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ABSTRACT

A range of 2-aminophenoxazin-3-ones has been prepared by oxidative cyclocondensation of 2-
aminophenols, including the natural products exfoliazone and chandrananimycin A, both
synthesized for the first time. The compounds were evaluated for their ability to inhibit
indoleamine 2,3-dioxygenase. Compounds containing additional electron-withdrawing
carboxylate groups, such as cinnabarinic acid, showed modest inhibitory activity with a dose

response.

INTRODUCTION
Aminophenoxazinones are heterocyclic dyes that occur as core structures in a number of natural
products, most notably the actinomycins. These highly colored, potent antibiotics that intercalate

with DNA have been widely studied although their clinical application is limited due to their



toxicity." The aminophenoxazinone core also occurs in a number of structurally simpler

bioactive substances such as exfoliazone,” > the venezuelines,” the bezerramycins,5 cinnabarinic
acid,’ pitucamycin,’ the chandrananimycins,® and peristrophine (Figure 1).” However it was the
structure of the marine fungal natural product plectosphaeroic acid that caught our attention, not

least because of the reported activity as an inhibitor of indoleamine 2,3-dioxygenase. '’
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Figure 1. Some naturally occurring aminophenoxazinones.



The enzyme indoleamine 2,3-dioxygenase (IDO) is implicated in a different but very attractive
approach to cancer therapy, i.e. to recruit the body’s own immune system to reject solid tumours.
Therefore some effort has gone into trying to understand how tumours escape the host immune
system,'' and IDO has been shown to play a major role. Its function, the oxidative cleavage of
the essential amino acid tryptophan to N-formylkynurenine,'” suppresses the immune response,
and there is now a growing body of evidence to support the hypothesis that inhibition of IDO

- 1316 Hence IDO has emerged as an attractive target,'’

produces significant anticancer effects.
since it is known to be activated in a number of human cancers, it has a known structure

amenable to inhibition by small molecules, and there is little likelihood of off-target action since

tryptophan 2,3-dioxygenase (TDO), the only closely related enzyme, is much more localized.

There are a number of known inhibitors of IDO, encompassing many structural types as outlined
in a very recent review.'® However the most widely studied are based on 1-methyltryptophan (1-
MT), a competitive inhibitor with the natural substrate, arylimidazoles such as 4-
phenylimidazole,'” naphthoquinones such as dehydro-o-lapachone,*” and S-benzylisothioureas®'
(Figure 2). Hence the reported activity of plectosphaeroic acid, with the activity residing in the
phenoxazinone, cinnabarinic acid-like fragment, prompted us to investigate the synthesis and
biological evaluation of a range of aminophenoxinones as these would represent a new family of

IDO inhibitors.
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Figure 2. Some inhibitors of indoleamine 2,3-dioxygenase (IDO).

RESULTS AND DISCUSSION

In nature, aminophenozaxinones are formed by the oxidative cyclocondensation of 2-
aminophenols with the enzyme phenoxazinone synthase (PHS), a copper-containing oxidase.”
Enzymes, most notably laccase,” can be used to access aminophenoxazinones in the laboratory,
but a range of other oxidants can also be employed, including Cu(I)Cl,** K3Fe(CN)g,> NalO3,*
peroxide,”” and benzoquinone.*® Initially, we chose to prepare a small range of relatively simple
aminophenoxazinones by oxidative self condensation of readily available 2-aminophenols. Thus
under the copper catalyzed conditions,** 2-aminophenol itself and 2-amino-3-methylphenol gave
the known 2-aminophenoxazinones 1 and 2 in modest yield (Table 1). For the synthesis of
cinnabarinic acid 3 from 3-hydroxyanthranilic acid, the most effective oxidant was found to be
benzoquinone,”® whilst potassium ferricyanide® was used for the oxidative cyclocondensation of
methyl 3-hydoxyanthranilate and its 4-methyl substituted homologue into aminophenoxazinones

4 and 5 respectively (Table 1).
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Table 1. Oxidative cyclocondensation of 2-aminophenols to give 1,9-disubstituted- or 1,4,6,9-

tetrasubstituted- 2-aminophenoxazin-3-ones

Yield

R R Method Product
/%
H H CuCl, DMF, rt, 24 h 1 50
Me H CuCl, DMF, rt, 24 h 2 55
CO,H H benzoquinone, EtOH, rt, 1 h 3 40
CO;Me H KjsFe(CN)gs, MeOH, pH7 buffer, rt, 16 h 4 45
CO;Me Me Kj;Fe(CN)s, MeOH, pH7 buffer, rt, 16 h 5 38

Although the oxidative ‘dimerization’ of two 2-aminophenols as described above is well

. 24,25,27,28
established,** *> 2"

to access ‘unsymmetrical’ aminophenoxazinones such as exfoliazone and
the chandrananimycins, an oxidative cyclocondensation reaction of two different aminophenols
is required, and such reactions are virtually unknown. The main examples employ sodium iodate
as oxidant,*® and therefore we attempted to use this protocol in the oxidative coupling of 4-
methyl-2-aminophenol and 2-aminophenol. The most satisfactory conditions involved
preoxidation of 2-aminophenol (i.e. the aminophenol that is destined to become the A-ring in the
aminophenoxazinone) before adding the second aminophenol; this gave the phenoxazinone 6 in a

modest 35% yield (Table 2). In a similar manner, 3-methyl-2-aminophenol was coupled with 4-

methyl-2-aminophenol to give the 2-amino-1,8-dimethylphenoxazinone 7 in modest yield. The



method was next applied to the synthesis of the naturally occurring aminophenoxazinones
chandrananimycin A 11 and exfoliazone 13, which despite their relatively simple structures have
never been synthesized previously. Thus reaction of 2-aminophenol with 2-aminoresorcinol
under sodium iodate oxidation gave phenoxazinone 8 in poor yield, N-acetylation of which gave
chandrananimycin A (Scheme 1), the spectroscopic properties of which were identical to those
described for the natural material.® Likewise reaction of 2-aminophenol with THP-protected 4-
hydroxymethyl-2-aminophenol (see Supporting Information) gave phenoxazinone 9, again in
poor yield (Table 2). Phenoxazinone 9 was readily deprotected to give the 8-hydroxymethyl-2-
aminophenoxazinone 12, or alternatively N-acetylated and then deprotected to deliver
exfoliazone 13 itself (Scheme 1), spectroscopically identical to natural material.” Finally,
oxidative coupling of methyl 2-amino-3-hydroxybenzoate with THP-protected 4-hydroxymethyl-
2-aminophenol gave phenoxazinone 10, readily deprotected to phenoxazinone 14, a possible
precursor to the bezerramycins. Hence a range of 2-aminophenoxazin-3-ones is available, albeit

in modest yield, by simple oxidative cyclocondensation of 2-aminophenols.
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Table 2. Oxidative cyclocondensation of two different 2-aminophenols to 2-aminophenoxazin-3-

ones

Yield
R! R® R’ Product
/%

H Me H 6 35
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Scheme 1. Subsequent modification of 2-aminophenoxazin-3-ones; synthesis of exfoliazone and

chandrananimycin A.

