic system remains to be
delineated. Our working hypothesis (Scheme 1B) offers a brief
explanation, which finds support in the work reported by
MacMallian and co-wokers.???7 |t is also backed by the high
reduction and oxidation potentials of the photo-excited state of
BODIPY (E™ = -1.45 V vs SCE, E™ = +0.74 V vs SCE),
making the photocatalyst both a strong single-electron oxidant
and reductant upon irradiation under visible light.*%2"
Furthermore, replacing NiBr,.3H,O with Ni(COD), led to a
similar result (Table 1, entry 5), indicating the involvement of a
Ni(0) species in the catalytic cycle. A catalytically active Ni(0)
species could be formed in situ via the reduction of
(dtbbpy)Ni(I)Br2 by the organic photocatalyst (E1,® [B/B7] =
-1.45 V versus SCE, Ey."® [Ni"/Ni°] = -1.2 V versus SCE).[®
Indeed, when BODIPY was omitted, no desired product was
obtained (Table 1, entry 6). Additional experiments revealed
that only DIPEA could quench the excited state of BODIPY,
with the nickel catalyst or 1 showing no effect (See the SI,

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

Figure S7-9). These observations shed new light on the
hypothesized mechanism (Scheme 1B): the excited
photocatalyst PC* oxidizes DIPEA to form the PC™ and DIPEA™,
and the latter oxidizes Ni(ll) to Ni(lll) while the former reduces
the Ni(l) to Ni(0) following reductive elimination to form the
phenol product at the Ni(lll) center. However, direct oxidation of
Ni(Il) to Ni(lll) by the excited photocatalyst is also possible.?*
More detailed studies are ongoing in our lab, aiming to
elucidate the role of BODIPY, DIPEA and nickel catalyst.

In summary, we have developed a nickel-catalyzed
hydroxylation of aryl halides with water under visible light with
BODIPY as the photocatalyst and DIPEA as the base. This
methodology enables the hydroxylation of a wide range of aryl
bromides and even less-active aryl chlorides with various
functionalities. Together with the use of inexpensive metal
catalyst, organic photosensitizer and organic base, this feature
makes the protocol practically valuable for the synthesis of
phenols.

Acknowledgements

This research was supported by the National Natural Science
Foundation of China (21372148), the Program for Changjiang
Scholars and the 111 project (B14041).

Keywords: hydroxylation -aryl halides -photoredox catalysis -nickel
catalysis-BODIPY-

[1] Z. Rappoport, The Chemistry of Phenols, Wiley-VCH, Weinheim, 2003.

[2] For a review on manufacturing phenol, see: Arpe, H.-J. Industrial Organic

Chemistry, 5th ed.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim,

2010; pp 359-374.

SNAr reactions of activated aryl halides to form phenols: a) D.Feldman, D.

Segal-Lew, M. Rabinovitz, J. Org. Chem. 1991, 56, 7350; b) J. F. Rogers,

D. M. Green, Tetrahedron Lett. 2002, 43, 3585; c) P. S. Fier, K. M.

Maloney, Org. Lett. 2016, 18, 2244.

[4] For reviews on metal-catalyzed hydroxylation of (hetero)aryl halides, see:

a) M. C. Willis, Angew. Chem. Int. Ed. 2007, 46, 3402, Angew. Chem.

2007, 119, 3470; b) D. A. Alonso, C. N3jera, I. M. Pastor, M. Yus, Chem.

Eur. J. 2010, 16, 5274; c) S. Enthaler, A. Company, Chem. Soc. Rev.

2011, 40, 4912.

For Cu-catalyzed hydroxylation, see: a) A. Tlili, N. Xia, F. Monnier, M.

Taillefer, Angew. Chem. Int. Ed. 2009, 48, 8725; Angew. Chem. 2009,

121, 8881; b) D. Zhao, N. Wu, S. Zhang, P. Xi, X. Su, J. Lan, J. You,

Angew. Chem. Int. Ed. 2009, 48, 8729; Angew. Chem. 2009, 121, 8885;

c) D. Yang, H. Fu, Chem. Eur. J. 2010, 16, 2366; d) L. Jing, J. Wei, L.

Zhou, Z. Huang, Z. Li, X. Zhou, Chem. Comm. 2010, 46, 4767; e) K.

Yang, Z. Li, Z. Wang, Z. Yao, S. Jiang, Org. Lett. 2011, 13, 4340; f) K. G.

