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ABSTRACT
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Substituted diphenylamines can be synthesized by Pd(0)-catalyzed N-arylation using  o-nitroanilines and nitro-substituted aryl bromides for a
substrate. Cyclization of the diphenylamines by various methods, including the intramolecular Pd(0)-catalyzed N-arylation, produces

2-methoxyphenazine which can easily be deprotected to give 2-hydroxyphenazine. This phenazine is required to synthesize methanophenazine,
a novel redoxactive cofactor isolated from methanogenic archaea.

Many of the naturally occurring phenazines have biological the required phenazirzcould only be obtained with varying
activities rendering them attractive for medicinal chemistry. and definitely unsatisfactory yield2 May also be produced
Today about 100 naturally occurring phenazines are known, using benzofuroxan and hydroquinone via Beirut reaction.
the majority of which are produced by strainsRdeudomo-  The synthesis of asymmetrical phenazines, though, poses a
nas and Streptomycespecies. An exception is methano- general problem to the Beirut reactidn.

phenazine X), the first and presently only phenazine from
archaea. Methanophenazin (s a sesterterpene ether of
2-hydroxyphenazine (2), which has recently been isolated
from the membranes ofethanosarcina mazeGol2 A
number of experimental results indicate that the membrane - —

integral compound plays a major role as an electron carrier () ) e TiE™ G et T e haa 1665, (o) Turmer.

in the energy metabolism of methane-producing arcRaea. J. M.; Messenger, A. Adv. Microb. Physiol 1986,27, 211-275.

The total synthesis of this natural prodiictfaced, among De(ng éAr\l?L(ginér,HllJ:]J.';BE:et:le(ieél.l\:{ls'a;gg,rggg,rszeoné7{;2(?:?5].mer’ S.; Beifuss, U.;
other things, the problem of developing an efficient and  (3) (a) Tietze, M.; Beuchle, A.; Lamla, I.; Orth, N.; Dehler, M.; Greiner,

reliable approach to 2_hydroxyphenazine (2) G, Bgifuss, U.ChemBioChe_rﬁ003,4, 333—335. (b) Beifuss, U.; Tietze,
M.; Baumer, S.; Deppenmeier, Bngew. Chem., Int. EQ00Q 39, 2470~

2472.

(4) Beifuss, U.; Tietze, MTetrahedron Lett2000,41, 9759—9763.
Na OR 4 R= x H (5) Kehrmann, F.; Cherpillod, FHelv. Chim. Actal924,7, 973—980.
@ :©/ (6) Ott, R.Monatsh. Chem1959,90, 827—838.
“ 2 R=H 4 (7) (a) Tietze, M. Ph.D. Dissertation, University of Géttingen, 2000. (b)
Dehler, M.; Beifuss, U. Unpublished results.
(8) (a) Ley, K.; Seng. FSynthesidl975, 415—422. (b) Ley, K.; Seng,
Though this compound can be produced using the proce-F.; Eholzer, U.; Nast, R.; Schubart, Rngew. Chem., Int. Ed. Endl969,

- 8, 596—597. (c) For the synthesis of benzofuroxane, see: Mallory, F. B.
dures developed by Kehrmanand Ott? both of which rely Organic Syntheses; Wiley: New York, 1963; Collect. Vol. IV, pp-728.

on the reaction of-phenylenediamine witp-benzoquinones, (9) Ludwig, G. W.; Baumgértel, HChem. Ber1982,115, 2380.