With a range of phenoxazinones in hand, attention turned to their evaluation as IDO inhibitors.
Human IDO, with histidine tagged N-terminus, was expressed in E. coli and purified using Ni*"
affinity chromatography. Compounds were evaluated for their ability to inhibit IDO-catalyzed
oxidative degradation of L-tryptophan to N-formylkynurenine, assayed by conversion into

kynurenine following trichloroacetic acid cleavage of the N-formyl group and subsequent reaction



with Ehrlich’s reagent to produce a product with strong UV/VIS absorbance at 480 nm. The data
that show the amount of enzyme activity remaining at three different inhibitor concentrations are
shown in Table 3. The results establish cinnabarinic acid 3 as the most potent IDO inhibitor of
the series, and in a separate experiment its ICsy was determined as 0.46 uM compared with the
previously reported ICso of ~2 uM.'® Kinetic analysis using two inhibitor concentrations
estimated the K; at 326 nM demonstrating that cinnabarinic acid 3 is a potent inhibitor of IDO.
Cinnabarininc acid was also compared with the known IDO inhibitor 4-phenylimidazole that in
our assay had an ICsq of 70.3 uM, compared with the reported value of 48 uM." It is also noted
that cinnabarinic acid has comparable potency to dehydro-a-lapachone, a member of the

naphthoquinone family of IDO inhibitors (Figure 2), that has an ICsy of 0.21 uM.*

Interestingly, cinnabarinic acid 3 has been shown to be a product of kynurenine metabolism
generated from two molecules of 3-hydroxyanthranilic acid.”” Whether feedback inhibition of
IDO by cinnabarinic acid is physiologically relevant and plays any role in regulating tryptophan
metabolism remains to be seen. In terms of structure activity relationships within the
phenoxazinone series, it would appear that the presence of an electron-withdrawing group is
beneficial for activity. Other compounds (4, 5, 12) containing an ester substituent at the 1- and/or

9-positions show some inhibitory activity, and like cinnabarinic acid do show a dose response.

The remaining compounds lacking an electron-withdrawing group are essentially inactive.



Table 3. Inhibition of thIDO by 2-aminophenoxazin-3-ones.

R’ %enzyme activity remaining”
Compound R R R® R’
R® 0.luM 1uM 10uM

1 H H H H H 82 94 74
2 H Me H H Me 98 100 95

3
H COH H H CO;H 71 23 11

(cinnabarinic acid)

4 H CO;Me H H CO,Me 94 60 30
5 H CO;Me Me H CO,Me 66 29 24
6 H H H Me H 99 100 91
8 H H H H OH 100 100 97

11
Ac H H H OH 100 99 92

(chandrananimycin A)

12 H H H CH,OH H 84 87 80

13
Ac H H CH,OH H 85 82 74

(exfoliazone)

14 H CO;Me H CH;OH H 95 75 34

“Results were calculated as the percent activity remaining compared to DMSO treated control.

Results are expressed as the mean of three determinations.

In summary, we have prepared a range of 2-aminophenoxazin-3-ones, albeit in modest yield, by
simple oxidative cyclocondensation of 2-aminophenols. The compounds were evaluated for their

ability to inhibit IDO, but only compounds containing additional electron-withdrawing groups



had any significant activity. The data suggest that the reported biological activity associated with
the natural phenoxazinones exfoliazone and chandrananimycin A>® is unlikely to be mediated

through inhibition of IDO.

EXPERIMENTAL SECTION

General information

Commercially available reagents were used throughout without purification unless otherwise
stated. All anhydrous solvents were used as supplied, except tetrahydrofuran and
dichloromethane that were freshly distilled according to standard procedures. Reactions were
routinely carried out under an argon atmosphere unless otherwise stated, and all glassware was
flame-dried before use. Light petroleum refers to the fraction with bp 40-60 °C. Ether refers to
diethyl ether.

Analytical thin layer chromatography was carried out on aluminum backed plates coated with
silica gel, and visualized under UV light at 254 and/or 360 nm and/or by chemical staining with
basic aqueous potassium permanganate so;lution. Flash chromatography was carried out using
silica gel (pore size 60 A, 230-400 mesh, 40-63 um particle size), with the eluent specified. The
purity of final compounds was confirmed as >95% by HPLC (see Supporting Information).
Infrared spectra were recorded using an FT-IR spectrometer over the range 4000-600 cm™. NMR
spectra were recorded at 400 MHz ('H frequency, 100 MHz *C frequency). Chemical shifts are
quoted in parts per million (ppm), and are referenced to residual H in the deuterated solvent as
the internal standard. Coupling constants, J, are quoted in Hz. In the ?C NMR spectra, signals

corresponding to CH, CH,, or CH3 groups are assigned from DEPT. Mass spectra were recorded



on a time-of-flight mass spectrometer using electrospray ionization (ESI), or an EI magnetic

sector instrument.

2-Amino-3H-phenoxazin-3-one 1

To a solution of 2-aminophenol (500 mg, 4.6 mmol) in DMF (15 mL), copper(I) chloride (99
mg, 1.0 mmol) was added, and the resulting mixture was stirred in air for 24 h at room
temperature. The reaction mixture was concentrated and the product was purified by flash
chromatography (light petroleum/ethyl acetate 8:2) to give the title compound 1 as a red solid
(293 mg, 50%), mp 258-259 °C (lit.,”” mp 256-258 °C; (Found: [M+Na]", 235.0483
C12HgN,NaO; requires 235.0478); Amax (methanol)/nm 237 (log € 4.98), 432 (log € 4.25); Vimax
(CHCls)/em™ 3630, 3515, 3398, 3009, 1710, 1600; 85 (400 MHz; DMSO-ds) 7.70 (1 H, d, J 7.8
Hz, H-9), 7.45-7.50 (2 H, m, ArH), 7.38 (1 H, t, J 7.8 Hz, ArH), 6.83 (2H, br), 6.38 (2H, s, H-1,
H-4); 8¢ (100 MHz; DMSO-ds) 180.6 (C), 149.3 (C), 148.7 (C), 147.8 (C), 142.4 (C), 134.2 (C),

129.2 (CH), 128.4 (CH), 125.7 (CH), 116.4 (CH), 103.9 (CH), 98.8 (CH).

2-Amino-1,9-dimethyl-3H-phenoxazin-3-one 2

To a solution of 2-amino-3-methylphenol (500 mg, 4.1 mmol) in DMF (15 mL), copper(I)
chloride (99 mg, 1.0 mmol) was added, and the resulting mixture was stirred in air for 24 h at
room temperature. The reaction mixture was concentrated and the product was purified by flash
chromatography (light petroleum/ethyl acetate 8:2) to give the title compound 2 as a red solid
(300 mg, 55%), mp 235-237 °C (lit.,*” mp 233 °C); (Found: [M+Na]", 263.0790. C4H2N>NaO,
requires 245.9791); Amax (methanol)/nm 240 (log € 5.05), 422 (log € 4.38); Vinax (CHCl3)/cm™

3630, 3514, 3391, 3011, 1710, 1588; & (400 MHz; DMSO-ds) 7.31-7.38 (3 H, m, ArH), 6.41 (2



H, br, NH,), 6.30 (1 H, s, H-4), 2.64 (3 H, s, Me), 2.27 (3 H, s, Me); 8¢ (100 MHz; DMSO-dy)
180.1 (C), 149.4 (C), 146.2 (C), 142.7 (C), 142.5 (C), 138.2 (C), 129.0 (CH), 125.9 (CH), 113.4

(CH), 108.5 (CH), 102.8 (C), 102.5 (C), 16.8 (CHz), 9.4 (CHs).

2-Amino-3-oxo-3H-phenoxazine-1,9-dicarboxylic acid (cinnabarinic acid) 3

Anthranilic acid (100 mg, 0.6 mmol) was dissolved in hot ethanol (60 mL), then after cooling,
recrystallized 1,4-benzoquinone (108 mg, 1.0 mmol) was added and the mixture was stirred for 1
h at room temperature. The product was collected by filtration to give the title compound 3 as red
solid (36 mg, 40%), mp > 300 °C (lit.,”* mp > 300 °C); (Found: [M+Na]", 323.0279.
C14HgN,NaO; requires 323.0275); Amax (methanol)/nm 234 (log € 5.03), 446 (log € 4.30); Vimax
(CHCls)/cm™ 3689, 3608, 3413, 3361, 3042, 2976, 1725, 1601 1568, 1241; &5 (400 MHz;
DMSO-dg) 9.73 (1 H, br. s, NH,), 8.82 (1 H, br. s, NH,), 7.96 (1 H, d, J 8.3 Hz, H-8), 7.78 (1 H,
d, J 8.3 Hz, H-6), 7.61 (1 H, t,J 8.3 Hz, H-7), 6.62 (1 H, s, H-4); 6¢ (100 MHz; DMSO-ds) 178.5
(C), 169.5 (C), 166.7 (C), 153.0 (C), 150.9 (C), 148.0 (C), 142.9 (C), 129.5 (C), 129.3 (CH),

128.3 (CH), 126.7 (C), 120.6 (CH), 105.3 (CH), 92.2 (C).