Thakur, G. Sekar, Chem. Comm. 2011, 47, 6692; g) J. Jia, C. Jiang, X.

Zhang, Y. Jiang, D. Ma, Tetrahedron Lett. 2011, 52, 5593; h) Y. Xiao, Y.

Xu, H. S. Cheon, J. Chae, J. Org. Chem. 2013, 78, 5804; i) G. Ding, H.

Han, T. Jiang, T. Wu, B. Han, Chem. Comm. 2014, 50, 9072; j) Y. Wang,

C. Zhou, R. Wang, Green Chem. 2015, 17, 3910; k) S. Xia, L. Gan, K.

Wang, Z. Li, D..Ma, J. Am. Chem. Soc. 2016, 138, 13493; I) P. S. Fier, K.

M. Maloney, Org. Lett. 2017, 19, 3033.

[6] For Fe-catalyzed hydroxylation, see: Y. Ren, L. Cheng, X. Tian, S. Zhao,
J. Wang, C. Hou, Tetrahedron Lett. 2010, 51, 43.

[7] For Pd-catalyzed hydroxylation, see: a) K. W. Anderson, T. lkawa, R. E.
Tundel, S. L. Buchwald, J. Am. Chem. Soc. 2006, 128, 10694; b) T.
Schulz, C. Torborg, B. Schaffner, J. Huang, A. Zapf, R. Kadyrov,A.
Borner, M. Beller, Angew. Chem. Int. Ed. 2009, 48, 918; Angew. Chem.
2009, 121, 936; c) A. G. Sergeev, T. Schulz, C. Torborg, A. Spannenberg,
H. Neumann, M. Beller, Angew. Chem. Int. Ed. 2009, 48, 7595; Angew.

[3

5

10.1002/anie.201710698

WILEY-VCH

Chem. 2009, 121, 7731; d) A. Dumrath, X. Wu, H. Neumann, A.
Spannenberg, R. Jackstell, M. Beller, Angew. Chem. Int. Ed. 2010, 49,
8988; Angew. Chem. 2010,122, 9172; e) C.-W. Yu, G. S. Chen, C.-W.
Huang, J.-W. Chern, Org. Lett. 2012, 14, 3688; f) C. B. Lavery, N. L.
Rotta-Loria, R. McDonald, M. Stradiotto, Adv. Synth. Catal. 2013, 355,
981; g) A. B. Santanilla, M. Christensen, L. C. Campeau, |. W. Davies, S.
D. Dreher, Org. Lett. 2015, 17, 3370; h) P. S. Fier, K. M. Maloney, Angew.
Chem. Int. Ed. 2017, 56, 4478; Angew. Chem. 2017, 129, 4549.

[8] a) G. Mann, J. F. Hartwig, J. Am. Chem. Soc. 1996, 118, 13109; b) G.
Mann, C. Incarvito, A. L. Rheingold, J. F. Hartwig, J. Am. Chem. Soc.
1999, 121, 3224

[9] For photocatalytic direct hydroxylation of arenes with water, see: Y.-W.
Zheng, B. Chen, P. Ye, K. Feng, W. Wang, Q.-Y. Meng, L.-Z. Wu, C.-H.
Tung, J. Am. Chem. Soc. 2016, 138, 10080.

[10] For reviews, see: @) S. Z. Tasker, E. A, Standley, T. F.Jamison, Nature
2014, 509, 299; b) K. L. Skubi, T. R. Blum, T. P. Yoon, Chem. Rev. 2016,
116, 10035; ¢) J. Twilton, C. Le, P. Zhang, M. H. Shaw, R. W. Evans, D.
W. C. MacMillan, Nat. Rev. Chem., 2017, 1, 0052.

[11] For leading examples for water activation by the hangman construct,
see: a) J. L. Dempsey, A. J. Esswein, D. R. Manke, J. Rosenthal, J. D.
Soper, D. G. Nocera, Inorg. Chem. 2005, 44, 6879; b) D. K. Dogutan, R.
McGuire, Jr., D G. Nocera, J. Am. Chem. Soc. 2011, 133, 9178.

[12] J. A. Terrett, J. D. Cuthbertson, V. W. Shurtleff, D. W. C. MacMillan,
Nature 2015, 524, 330 (two example with medium yields of phenols).

[13] a) C. K. Prier, D. A. Rankic, D. W. C. MacMillan, Chem. Rev. 2013, 113,
5322; b) M. H. Shaw, J. Twilton, D. W. C. MacMillan, J. Org. Chem.,
2016, 81, 6898.