In generall® phenazines can be constructed via cyclization
of suitably substituted diphenylamines. The literature reports,
among others, both the reductive cyclizatiorogd'-dinitro-
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diphenylamines with Raney nick#l,of o-nitrodiphenyl-
amines with NaBH/NaOMe or Fe@D,/Pbt? and ofo-nitro-
o'-fluorodiphenylamines with NaB#NaOE#2 as well as the
oxidative cyclization ofo,0’-diaminodiphenylamines with
FeCk/HCI.* In turn, the substituted diphenylamines required
are traditionally accessible via nucleophilic aromatic sub-
stitution® and Ullmann-Goldberg condensatidfiln general,
these methods require harsh reaction conditions and cause

Table 1. Pd-CatalyzedN-Arylation of o-Nitroaniline (8) with
Aryl Bromides 92

NO
NO, \/\R 2 \/\R
s O—=—CLO)
NH, Br N
H
8 9 10

problems ranging from restrictions with respect to the Ar-Br Product Yield [%]
substitution pattern of the substrates obtained through to NO,
complex product mixtures and low yields. O @\ O
These disadvantages should be avoidable if the diphenyl- Br N 30
amines were synthesized via the Buchwalitartwig reac- %a H 10a
tion, i.e., Pd(0)-catalyzetl-arylation of aryl halide$’ To NG. G
produce 2-hydroxyphenazing) the synthesis and cyclization c z
of the diphenylamine8—7 was strongly considered. BrD @LND 85
9b H 10b
1= 2
o Z §1= :bj Riorjoz Br o2 ¥
©\ D/ 5 R!'=Br,R%=NO, :@ 68
N 6 R'=Br, R%= NH, ¥ gc N 10c
3-7 7 R'=NH, R%= NH,
MeO,C NO, CO,Me
In this paper, a mild method for the efficient synthesis of & N 91°
substituted phenazines is presented, which is based on the 9d H 10d
Pd(0)- catalyzed transformation ofnitroaniline with sub-
stituted aryl bromides and/or substituted anilines with ON NO2 NO
substituted 1-bromo-2-nitroarenes and their subsequent cy- Ij @\ D 95
clization. This pathway also serves to produce 2-hydroxy- Brge N 10e
phenazine (2) in a few steps and with high yields from
commercially available substrates. OMe No,  (Me
A review of the literature showed that Pd(0)-catalyzed @\ /@ 50
reactions of nitro-substituted anilines with aryl bromides have Br o N -

hardly been investigated. For example, not one Pd(0)-

catalyzed amination ad-nitroaniline @) is known, and only

a few examples have been published of the transformation

of meta- and para-substituted nitroaniliié3his might be

due to the fact that nitro groups are very sensitive to basic

reaction conditions.

(10) Urleb, U. InMethods of Organic Chemistry (Houben-Weyljh

a Reagents and conditions: (a) 5 mol % ob@iba), 7.5 mol % ofrac-
BINAP, 2 equiv of CsCQOs, toluene 110°C, 15—36 h.P5 mol % of
Pd(OAc) was used as catalyst.

For this reason, the Pd(0)-catalyzed reactioroofitro-

ed.; Schaumann, E., Ed.; Thieme: Stuttgart, 1998; Vol. E9b/Part 2, pp 266 aniline (8) with various substituted aryl bromid@go give

303.

(11) Cross, B.; Williams, P. J.; Woodall, R. B. Chem. Soc. @971,
11, 2085—2090.

(12) (a) Challand S. R.; Herbert, R. B.; Holliman F. &.Chem. Soc.,
Chem. Comunl1970, 1423—-1425. (b) Vivian, D. LJ. Org. Chem1956,
21, 565—-566. (c) Waterman, H. C.; Vivian, D. IL. Org. Chem1949,14,
289—297.

(13) Rewcastle, G. W.; Denny, W. Synth. Commuri987,17, 1171—
1179.

(14) (a) Gaertner, G.; Gray, A.; Holliman, F. Getrahedron1962,18,
1105-1114. (b) Elderfield, R. C.; Gensler, W. J.; Birstein,JO0Org. Chem.
1946,11, 812—822. (c) Tomlinson, M. LJ. Chem. Soc1939, 158—163.

(15) McCombie, H.; Scarborough, H. A.; Waters, W.A.Chem. Soc.
1928, 353—359.