Dimethyl 2-amino-3-oxo0-3H-phenoxazine-1,9-dicarboxylate 4

(a) 3-Hydroxy-2-nitrobenzoic acid (1.0 g, 5.4 mmol) was dissolved in dry DMF (8.2 mL).
Potassium hydrogen carbonate (655 mg, 6.5 mmol) and iodomethane (508 pL, 6.5 mmol) were
added, and the resulting mixture was heated at 40 °C for 2 h. The reaction was quenched with
water (10 mL), acidified to pH 3 with hydrochloric acid (1 M; 5 mL) and extracted with ethyl
acetate (3 x 10 mL). The combined organic layers were dried (MgSQ,), filtered and

concentrated. The product was purified by flash chromatography (light petroleum/ethyl acetate



8:2) to give methyl 3-hydroxy-2-nitrobenzoate as a yellow solid (600 mg, 75%): mp 113-115 °C
(lit.,*" mp 112-114 °C); (Found: [M+Na]", 297.9318. CgH;NNaOs requires 297.9322); &, (400
MHz; CDCl3) 10.19 (1 H, s, OH), 7.60 (1 H, t, J 8.8 Hz, H-5), 7.28 (1 H, d, J 8.8 Hz, H-6), 7.10
(1 H,d,J8.8, Hz, H-4), 3.59 (3 H, s, Me); &¢ (100 MHz; CDCl3) 166.6 (C), 154.5 (C), 136.0
(CH), 131.9 (C), 131.0 (CH), 121.9 (CH), 120.6 (C), 53.4 (CH3).

(b) To a solution of methyl 3-hydroxy-2-nitrobenzoate (800 mg, 4.0 mmol) in methanol (60 mL)
was added palladium on carbon (10% w/w; 80 mg) and the suspension was stirred under an
atmosphere of hydrogen for 2 h at room temperature. The reaction mixture was filtered through a
pad of Celite and concentrated in vacuo to give methyl 2-amino-3-hydroxybenzoate as a
colorless solid (668 mg, 98%): mp 94-95 °C (lit.,>> mp 94-97 °C); (Found: [M+Na]", 190.0481.
CsHoNOs requires 190.0475); 8 (400 MHz; CDCls) 7.52 (1 H, d, J 8.0 Hz, H-6), 6.85 (1 H, d, J
8.0 Hz, H-4), 6.53 (1 H, t, J 8.0 Hz, H-5), 2.97 (3 H, s, CH3); ¢ (100 MHz; CDCl3) 166.6 (C),
142.8 (C), 140.6 (C), 123.4 (CH), 117.9 (CH), 114.9 (CH), 111.4 (C), 51.4 (CHj3).

(c) Methyl 2-amino-3-hydroxybenzoate (500 mg, 2.6 mmol) in MeOH (40 mL) was added to a
solution of potassium ferricyanide (2.31 g, 7.01 mmol) in sodium phosphate buffer (pH 7.0, 50
mL). The pH of the reaction mixture decreased to around 5 and was quickly adjusted to 7 by
addition of aqueous sodium hydroxide (7.5 M). The mixture was stirred for 16 h at room
temperature, then extracted with ethyl acetate (3 x 50 mL). The combined organic layers were
dried (MgSO0,), filtered and concentrated. The residue was purified by flash chromatography
(light petroleum/ethyl acetate, 7:3) to give the title compound 4 as a brown solid (191 mg , 45%),
mp 229-231 °C (lit.,>> mp 225-226 °C); (Found: [M+Na]", 329.0768. C1sH2N2NaOg requires
329.0767); Amax (methanol)/nm 240 (log € 5.34), 430 (log € 4.23); Vimax (CHCl3)/em™ 3631, 3445,

3323, 3011, 2953 1711, 1648 1580; 6 (400 MHz; DMSO-ds) 7.83 (2 H, br, NH,), 7.68 (1 H, d,



J 8.0 Hz, H-8), 7.55-760 (2 H, m, ArH), 6,50 (1 H, s, H-4), 3.90 (3 H, s, CH3), 3.84 3 H, s,
CH;); 8¢ (100 MHz; DMSO-dg) 178.9 (C), 167.7 (C),167.6 (C), 149.2 (C), 148.4 (C), 146.2 (C),
141.8 (C), 132.9 (C), 131.1 (CH), 129.4 (CH), 125.0 (C), 118.6 (CH), 104.3 (CH), 99.8 (C), 52.8

(CH;), 52.0 (CH3).

Dimethyl 2-amino-4,6-dimethyl-3-oxo-3H-phenoxazine-1,9-dicarboxylate 5

(a) To a solution of 3-hydroxy-4-methyl-2-nitrobenzoic acid (1 g, 5.4 mmol) in dry DMF (8.2
mL), were added potassium hydrogen carbonate (655 mg, 6.5 mmol) and iodomethane (508 pL,
6.5 mmol) and the resulting mixture was heated to 40 °C for 2 h. The reaction was quenched
with water (10 mL), acidified with HCI (1 M; 3 mL) and extracted with ethyl acetate (3 x 10
mL). The combined organic layers were dried (MgSOys), filtered and concentrated. The residue
was purified by flash chromatography (light petroleum/ethyl acetate 7:3) to give methyl 3-
hydroxy-2-nitro-4-methylbenzoate as a yellow solid (790 mg, 70%), mp 115-117 °C (lit.,”> mp
116-117 °C); (Found: [M+Na]", 234.0416. CyH;NNaOs requires 234.0409); 5;; (400 MHz;
CDCl) 10.42 (1 H, s, OH), 7.45 (1 H, d, J 8.2 Hz, H-5), 7.02 (1 H, d, J 8.2 Hz, H-6), 3.94 (3 H,
s, Me), 2.38 (3 H, s, Me); ¢ (100 MHz, CDCls) 166.8 (C), 152.9 (C), 136.2 (C), 132.1 (CH),
129.4 (C) 128.2 (CH), 119.8 (C), 53.2 (CH3), 16.2 (CH3).

(b) To a solution of methyl 3-hydroxy-2-nitro-4-methylbenzoate (500 mg, 2.4 mmol) in
methanol (50 mL) was added palladium on carbon (10% w/w, 80 mg) and the suspension was
stirred under an atmosphere of hydrogen for 2 h at room temperature. The reaction mixture was
filtered through a pad of Celite and concentrated in vacuo to give methyl 2-amino-3-hydroxy-4-
methylbenzoate as a colorless solid (434 mg, 98%) that it was used in the next step without

further purification.



