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The use of 2-halobenzyl tosylates as substrates in copper-catalyzed domino intermolecular substitution/
intramolecular arylation processes for the efficient and selective preparation of heterocycles is reported
for the first time. Reaction of 2-halobenzyl tosylates with -ketoesters delivers 4H-chromenes with yields
ranging between 59 and 89%. Imidazobenzothiazines are formed with yields up to 82% upon reaction of

2-halobenzyl tosylates with 2-mercaptoimidazoles. When 2-halobenzyl tosylates are reacted with
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benzamidines the corresponding quinazolines are obtained.
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1. Introduction

Over the last decade the importance of copper-catalyzed cross-
couplings for the formation of C(aryl)—C, C(aryl)—0, C(aryl)—N und
C(aryl)—S bonds has increased significantly.! The reasons for this
development are that copper compounds are inexpensive and that
many copper-mediated transformations can now be performed
using catalytic amounts of the copper source, in the presence of
cheap additives or even in their absence, and under mild reaction
conditions. Moreover, most copper-catalyzed transformations do
not lag behind other transition metal-catalyzed reactions with re-
spect to yield, selectivity and functional group tolerance.” The po-
tential of copper-catalyzed cross couplings can be extended
considerably by combining them with reactions that are compati-
ble with the reaction conditions of the copper-catalyzed coupling to
new reaction sequences.’ This approach has proven particularly
valuable for the synthesis of heterocycles. With bifunctional sub-
strates a large number of heterocyclic systems can be prepared with
both remarkably high efficiency and selectivity.* Our group® and
others® have reported that 2-halobenzyl halides in general and 2-
bromobenzyl bromides in particular can serve as valuable dielec-
trophilic coupling partners for copper-catalyzed reactions with

* Corresponding author. Fax: +49 711 459 22951; e-mail address: ubeifuss@
uni-hohenheim.de (U. Beifuss).

http://dx.doi.org/10.1016/j.tet.2014.06.071
0040-4020/© 2014 Elsevier Ltd. All rights reserved.

dinucleophiles for the synthesis of heterocycles by means of
domino benzylation/arylation processes. Among other heterocyclic
systems, 4H-chromenes, imidazobenzothiazines, quinazolines and
quinazolinones have been obtained using this approach. 2-
Bromobenzyl bromides and other 2-halobenzyl halides can be
easily prepared by a number of standard procedures, such as the
halogenation of 2-halotoluenes’ or 2-halobenzylic alcohols.® A
major disadvantage, however, is that many benzyl bromides are
strong lachrymators and are also intensely irritating to skin and
mucous membranes.® This is why we decided to evaluate whether
2-halobenzyl bromides can be replaced with the corresponding 2-
halobenzyl tosylates. 2-Halobenzyl tosylates can be easily synthe-
sized from the corresponding 2-halobenzylic alcohols.”

For our study, three different heterocyclic systems, namely 4H-
chromenes, imidazobenzothiazines and quinazolines, were se-
lected as synthetic goals. The first reason was that the successful
preparation of these three heterocycles would allow us to dem-
onstrate the utility of 2-halobenzyl tosylates as substrates for three
different domino benzylation/arylation reactions, namely the
domino C-benzylation/O-arylation, the domino S-benzylation/N-
arylation and the domino N-benzylation/N-arylation/oxidation.
The second reason was that 4H-chromenes, imidazobenzothiazines
and quinazolines are particularly valuable heterocycles.

Due to their occurance in natural products and numerous bi-
ological and pharmaceutical activities chromenes have attracted
considerable attention.!" Some prominent examples of biologically
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active 4H-chromenes'? include the antibiotic rhodomyrtone,” the
a-glucosidase inhibitor myrtucommulone-E'* and the apoptosis
inducing agent sHA 14-1 (Fig. 1)."” This is why the synthesis of 4H-
chromenes is of great interest. Although several synthetic routes to
this skeleton have been reported in recent years,'® straight forward
methods using readily available starting materials are still highly
desired. Recently, we have found that the reaction of unsubstituted
2-bromobenzyl bromides with B-ketoesters can be used for the
efficient preparation of 4H-chromenes using 20 mol % Cul and
4 equiv K3PO4 in DMF at 110 °C for 24 h.>P