(16) (a) For a review see Ley, S. V.; Thomas, A. Wgew. Chem., Int.
Ed. 2003,42, 5400—5449 and Kunz, K.; Scholz, U.; Ganzer,Synlett
2003, 2428—-2439. (b) Goldberg, A. A.; Kelly, W. Chem. Soc1947,
595-597. (c) Goldberg, A. A.; Alan, A.; Kelly, WJ. Chem. Socl1946,
102—-111.

(17) (a) Muci, A. R.; Buchwald, S. LTop. Curr. Chem2002 219, 131—
209. (b) Hartwig, J. F. IModern Arene ChemistnAstruc, D., Ed.; Wiley-
VCH: Weinheim, 2002; pp 107168. (c) Wolfe, J. P.; Wagaw, S.; Marcoux,
J.-F.; Buchwald, S. LAcc. Chem. Re4.998,31, 805—818. (d) Hartwig, J.
F. Acc. Chem. Re4998,31, 852—860.

1550

diphenylamined0was studied first. After some preliminary
experiments with different Pd(0) sources, phosphines, bases,
and solvents, we found that these transformations could best
be conducted with a combination of fdba) and rac-
BINAP with CsCO; as a base and toluene as a solvent.
Further studies revealed that all reactions presented here can
be catalyzed with 5 mol % B@lba) and 7.5 mol %rac-
BINAP. Under these conditions§ could be reacted with
bromobenzeneSa—f to yield the diphenylaminegOa—f.
Reaction times varied between 15 and 36 h with yields
ranging from 30 to 95% (Table 1). To obtain suitable
precursors for the synthesis Bffurther studies focused on
the Pd(0)-catalyzed transformation of substituted aniles

(18) (a) Urgaonkar, S.; Xu, J.-H.; Verkade, J. &.0rg. Chem2003,
68, 8416—8423. (b) Wolfe, J. P.; Buchwald, S.J_Org. Chem2000,65,
1144-1157. (c) Wolfe, J. P.; Tomori, H.; Sadighi, J. P.; Yin, J.; Buchwald,
S. L. J. Org. Chem2000,65, 1158—1174.
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Table 2. Reaction of Anilines8 and 11 with 4-Bromo-3-nitrophenol Derivative2

NO
ON OR? 5 mol% Pdy(dba)s, 7.5 mol% rac-BINAP, AOR?
oL+ 1T [
+ 2 equiv. Cs,COg, toluene
1/ Z“NH, Br AN
R! H
8,11 12 13
Entry Ar-NH, Ar-Br T[°Clt[h] Diphenylamine Yield [%]
NO,
O,N OMe OMe .
Qe YR e (LYW
NH N
2 Br N
NO, O,N OMe NO2 MOz ome
2 @[8 ;@f 122 110130 @\ D/ 13b 98’
NH2 Br N
H
NO; O3N OTBDMS NOz NO2  orBDMS
3 @[8 D/ 12b 80/17 @\ D/ 13c 65°
NH N
2 Br N
Br O,N OMe B MNO2 ome
4 ©:11b ;©/ 12a 100/50 @\ D/ 13d 597
NH N
2 Br B
NO, NO,

Me NO, O,N OMe Me OMe
5 \@m ;©/ 12 110124 \©\ D/ 13 93
NH; Br H

a3.0 equiv ofllawas used? Microwave: 150°C, 60 W, 8 h, 79%¢ Microwave: 160°C, 45 W, 30 min, 70%¢ Microwave: 150°C, 90 W, 2 h, 70%.

and 11 with 4-bromo-3-nitrophenol derivativek2 to give In all, 13a,13b, and13d provided three substrates for the
the diphenylamine43 (Table 2). transformation into 2-hydroxyphenazine (2) (Scheme 1).
It was found that the combination of Kdba), rac- Using Holliman’s method?? 13awas reductively cyclized