A solution of methyl 2-amino-3-hydroxy-4-methylbenzoate (320 mg, 1.2 mmol) in MeOH (30
mL) was added to a solution of potassium ferricyanide (2.31 g, 7.01 mmol), in sodium phosphate
buffer (pH 7.0, 50 mL). The pH of the reaction mixture went down initially to about 5 and was
quickly adjusted to 7 by addition of aqueous NaOH (7.5 M). The mixture was stirred for 16 h at
room temperature, then extracted with ethyl acetate (3 x 50 mL), the combined organic layers
were dried (MgS0,), filtered and concentrated. The residue was purified by flash
chromatography (light petroleum/ethyl acetate, 7:3) to give the title compound 5 as a brown solid
(96 mg, 38%) mp 214-215 °C (lit.,” mp 195-198 °C); (Found: [M+H]",357.1071. C1sH,7N,Os
requires 357.1074); Amax (methanol)/nm 240 (log € 5.21), 434 (log & 4.14); Vinax (CHCl3)/cm™
3631, 3446, 3323, 3005, 2952, 1710, 1648 1579; dx (400 MHz; CDCls) 7.66 (1 H, d, J 8.1 Hz,
ArH) 7.35 (1 H, d, J 8.1 Hz, ArH), 4.04 (3 H, s, CH3), 4.03 (3 H, s, CH3), 2.56 (3 H, s, CH3),
2.27 (3 H, s, CH3); 8¢ (100 MHz; CDCl3) 178.2 (C), 169.1 (C), 166.9 (C), 150.4 (C), 145.8 (C),
145.3 (C), 140.3 (C), 131.3 (C), 129.9 (CH), 128.8 (C), 128.5 (C), 125.5 (CH), 113.3 (C), 97.1

(C), 52.4 (CH3), 51.8 (CHs), 15.0 (CH;), 7.8 (CHs).

2-Amino-8-methyl-3H-phenoxazin-3-one 6

To a solution of 2-aminophenol (109 mg, 1.0 mmol) in acetone (10 mL) was added a solution of
NalO; (295 mg, 1.5 mmol) in water (26 mL), and the mixture was stirred for 10 min at room
temperature. Then a solution 4-methyl-2-aminophenol (184 mg, 1.5 mmol) in acetone (10 mL)
was added. The suspension was stirred for 20 h at room temperature, then extracted with ethyl
acetate (3 x 15 mL). The combined organic layers were dried (MgSO,), filtered and
concentrated. The residue was purified by flash chromatography (light petroleum/ethyl acetate

8:2) to give the title compound 6 as a brown solid (79 mg, 35%), mp 222-224 °C; (Found:



[M+H]", 227.0820. C13H,1N,0; requires 227.0815); Amax (methanol)/nm 238 (log € 4.96), 436
(log € 4.20); vmax (CHCl3)/em™ 3631, 3515, 3393, 3011, 1710, 1600; 85 (400 MHz; DMSO-ds)
7.72 (1 H, d, J 8.0 Hz, H-6), 7.40-7.50 (2H, m, ArH), 6.79 (2 H, br, NH»), 6.37 (2 H, s, H-1, H-
4),2.09 (3 H, s, CH3); 8¢ (100 MHz; DMSO-ds) 180.1 (C), 149.3 (C), 148.7 (C), 147.8, (C),
142.4 (C), 134.2 (C), 129.2 (CH), 128.4 (CH), 125.7 (C), 116.4 (C), 103.9 (CH), 98.8 (C), 31.1

(CHj3).

2-Amino-1,8-dimethyl-3H-phenoxazin-3-one 7

To a solution of 3-methyl-2-aminophenol (123 mg, 1.0 mmol) in acetone (10 mL) was added a
solution of NalOs (295 mg, 1.5 mmol) in water (26 mL), and the mixture was stirred for 10 min
at room temperature. Then a solution of 2-amino-4-methylphenol (184 mg, 1.5 mmol) in acetone
(10 mL) was added. The reaction mixture was stirred for 20 h at room temperature, then
extracted with ethyl acetate (3 x 15 mL), the combined organic layers were dried (MgSOs,),
filtered and concentrated. The residue was purified by flash chromatography (light
petroleum/ethyl acetate 8:2) to give the title compound 7 as a brown solid (96 mg, 40%), mp
226-227 °C; (Found: [M+Na]", 263.0780. C14H;2N;NaO; requires 263.0765); Amax (methanol)/nm
242 (log & 4.55), 435 (log € 4.13); Vmax (CHCLy)/em™ 3515, 3391, 3011, 1710, 1594, 1577; 84
(400 MHz; DMSO-ds) 7.60 (1 H, s, H-9), 7.41 (1 H, d, J 8.1 Hz, H-6), 7.30 (1 H, d, J 8.1 Hz, H-
7), 6.42 (2 H, br, NH»), 6,28 (1 H, s, H-4), 2.41 (3 H, s, CH3), 2.23 (3 H, s, CH3); 6¢ (100 MHz;
DMSO-dy) 180.0 (C), 149.5 (C), 147.6 (C), 144.2 (C), 140.4 (C), 135.0 (C), 133.5 (CH), 130.4

(CH), 128.5 (C), 115.8 (CH), 105.7 (CH), 102.6 (C), 20.8 (CH3), 10.3 (CH3).

2-Amino-9-hydroxy-3H-phenoxazin-3-one 8



(a) To a solution of 2-nitroresorcinol (310 mg, 2 mmol) in methanol (30 mL) was added
palladium on carbon (10% w/w, 31 mg) and the suspension was stirred under an atmosphere of
hydrogen for 2 h at room temperature. The reaction mixture was filtered through a pad of Celite
and concentrated in vacuo to give 2-aminoresorcinol as dark brown solid (245 mg, 98%) mp
158-160 °C (lit.,** mp 152.5 °C); (Found: [M+Na]", 148.0369. CsH,NNaO, requires 148.0369);
0x (400 MHz; DMSO-dp) 8.82 (2 H, br, OH), 6.19-6.29 (3 H, m, ArH), 3.85 (2 H, br, NH>); 6¢
(100 MHz; DMSO-ds) 145.3 (C), 124.3 (C), 116.2 (CH), 107.0 (CH).

(b) To a solution of 2-aminophenol (145 mg, 1.33 mmol) in acetone (10 mL) was added sodium
iodate (262 mg, 1.3 mmol) in water (17 mL), and the mixture was stirred for 10 min at room
temperature. Then 2-aminoresorcinol (200 mg, 1.6 mmol) in acetone (5 mL) was then added.
The resulting mixture was stirred for 20 h at room temperature, extracted with ethyl acetate (3 x
10 mL), the combined organic layers were dried (MgSOs), filtered and concentrated. The residue
was purified by flash chromatography (light petroleum/ethyl acetate 8:2) gave the title compound
8 as brown solid (75 mg, 25%), mp > 300 °C; (Found: [M+H]", 229.0607. C1,HoN,O; requires
229.0608); Amax (methanol)/nm 272 (log € 3.89), 430 (log € 4.11); vimax (CHCl3)/cm™ 3592, 3457,
3393, 3331, 3011, 1590; 65 (400 MHz; DMSO-ds) 10.2 (1 H, br, OH), 7.29 (1 H, t, J 8.0 Hz, H-
7),6.92 (1 H, d, J 8.0 Hz, H-8), 6.84 (1 H, d, J 8.0 Hz, H-6), 6.68 (2 H, br, NH>), 6.45 (1 H, s, H-
1), 6.34 (1 H, s, H-4); 6¢(100 MHz; DMSO-ds) 180.5 (C), 154.2 (C), 149.2 (C), 147.3 (C), 146.2

(C), 143.2 (C, 129.6 (C), 124.2 (CH), 111.3 (CH), 106.4 (CH), 103.7 (CH), 99.3 (CH).