[14] a) D. A. Nicewicz, T. M. Nguyen, ACS Catal. 2014, 4, 355; b) N. A.
Romero, D. A. Nicewicz, Chem. Rev., 2016, 116, 10075; c) J. Luo, J.
Zhang, ACS Catal. 2016, 6, 873; d) J. K. Matsui, G. A. Molander, Org.
Lett. 2017, 19, 436; e) H. Huang, X. Li, C. Yu, Y. Zhang, P. S. Mariano, W.
Wang, Angew. Chem. Int. Ed. 2017, 56, 1500; Angew. Chem. 2017, 129,
1522.

[15] For review, see: G. Ulrich, R. Ziesseland A. Harriman, Angew. Chem. Int.
Ed. 2008, 47, 1184; Angew. Chem. 2008, 120, 1202.

[16] X.-F. Wang, S.-S. Yu, C. Wang, D. Xue, J. Xiao, Org. Biomol. Chem.,
2016, 14, 7028.

[17] &) W. Li, Z. Xie and X. Jing, Catal. Commun. 2011, 16, 94; b) L. Huang, J.
Zhao, S. Guo, C.-S. Zhang, J. Ma, J. Org. Chem. 2013, 78, 5627; c) X.-
Z. Wang, Q.-Y. Meng, J.-J. Zhong, X.-W. Gao, T. Lei, L.-M. Zhao, Z.-J.
Li, B. Chen, L.-Z. Wu, Chem. Comm. 2015, 51, 11256.

[18] For the synthesis of BODIPY, see: C. Goze, G. Ulrich, L. J. Mallon, B. D.
Allen, A. Harriman, R. Ziessel, J. Am. Chem. Soc. 2006, 128, 10231.

[19] We also examined 14 other common photo catalysts and found they
gave poorer yields or showed no catalytic activity under the standard
reaction conditions (See the Sl, Table S3). The reason why BODIPY is
superior to other typical photocatalysts is still unclear. The choice of
BODIPY turned out to be crucial.

[20] For details, see supporting information.

[21] K. McKeage, G. M. Keating, Drugs 2011, 71, 1917.

[22] M. Arisawa, Y. Kasaya, T. Obata, T. Sasaki, M. Ito, H. Abe, Y. Ito, A.
Yamano, S. Shuto, ACS Med. Chem. Lett. 2011, 2, 353.

[23] I. K. Mangion, C.-Y. Chen, Li, H.Li, P. Maligres, Y. Chen, M.
Christensen, R. Cohen, I. Jeon, A. Klapars, S. Krska, H. Nguyen, R. A.
Reamer, B. D. Sherry, |. Zavialov, Org. Lett. 2014, 16, 2310.

[24] P. S. Kutchukian, J. F. Dropinski, K. D. Dykstra, B. Li, D. A. DiRocco, E.
C. Streckfuss, L.-C. Campeau, T. Cernak, P. Vachal, I. W. Davies, S. W.
Krska, S. D. Dreher, Chem. Sci. 2016, 7, 2604.

[25] M. Kojima, K. Oisaki, M. Kanai,Tetrahedron Lett. 2014, 55, 4736.

[26] The price of compound 26 from Sigma-Aldrich, US$ 91.9/100 mg, 2-
Bromofluorene, US$ 42.6/5 g.

[27] E. B. Corcoran, M. T. Pirnot, S. Lin, S. D. Dreher, D. A. DiRocco, I. W.
Davies, S. L. Buchwald, D. W. C. MacMillan, Science, 2016, 353, 279.

[28] M. Durandetti, M. Devaud, J. Perichon, New J. Chem. 1996, 20, 659.

[29]The oxidation of Ni(ll) to Ni(lll) by excited Ir(lll) photocatalyst was
reported at +0.83V versus SCE in CH3;CN, for details see ref. 12.

This article is protected by copyright. All rights reserved.


http://www.nature.com/articles/s41570-017-0048

Angewandte Chemie International Edition

COMMUNICATION

2 mol% photocatalyst OH
2 mol% NiBr; -3H,0, 2 mol% ligand
X N
R-- H,O (40.0 eq.), DIPEA R
~ CHZCN/IDMF=1:1, Blue LEDs, Ar Z
X =Br, Cl 54 examples

photocatalyst

yields up to 96%

A highly effective hydroxylation reaction of aryl halides with water under the

synergistic merger of organophotoredox and nickel catalysis is reported.
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