Rhodomyrtone

our group,”” i.e., with 20 mol % Cul and 4 equiv K3PO4 in DMF at
110 °C for 24 h, the corresponding 4H-chromene 3a was formed in
64% yield (Table 1, entry 1). The successful outcome of the initial
experiment encouraged us to optimize the reaction conditions.
First, the reaction was performed using different bases, such as
Cs,C03, K»,CO3 and DABCO. However, with none of the bases the
yield achieved with K3PO4 could be improved (Table 1, entries 2—4).
When the amount of K3PO4 was decreased from 4 equiv to 3 equiv
the yield of 3a dropped to 49% yield (Table 1, entry 5). Further ex-
periments with respect to the influence of different solvents on the

CO,Et
O CO,Et
‘ 0”7 "NH,
Myrtucommulone-E sHA 14-1

Fig. 1. Selected biologically active compounds with a 4H-chromene core.

Compounds with an imidazo[1,2-a][3,1]benzothiazine and re-
lated skeletons exhibit a number of biological activities'” and are
also of interest as materials.'® So far, only a few methods are known
for the synthesis of these heterocyclic systems. Gauthier et al. have
demonstrated that imidazo[1,2-a][3,1]benzothiazines can be ob-
tained in three steps by reaction between a 2-aminobenzhydrol
and thiourea.'® The reaction between 2-mercaptobenzimidazole
and a pentafluorobenzyl bromide delivers a benzimidazo[1,2-a]
[3,1]benzothiazine in two steps under basic conditions.?® Recently,
Bao et al. reported the preparation of these heterocycles in one-step
by a Cu(I)-catalyzed domino reaction between 2-bromobenzyl
bromides and 2-mercaptoimidazoles, which involves an in-
termolecular S-benzylation followed by an intramolecular N-
arylation.%?

Quinazolines and derivatives thereof represent an important
class of N-heterocycles. The quinazoline moiety is not only present
in many natural products®' but is also found in a variety of drugs,
such as prazosin,?? erlotinib,?* gefitinib,”* lapatinib®> and trime-
trexate®® (Fig. 2). Quinazolines possess a broad range of useful bi-
ological and pharmacological activities. Among them are
antiviral,”’ antibacterial,”® antimalarial,?® anticancer>° and antitu-
bercular®' properties. This is why even today there is a strong in-
terest in the development of new synthetic approaches for the
preparation of substituted quinazolines.>” Among others, a number
of copper-catalyzed methods have been put forward.>*> >’ Most of
them are based on the use of o-bisfunctionalized aromatic com-
pounds, such as o-halobenzaldehydes,>*3* o-haloaromatic ke-
tones,>* o-aminobenzoketones,>® o-halobenzylbromides,*® 1-(2-
halophenyl)methanamines>® and (2-aminophenyl)methanols®’ as
substrates.

2. Results and discussion

The reaction between 2-bromo-1-(4-methylbenzenesulfonate
methyl)benzene (1a) and methyl acetoacetate (2a) was selected
as a model reaction for the synthesis of 4H-chromene 3a. 2-Bromo-
1-(4-methylbenzenesulfonatemethyl)benzene (1a) was obtained in
98% yield by reaction of 2-bromobenzylic alcohol with p-TsCl.>
When 1 equiv of 1a and 1.1 equiv of 2a were reacted under con-
ditions well-established for copper-catalyzed transformations in