N-(9-Hydroxy-3-oxo-3H-phenoxazin-2-yl)acetamide (chandrananimycin A) 11
To a solution of 2-amino-9-hydroxy-3 H-phenoxazin-3-one (60 mg, 0.22 mmol) in

dichloromethane (5 mL), were added acetic anhydride (218 pl, 2.30 mmol) and 4-



dimethylaminopyridine (5.6 mg, 0.04 mmol), and the resulting mixture was stirred 16 h at room
temperature. Then the mixture was poured into water (10 mL), and extracted with
dichloromethane (3 x 10 mL). The combined organic layers were dried (MgSO,), filtered and
concentrated. The residue was purified by flash chromatography (light petroleum/ethyl acetate
8:2) to give the fitle compound 11 as brown solid (23 mg, 39%), mp > 300 °C (lit.,* mp not
given); (Found: [M+Na]", 293.0535. C4H10N,NaO, requires 293.0533); Amax (methanol)/nm 268
(log € 3.94), 422 (log & 4.32); Vimax (CHCl3)/cm™ 3469, 3355, 3011, 1701, 1648, 1503; 85 (400
MHz; DMSO-ds) 10.6 (1 H, br NH), 9.67 (1 H, br, OH), 8.38 (1 H, s, H-1), 7.45 (1 H, t, J 8.0
Hz, H-7), 6.96 (1 H, d, J 8.0 Hz, H-8), 6.89 (1 H, d, J 8.0 Hz, H-6), 6.45 (1 H, s, H-4), 2.24 (3H,
s, Me); 8¢ (100 MHz; DMSO-dg) 179.8 (C), 171.1 (C), 155.6 (C), 149.3 (C), 146.1 (C), 144.1
(0), 137.1 (C), 132.9 (CH), 124.4 (C), 114.3 (CH), 112.4 (CH), 106.7 (CH), 104.0 (CH), 25.2

(CHj3).

2-Amino-8-[(tetrahydropyran-2-yloxy)methyl]-3H-phenoxazin-3-one 9

(a) Sodium borohydride (76 mg, 2 mmol) was added in small portions to a solutions of 4-
hydroxy-3-nitrobenzaldehyde (130 mg, 0.78 mmol) in methanol (2 mL) at 0 °C. The reaction
was maintained at 0 °C for 1 h and then diluted with chloroform (20 mL) and poured into HCI (1
M; 10 mL). the organic lauer was separated and washed with water (10 mL). The organic extract
was dried (MgSQ,), filtered and concentrated to give 4-hydroxymethyl-2-nitrophenol as a yellow
solid (790 mg, 80%), mp 97-99 °C (lit.,”> mp 94-98 °C); (Found: [M+Na]", 192.0266.
C7H7NNaOy requires 192.0267); 6 (400 MHz; CDCls) 10.58 (1H, s, OH), 8.14 (1 H, s, H-3),
7.63 (1 H, d,J8.0 Hz, H-5), 7.19 (1 H, d, J 8.0 Hz, H-6), 4.72 (2 H, s, CH,); 8¢ (100 MHz;

CDCls) 154.5 (C), 136.3 (CH), 133.2 (C), 123.0 (CH), 120.2 (C), 63.7 (CHa); one C unobserved.



(b) To a solution of 4-hydroxymethyl-2-nitrophenol (500 mg, 3.0 mmol) in dry dichloromethane
(30 mL) under argon atmosphere, were added 3,4-dihydro-2H-pyran (285 pL, 3.0 mmol) and
pyridinium p-toluenesulfonate (80 mg, 0.3 mmol). The resulting mixture was stirred a room
temperature for 16 h. Then the mixture was poured into water (30 mL) and extracted with
dichloromethane (3 x 20 mL), the combined organic layers were dried (MgSQ,), filtered and
concentrated. The product was purified by flash chromatography (light petroleum /ethyl acetate
8:2) to give 2-nitro-4-[(tetrahydropyran-2-yloxy)methyl]phenol as a colorless oil (673 mg, 88%);
(Found: [M+Na]", 276.0833. C,H;5sNNaOs requires 276.0842); 5 (400 MHz; DMSO-ds) 10.94
(1 H,s,OH), 7.85 (1 H, s, H-3), 7.53 (1 H, d, J 8.1 Hz, H-5), 7.13 (1 H, d, J 8.1 Hz, H-6), 4.62-
4.69 (2 H, m, CH,), 4.43 (1 H, d, J 8.0 Hz, CH), 3.75-3.81 (1 H, m, CH>»), 3.45-3.51 (1 H, m,
CH»), 1.4-1.8 (6 H, m); 8¢ (100 MHz; DMSO-dg) 151.9 (C), 136.8 (C), 135.2 (C), 130.1 (CH),
124.5 (CH), 119.5 (CH), 97.8 (CH), 67.2 (CH,), 61.8 (CH»), 30.6 (CH>), 25.4 (CH,), 19.5 (CH>).
(c) To a solution of 2-nitro-4[(tetrahydropyran-2-yloxy)methyl]phenol (600 mg, 2.3 mmol) in
methanol (60 mL) was added palladium on carbon (10% w/w, 80 mg) and the suspension was
stirred under an atmosphere of hydrogen for 2 h at room temperature. The reaction mixture was
filtered through a pad of Celite and concentrated in vacuo to give 2-amino-4-[(tetrahydropyran-
2-yloxy)methyl] phenol as dark brown oil (502 mg, 98%) used without further purification;
(Found: [M+Na]", 246.1091. C1,H,;NNaO; requires 246.1101); 55 (400 MHz; DMSO-d;) 8.88 (1
H, s, OH), 6.58-6.60 (2 H, m, ArH), 6.36 (1 H, d, J 6.0 Hz, H-5), 4.61 (1 H, m, CH), 4.50 (2 H,
br, NH,), 4.45 (1 H, d,J 11.2 Hz, CHH), 4.20 (1 H, d, J 11.2 Hz, CHH), 3.75-3.81 (1 H, m,
CHH), 3.45-3.51 (1 H, m, CHH), 1.4-1.8 (6 H, m, CH,); 6¢ (100 MHz; DMSO-ds) 143.9 (C),
136.8 (C), 129.4 (C), 116.8 (CH), 114.9 (CH), 114.3 (CH), 97.1 (CH), 68.9 (CH,), 61.6 (CH»),

30.7 (CH,), 25.5 (CH,), 19.6 (CH,).



(d) To a solution of 2-aminophenol (109 mg, 1.0 mmol) in acetone (10 mL) was added sodium
iodate (295 mg, 1.5 mmol) in water (26 mL), and the mixture was stirred for 10 min at room
temperature. Then a solution of 2-amino-4-[(tetrahydropyran-2-yloxy)methyl]phenol (334 mg,
1.5 mmol) in acetone (10 mL) was added. The suspension was stirred for 20 h at room
temperature, extracted with ethyl acetate (3 x 15 mL), The combined organic layers were dried
(MgSO0,), filtered and concentrated. The residue was purified by flash chromatography (light
petroleum/ethyl acetate 8:2) gave the title compound 9 as brown solid (146 mg, 45%), mp 198-
200 °C; (Found: [M+Na]", 349.1162. C sHsN,NaO, requires 349.1159); viax (CHCl3)/cm™
3629, 3086, 2950, 1645, 1578, 1442, 1192; 85 (400 MHz; DMSO-ds) 7.80 (1 H, s, H-9), 7.47 (1
H, dJ8&.1 Hz, H-6), 7.39 (1 H,d J 8.1 Hz, H-7), 6.50 (1 H, s, H-1), 6.43 (1 H, s, H-4), 5.15 (2 H,
br, NH»), 4.91 (1 H, d J 12.0 Hz), 4.79 (1 H, m), 4.63 (1 H, d J 12.0 Hz, CH3), 3.95 (1 H, m,
CH), 3.62 (1 H, m, CH), 1.90-1.60 (6 H, m); &¢ (100 MHz; DMSO-ds) 180.3 (C), 149.4 (C),
148.7 (C), 145.7 (C), 142.0 (C), 135.9 (C), 133.7 (C), 129.0 (C), 127.5 (CH), 115.9 (CH), 104.1

(CH), 100.8 (CH), 97.9 (CH), 67.9 (CHa), 62.1 (CHs), 30.5 (CH»), 25.4 (CH,), 19.2 (CH>).