BINAP, CsCOs, and toluene mentioned above provided an to give 2-methoxyphenazind§) with an excess of NaBH
appropriate system for the synthesis of the diphenylaminesNaOMe in MeOH. However, the 45% yield of this method
13, too. For example, the reaction 8fwith 12a and 12b made it rather unattractive. The transformatioril8b to 2
gave theo,0'-dinitrodiphenylamine&3b and13cin a yield was much more successful. The reductionogd’-dinitro-

of 98 and 65%, respectively (Table 2, entries 2 and 3). The diphenylaminel3b with H,, Pd/C gave then,o'diamino-
same method provided treenitrodiphenylamined.3a and diphenylaminel4 in quantitative yield. Subsequently, the
13d (Table 2, entries 1 and 4). Compounti8a—d are oxidative cyclization ofLl4 with FeCk/HCI provided16in a
potential substrates for the synthesis2ofThe reactions of ~ 71% yield. Deprotection o016 with BBr; finally led to the
diphenylamined 3b—d demonstrated that the relatively long isolation of 2-hydroxyphenazing) Again, the reaction time
reaction times could be dramatically reduced when the could be markedly reduced by applying microwave irradia-
reactions were performed under microwave irradiation (Table tion (here: from 16a 1 h if performed at 70C in a sealed
2)1° Thus, the application of microwaves accelerated the vial). The method presented allows for the synthesis of
synthesis of13c from 8 and 12b by more than 30 times.  2-hydroxyphenazine (2) in four steps with a total yield of
Once again, the benefit of microwave irradiation in transition 5Qos.

metal catalyzed reactions has been demonstrated. The Finally we examined whethe2 could also be obtained

reaction of 8 and 12a also proved that the successful i3 5 compination of inter- and intramolecular Buchwald—
formation of diphenylamine$3 absolutely required a Pd(0) Hartwig reactions (Scheme 1)-Amino-o'-bromodiphenyl-

%omgleﬁ. IndF?e ;tg).;enceld of tRi)dbg)gt untdgr other\]:tvse% amine1l5 was chosen as a substrate for the intramolecular
Identical condition could not be detected even after N-arylation, which could be generated via reduction of the

h; at best, traces df3b could be observed after 72 . Buchwald-Hartwig producio-bromo-o'-nitrodiphenylamine
13d with Fe/HCI, in almost quantitative yield. For the
(19) All microwave-assisted reactions were performed with a Discover

single-mode cavity microwave synthesizer (CEM Corp.), producing continu- intramolecular cyclization, the combmaﬂqn ofRtbay, rac-
ous irradiation at 2450 MHz. BINAP, and CsCO; proved to be unsuitable. After some
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Scheme 1. Synthesis of 2-Hydroxyphenazine (2)

NOy; NO
NO, OMe 2 NO2 e Br NO, OMe
:‘N’: iNi i\N’i
H H H
13a 13b 13d
Pd/C, H, (90 psi), Fe, 37% HCI,
CH4Cly, 11, 6 h, EtOH, A, 7 min,
100 % 99 %
NH, NH» Br NH,

Lo Lo

H H
14 15
10M FeCls,

1M HC, tt,
1h 71 % 3 mol% Pdy(dba)s,

6 mol% Ligand 17,
NaOf-Bu, toluene,
100°C,32h, 76 %

NaBHjg4, NaOMe,

MeOH, A, 16 h, 45 % @[N\Ij/o""e
P
N
16
BBI’3, CH2C|2,
MW, 70°C,
1h, 70 % @[N\:@/OH

experimentation, it was established that the reaction pro- investigations will tackle the question of whether phenazines
ceeded smoothly by employing ®dba), ligand 17, and can also be obtained in a single synthetic step by combining
NaO-t-Bu as reagents. The intramolecular amination®f  inter- and intramolecular Pd(0)-catalyzidarylations.
to give 16 was achieved with this combination of reagents
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