2-Amino-8-hydroxymethyl-3H-phenoxazin-3-one 12

A solution of 2-amino-8-[(tetrahydropyran-2-yloxy)methyl]-3 H-phenoxazin-3-one (90 mg, 0.3
mmol) in a solution of ethanol-THF (1:1, 25 mL) was treated with hydrochloric acid (1 M; 6
mL). The resulting solution was stirred for 6 h at room temperature. Water (15 mL) was added
and the reaction mixture was extracted with ethyl acetate (3 x 20 mL). The combined organic
layers were dried (MgSOQ,), filtered and concentrated. The residue was purified by flash
chromatography (dichloromethane/ethyl acetate 8:2) to give the fitle compound 12 as a brown

solid (39 mg, 65%), mp 235-240 °C; (Found: [M+Na]", 265.0575. C13H;(N,NaOs. requires



265.0584); hmax (methanol)/nm 238 (log € 5.45), 437 (log € 4.23); vmax (CHCl3)/cm™ 3691, 3606,
3381, 3166, 2360, 2341, 1600; 6 (400 MHz; DMSO-d;) 7.64 (1 H, s, H-9), 7.47 (1 H, d J 8.0
Hz, H-6), 7.41 (1 H, d J 8.0 Hz, H-7), 6.80 (1 H, br, NH,), 6.36 (2 H, s, ArH), 5.45 (1 H, br,
OH), 4.58 (2 H, s, CH»); 8¢ (100 MHz; DMSO-dp) 180.6 (C), 149.4 (C), 148.6 (C), 147.8 (C),
141.1 (C), 140.3 (C), 133.9 (C), 127.6 (CH), 125.8 (CH), 116.0 (CH), 103.7 (CH), 98.8 (CH),

62.6 (CHy).

N-(3-Oxo0-8-hydroxymethyl-3H-phenoxazin-2-yl)acetamide (exfoliazone) 13

(a) To a solution of 2-amino-8-[(tetrahydropyran-2-yloxy)methyl]-3H-phenoxazin-3-one (150
mg, 0.5 mmol) in dichloromethane (5 mL), were added acetic anhydride (218 pl, 2.3 mmol) and
4-dimethylaminopyridine (5.6 mg, 0.04 mmol). The resulting mixture was stirred 16 h at room
temperature. Then the mixture was washed with water (5 mL), dried (MgSQs), filtered and
concentrated. The residue was purified by flash chromatography (light petroleum/ethyl acetate
8:2) to give N-(3-oxo0-8-[(tetrahydropyran-2-yloxy)methyl]-3 H-phenoxazin-2-yl)acetamide as
brown solid (74 mg, 43%), mp 215-220 °C; (Found: [M+Na]",391.1261. C50H»0N>NaOs requires
391.1264); Vimax (CHCl3)/cm™ 3393, 3042, 1596, 1575, 1186; 85 (400 MHz; DMSO-ds) 8.59 (1
H, br, NH), 8.46 (1 H, s, H-9), 7.92 (1 H, s, H-1), 7.58 (1 H, d J 8.1 Hz, H-6), 7.43 (1 H, d J 8.1
Hz, H-7), 6.48 (1 H, s, H-4),4.91 (1 H, dJ 12.0 Hz, CH>), 4.79 (1 H, m, CH), 4.63 (1 H,d J 12.0
Hz, CH,), 3.95 (1 H, m, CH,), 3.62 (1 H, m, CH,), 2.31 (3 H, s), 1.90-1.60 (6 H, m); 8¢ (100
MHz; DMSO-ds) 179.6 (C), 169.2 (C), 149.4 (C), 148.9 (C), 142.4 (C), 137.0 (C), 136.5 (C),
133.8 (C), 131.1 (CH), 128.7 (CH), 116.0 (CH), 113.8 (CH), 104.0 (CH), 98.1 (CH), 67.7 (CH,),

62.2 (CH,), 30.5 (CH,), 25.4 (CH»), 24.9 (CH;), 19.2 (CH,).



(b) A solution of N-(3-ox0-8-[(tetrahydropyran-2-yloxy)methyl]-3 H-phenoxazin-2-yl)acetamide
(55 mg, 0.2 mmol) in THF/ethanol (6 mL, 1:1) and hydrochloric acid (1 M; 2 mL) was added.
The resulting solution was stirred 6 h at room temperature. Then water (10 mL) was added and
the reaction mixture was extracted with ethyl acetate (3 x 15 mL). The combined organic layers
were dried (MgS0,), filtered and concentrated. The residue was purified by flash
chromatography (light petroleum/ethyl acetate 8:2) to give the title compound 13 as a brown
solid (15 mg 37%), mp 288-290 °C (lit.,” mp 294-298 °C); (Found: [M+Na]", 307.0694.
CisH12N2NaO4 requires 307.0689); Amax (methanol)/nm 239 (log € 7.69), 405 (log € 4.32); Vinax
(CHCls)/cm™ 3643, 3006, 2961, 1601, 1432, 1157; 8; (400 MHz; DMSO-d;) 9.72 (1 H, br, NH),
8.29 (1 H, s, H-9), 7.78 (1 H, s, H-1), 7.57 (1 H, d J 8.2 Hz, H-6), 7.54 (1 H, d J 8.2 Hz, H-7),
6.49 (1 H, s,H-4), 5.43 (1 H, tJ 5.8 Hz, OH), 4.62 (2 H, d J 5.8 Hz, CH,), 2.25 (3 H, s, CH3); 6¢
(100 MHz; DMSO-ds) 179.8 (C), 171.2 (C), 149.4 (C), 149.1 (C), 142.1 (C), 140.8 (C), 138.2
(0), 133.6 (C), 130.6 (CH), 127.1 (CH), 116.2 (CH), 113.7 (CH), 104.1 (CH), 62.3 (CH,), 24.8

(CHj3).

Methyl 2-amino-3-oxo-8-[(tetrahydropyran-2-yloxy)methyl]-3H-phenoxazine-1-carboxylate
10

To a solution of methyl 2-amino-3-hydroxybenzoate (550 mg, 4.1 mmol) in acetone (26 mL) was
added sodium iodate (685 mg, 4.5 mmol) in water (47 mL), and the resulting mixture was stirred
for 10 min at room temperature. Then a solution of 2-amino-4-[(tetrahydropyran-2-
yloxy)methyl]phenol (771 mg, 6.0 mmol) in acetone (15 mL) was added. The suspension was
stirred for 20 h at room temperature, then extracted with ethyl acetate (3 x 25 mL). The

combined organic layers were dried (MgSO,) and concentrated. The residue was purified by



flash chromatography (light petroleum/ethyl acetate 8:2) to give the title compound 10 as brown
solid (387 mg, 29%), mp 223-227 °C; (Found: [M+Na]", 407.1214. C50HN,NaOg requires
407.1214); vimay (CHCL3)/em™ 3686, 3006, 2974, 1578, 1473, 1192; 85 (400 MHz; CDCl;) 7.87 (1
H, s, H-9), 7.51 (1 H, d, J 8, H-6), 7.38 (1 H, d, J 8.1 Hz,H-7), 6.50 (1 H, s, H-4),4.89 (1 H, d, J
8.2 Hz, CH»), 4.77 (1 H, t, J 8 Hz, CH3), 4.62 (1 H, m, CH), 4.04 (3 H, s, Me), 3.94-3.96 (1 H,
m, CHy), 3.5-3.53 (1 H, m, CH»), 1.52-1.93 (6H, m); d¢ (100 MHz; DMSO-d6) 178.8 (C), 167.2
(0), 149.5 (C), 147.4 (C), 1459 (C), 141.4 (C), 136.4 (CH), 133.3 (CH), 129.4 (C), 127.5 (C),
116.2 (CH), 104.1 (CH), 100.3 (C), 97.9 (CH), 67.9 (CH,), 62.7 (CH»), 52.3 (CH3), 30.6 (CH»),

25.4 (CH,), 19.5 (CHy).

Methyl 2-amino-8-(hydroxymethyl)-3-oxo-3H-phenoxazine-1-carboxylate 14

To a solution of methyl 2-amino-3-o0xo0-8-[(tetrahydropyran-2-yloxy)methyl]-3H-phenoxazine-1-
carboxylate (48 mg, 0.2 mmol) in a solution of ethanol-THF 1:1 (10 mL), hydrochloric acid (1
M; 1 mL) was added. The resulting solution was stirred 6 h at room temperature. Then water (10
mL) was added and the reaction mixture was extracted with ethyl acetate (3 x 15 mL). The
combined organic layers were dried (MgSO,), filtered and concentrated. The residue was
purified by flash chromatography (light petroleum/ethyl acetate 8:2) to give the title compound
14 as a brown solid (15 mg, 50%), mp 285-293 °C; (Found: [M+Na]", 323.0644. C;5sH;,N,NaOs
requires 323.0638); Amax (methanol)/nm 235 (log € 5.63), 433 (log € 4.33); Vimax (CHCl3)/cm™
3697, 3603, 3426, 3397, 2952, 1710, 1648; 6 (400 MHz; DMSO-ds) 7.67 (1 H, s, H-9), 7.62 (2
H, br, NH,), 7.44-7.52 (2 H, m, ArH), 6.49 (1 H, s, H-4), 5.38 (1 H, t,J 7.8 Hz, OH), 4.61 (2 H,

dJ 7.8 Hz, CH,), 3.87 (3 H, s, Me); 8¢ (100 MHz; DMSO-d) 178.7 (C), 167.3 (C), 149.5 (C),



147.5 (C), 145.7 (C), 140.9 (C), 140.7 (C), 133.2 (C), 128.4 (CH), 126.3 (CH), 115.9 (CH),

104.0 (CH), 100.3 (C), 62.5 (CHa), 52.3 (CH3).

IDO Assay

Human N-terminus 6X-histidine IDO was expressed in E. coli and purified using Ni** affinity
chromatography as described.*® Purified rhIDO had an enzymatic activity of 1pmol kynurenine
formed /min/mg and was stored in 25 mM Tris-HCI, pH 7.4 containing 250 mM surcrose at -80
°C.

The oxidative cleavage of L-tryptophan catalyzed by rhIDO was measured as described
previously by Takikawa ef al.,”” and modified by Austin ef al.’® Reactions (0.25 mL) were
performed in 50 mM potassium phosphate buffer pH 7.4, containing 20 mM ascorbic acid, 10
uM methylene blue, 0.4 mg/mL catalase and 4 pg/mL rhIDO. DMSO or inhibitor dissolved in
DMSO was added for 10 min then reactions were initiated by the addition of 400 uM L-
tryptophan. After 30 min at 37 °C, reactions were terminated by the addition of 100 pl of 30%
(w/v) trichloroacetic acid. Samples were heated to 65 °C for 15 min and then centrifuged at 13k
rpm for 5 min. Supernatant (100 pl) was transferred to a 96-well plate and 100 pl of 4-
dimethylaminobenzaldehyde (Ehrlich’s reagent, 2% in acetic acid) was added to each well. After
2 min, the absorbance was determined using a microplate reader at 490 nm. Results were
quantified against a standard curve generated using authentic kynurenine. Final results were
calculated as percent of DMSO treated controls.

Kinetic studies were performed with compound 3 as previously described,*® using tryptophan

concentrations between 10 and 240 uM and inhibitor concentrations of 0.25 and 0.5 uM. 1Csy



values were determined as described above in triplicate using 10-12 concentrations of inhibitors

(cinnabarinic acid 3, 0.05-25 uM; 4-phenylimidazole, 0.6-1250 pM).

ASSOCIATED CONTENT

Supporting Information. Copies of HPLC data, and 'H and *C NMR spectra. This material is

available free of charge via the Internet at http://pubs.acs.org.

AUTHOR INFORMATION

Corresponding Author

*Tel: (+44)115 846 8500; E-mail: c.j.moody@nottingham.ac.uk

ABBREVIATIONS USED

IDO, indoleamine-2,3-dioxygenase; rh, recombinant human.

ACKNOWLEDGMENT

We thank the University of Nottingham for support.

REFERENCES

1. Hollstein, U. Actinomycin - chemistry and mechanism of action. Chem. Rev. 1974, 74, 625-

652.



Imai, S.; Shimazu, A.; Furihata, K.; Hayakawa, Y.; Seto, H. Isolation and structure of a new
phenoxazine antibiotic, exfoliazone, produced by Streptomyces-exfoliatus. J. Antibiot. 1990,
43, 1606-1607.

Imai, S.; Noguchi, T.; Seto, H. Studies on cell-growth stimulating substances of low-
molecular-weight. 2. Exfoliazone and lavanducyanin, potent growth-promoting substances
of rat-liver cell-line, rIn-8, produced by Streptomyces-exfoliatus and Streptomyces-
aeriouvifer. J. Antibiot. 1993, 46, 1232-1238.

Ren, J.; Liu, D.; L.Tian; Wei, Y.; Proksch, P.; Zeng, J.; Lin, W. Venezuelines A—G, new
phenoxazine-based alkaloids and aminophenols from Streptomyces venezuelae and the
regulation of gene target Nur77. Bioorg. Med. Chem. Lett. 2013, 23, 301-304.

Gomes, P. B.; Nett, M.; Dahse, H.-M.; Sattler, 1.; Martin, K.; Hertweck, C. Bezerramycins
A-C, antiproliferative phenoxazinones from Streptomyces griseus featuring carboxy,
carboxamide or nitrile substituents. Eur. J. Org. Chem. 2010, 231-235.

Gripenberg, J. Fungus Pigments. 8. The structure of cinnabarin and cinnabarinic acid. Acta
Chem. Scand. 1958, 12, 603-610.

Gomes, P. B.; Nett, M.; Dahse, H.-M.; Hertweck, C. Pitucamycin: structural merger of a
phenoxazinone with an epoxyquinone antibiotic. J. Nat. Prod. 2010, 73, 1461-1464.
Maskey, R. P.; Li, F. R. C.; Qin, S.; Fiebig, H. H.; Laatsch, H. Chandrananimycins A-C:
Production of novel anticancer antibiotics from a marine Actinomadura sp isolate M048 by
variation of medium composition and growth conditions. J. Antibiot. 2003, 56, 622-629.
Thuy, T. T.; Lam, T. H.; Huong, N. T. T.; Nhung, L. T. H.; Ninh, P. T.; Anh, N. T. H.;
Thao, T. T. P.; Sung, T. V. Natural phenoxazine alkaloids from Peristrophe bivalvis (L.)

Merr. Biochem. Syst. Ecol. 2012, 44, 205-207.



10.

11.

12.

13.

14.

15.

16.

17.

Carr, G.; Tay, W.; Bottriell, H.; Andersen, S. K.; Mauk, A. G.; Andersen, R. J.
Plectosphaeroic acids A, B, and C, indoleamine 2,3-dioxygenase inhibitors produced in
culture by a marine isolate of the fungus Plectosphaerella cucumerina. Org. Lett. 2009, 11,
2996-2999.

Prendergast, G. C. Immune escape as a fundamental trait of cancer: focus on IDO. Oncogene
2008, 27, 3889-3900.

Botting, N. P. Chemistry and neurochemistry of the kynurenine pathway of tryptophan
metabolism. Chem. Soc. Rev. 1995, 401-412.

Muller, A. J.; Scherle, P. A. Targeting the mechanisms of tumoral immune tolerance with
small-molecule inhibitors. Nature Rev. Cancer 2006, 6, 613-625.

Muller, A. J.; DuHadaway, J. B.; Donover, P. S.; Sutanto-Ward, E.; Prendergast, G. C.
Inhibition of indoleamine 2,3-dioxygenase, an immunoregulatory target of the cancer
suppression gene Binl, potentiates cancer chemotherapy. Nature Med. 2005, 11,312-319.
Muller, A. J.; Prendergast, G. C. Marrying immunotherapy with chemotherapy: why say
IDO? Cancer Res. 2005, 65, 8065-8068.

Muller, A. J.; Prendergast, G. C. Indoleamine 2,3-dioxygenase in immune suppression and
cancer. Curr. Cancer Drug Tar. 2007, 7, 31-40.

Smith, C.; Chang, M. Y.; Parker, K. H.; Beury, D. W.; DuHadaway, J. B.; Flick, H. E.;
Boulden, J.; Sutanto-Ward, E.; Soler, A. P.; Laury-Kleintop, L. D.; Mandik-Nayak, L.;
Metz, R.; Ostrand-Rosenberg, S.; Prendergast, G. C.; Muller, A. J. IDO is a nodal
pathogenic driver of lung cancer and metastasis development. Cancer Discov. 2012, 2, 722-

735.



18.

19.

20.

21.

22.

23.

24.

25.

Vecsei, L.; Szalardy, L.; Fulop, F.; Toldi, J. Kynurenines in the CNS: recent advances and
new questions. Nat. Rev. Drug Discov. 2013, 12, 64-82.

Kumar, S.; Jaller, D.; Patel, B.; LaLonde, J. M.; DuHadaway, J. B.; Malachowski, W. P.;
Prendergast, G. C.; Muller, A. J. Structure based development of phenylimidazole-derived
inhibitors of indoleamine 2,3-dioxygenase. J. Med. Chem. 2008, 51, 4968-4977.

Kumar, S.; Malachowski, W. P.; DuHadaway, J. B.; LaLonde, J. M.; Carroll, P. J.; Jaller,
D.; Metz, R.; Prendergast, G. C.; Muller, A. J. Indoleamine 2,3-dioxygenase is the
anticancer target for a novel series of potent naphthoquinone-based inhibitors. J. Med.
Chem. 2008, 51, 1706-1718.

Matsuno, K.; Takai, K.; Isaka, Y.; Unno, Y.; Sato, M.; Takikawa, O.; Asai, A. S-
Benzylisothiourea derivatives as small-molecule inhibitors of indoleamine-2,3-dioxygenase.
Bioorg. Med. Chem. Lett. 2010, 20, 5126-5129.

Le Roes-Hill, M.; Goodwin, C.; Burton, S. Phenoxazinone synthase: what's in a name?
Trends Biotech. 2009, 27, 248-258.

Bruyneel, F.; Enaud, E.; Billottet, L.; Vanhulle, S.; Marchand-Brynaert, J. Regioselective
synthesis of 3-hydroxyorthanilic acid and its biotransformation into a novel phenoxazinone
dye by use of laccase. Eur. J. Org. Chem. 2008, 72-79.

Horvath, T.; Kaizer, J.; Speier, G. Functional phenoxazinone synthase models - Kinetic
studies on the copper-catalyzed oxygenation of 2-aminophenol. J. Mol. Cat. A4 2004, 215, 9-
15.

Angyal, S. J.; Bullock, E.; Hanger, W. G.; Howell, W. C.; Johnson, A. W. Actinomycin. 3.

The reaction of actinomycin with alkali. J. Chem. Soc. 1957, 1592-1602.



26.

27.

28.

29.

30.

31.

32.

33.

Ruan, J. W.; Huang, Z. S.; Huang, J. F.; Du, C. J.; Huang, S. L.; Shi, Z.; Fu, L. W.; Gu, L.
Q. Synthesis of phenoxazinone derivatives and antiproliferative activities on wild-type and
drug-resistant tumor cells. Chin. Chem. Lett. 2006, 17, 1141-1144.

Giurg, M.; Piekielska, K.; Gebala, M.; Ditkowski, B.; Wolanski, M.; Peczynska-Czoch, W.;
Mlochowski, J. Catalytic oxidative cyclocondensation of o-aminophenols to 2-amino-3H-
phenoxazin-3-ones. Synth. Commun. 2007, 37, 1779-1789.

Hick, L. A.; Manthey, M. K.; Truscott, R. J. W. Triphenodioxazine-1,8-dicarboxylic acid as
an oxidation-product of 3-hydroxyanthranilic acid. J. Heterocycl. Chem. 1991, 28, 1157-
1160.

Tomoda, A.; Shirasawa, E.; Nagao, S.; Minami, M.; Yoneyama, Y. Involvement of
oxidoreductive reactions of intracellular hemoglobin in the metabolism of 3-
hydroxyanthranilic acid in human-erythrocytes. Biochem. J. 1984, 222, 755-760.

Rao, P. V. S.; Jegannathan, N. S.; Vaidyanathan, C. S. Enzymic conversion of 3-
hydroxyanthranilic acid into cinnabarinic acid by the nuclear fraction of rat liver. Biochem.
J. 1965, 95, 628-632.

Mangin, D. R.; Sulsky, R. B.; Ridd, J. A.; Caulfield, T. J.; Parker, R. A. Dual inhibitors of
adipocyte fatty acid binding protein and keratinocyte fatty acid binding protein. US
2003/0225091 A1, 2003.

Huang, S.-T.; Hsei, L. J.; Chen, C. Synthesis and anticancer evaluation of
bis(benzimidazoles), bis(benzoxazoles), and benzothiazoles. Bioorg. Med. Chem. 2006, 14,
6106-6119.

Weinstein, B.; Goodman, L.; Baker, B. R.; Crews, O. P.; Leaffer, M. A. Potential anticancer

agents. 70. Some simple derivatives of actinomycins. J. Org. Chem. 1962, 27, 1389-1395.



34.

35.

36.

37.

38.

Ausin, C.; Ortega, J. A.; Robles, J.; Grandas, A.; Pedroso, E. Synthesis of amino- and
guanidino-G-clamp PNA monomers. Org. Lett. 2002, 4, 4073-4075.

Fishman, J. B. The condensation of formaldehyde with ortho-nitrophenol. J. Am. Chem. Soc.
1920, 42, 2288-2297.

Austin, C. J. D.; Mizdrak, J.; Matin, A.; Sirijovski, N.; Kosim-Satyaputra, P.; Willows, R.
D.; Roberts, T. H.; Truscott, R. J. W.; Polekhina, G.; Parker, M. W.; Jamie, J. F. Optimised
expression and purification of recombinant human indoleamine 2,3-dioxygenase. Protein
Expres. Purif- 2004, 37, 392-398.

Takikawa, O.; Kuroiwa, T.; Yamazaki, F.; Kido, R. Mechanism of interferon-gamma action
- characterization of indoleamine 2,3-dioxygenase in cultured human-cells induced by
interferon-gamma and evaluation of the enzyme-mediated tryptophan degradation in its
anticellular activity. J. Biol. Chem. 1988, 263, 2041-2048.

Gaspari, P.; Banerjee, T.; Malachowski, W. P.; Muller, A. J.; Prendergast, G. C.;
DuHadaway, J.; Bennett, S.; Donovan, A. M. Structure-activity study of brassinin

derivatives as indoleamine 2,3-dioxygenase inhibitors. J. Med. Chem. 2006, 49, 684-692.



TABLE OF CONTENTS GRAPHIC

R® R
R® N NHR
o o
RS R*

H
-, CO-H inhibits H coH
Q\f\(NHQ ey o NH,
N IDO NH