outcome of formation of 3a revealed that the transformation be-
tween 1 equiv of 1a and 2 equiv of 2a could be run in a number of
other solvents, including CH3CN, THF, DMA and H,O (Table 1, en-
tries 6—9). However, the best results were obtained with CH3CN.
When the reaction was performed in CH3CN at 90 °C, 3a could be
isolated in 72% yield (Table 1, entry 9). At 60 °C, the yield of 3a was
54% (Table 1, entry 10). As a result, all further reactions were run in
CH3CN at 90 °C. Finally, the influence of different Cu sources on the
model reaction was examined. It could be demonstrated that the
transformation could not only be catalyzed by several other Cu(l)
salts, such as CuCl, CuCN, Cu,0 and CuBr (Table 1, entries 11—15),
but also by a number of Cu(ll) salts, such as Cu(ClOg4),-6H,0,
Cu(OAc),, Cu(acac), (Table 1, entries 16—18) and elemental Cu
(Table 1, entry 19). The best results could be achieved with CuBr as
the catalyst. With 20 mol % CuBr, the yield of 3a could be increased
to 80% (Table 1, entry 14). A similar yield was observed with only
10 mol % CuBr (Table 1, entry 15). A final control experiment
demonstrated that in the absence of any Cu source the yield of 3a
was negligible (Table 1, entry 20). The optimization of the model
reaction between 1a and 2a with regard to the solvent, the base and
the copper source clearly demonstrated that the highest yields of
3awere obtained when 1 equiv of 1a and 2 equiv of 2a were reacted
in the presence of either 10 or 20 mol % CuBr and 4 equiv K3PO4 in
CHsCN at 90 °C under argon for 24 h (Table 1, entries 14 and 15).

After successful optimization of the model reaction the scope of
the domino process with respect to both the 2-halobenzyl tosylate
and the B-ketoester was examined. First, it was studied whether the
2-bromobenzyl tosylate 1a can be replaced with the 2-iodo- and
the 2-chloro derivatives 1b and ¢ (Table 2). For this purpose, 1b and
1c were reacted with 2a under the conditions established for the
bromo compound. With both substrates, 3a was formed exclu-
sively. With the 2-iodobenzyl tosylate 1b, the yield of the chromene
3a could be enhanced to 82% (Table 2, entry 2) while it dropped
markedly to 62% with the 2-chlorobenzyl tosylate 1c¢ as starting
material (Table 2, entry 3). Despite the convincing result with the 2-
iodobenzyl tosylate 1b all further reactions were conducted with 2-
bromobenzyl tosylates as substrates.

Next, it was demonstrated that 1a can not only be reacted
with methyl acetoacetate (2a), but also with ethyl acetoacetate
(2b), i-propyl acetoacetate (2c), t-butyl acetoacetate (2d), allyl
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Fig. 2. Selected biologically active compounds with a quinazoline core.

Table 1
Optimization of the conditions for the copper-catalyzed reaction between 1a and 2a
o Cu source
base
©\/\OTS OMe _solvent, 24h _ M
+
Br (0]
1a 2a 3a
Entry  Catalyst (mol %) Base (equiv) Solvent T (°C) Yield
of 3a (%)!

1 Cul (20) K3POy4 (4) DMF 110 64°
2 Cul (20) Cs,CO5 (4) DMF 110 58°
3 Cul (20) K>COs3 (4) DMF 110 43
4 Cul (20) DABCO (4) DMF 110 20°
5 Cul (20) K3POy4 (3) DMF 110 49°
6 Cul (20) K3POy4 (4) THF 100 62°
7 Cul (20) K3PO4 (4) DMA 110 55°
8 Cul (20) K3POy4 (4) H,0 90 19°¢
9 Cul (20) K3POy4 (4) CH5CN 90 72°
10 Cul (20) K3POy4 (4) CH5CN 60 54°
11 CuCl (20) K3POy4 (4) CH5CN 90 25°
12 CuCN (15) K3PO4 (4) CH5CN 90 46°
13 Cuy0 (20) K3POy4 (4) CH5CN 90 35P
14 CuBr (20) K3POy4 (4) CH5CN 90 80°
15 CuBr (10) K3PO4 (4) CH5CN 90 78"
16 Cu(ClO4)2-6H,0 (10)  K3PO4 (4) CH5CN 90 37°
17 Cu(AcO), (20) K3PO4 (4) CH5CN 90 54°
18 Cu(acac), (20) K3POy4 (4) CH5CN 90 35°
19 Cu 99% (20) K3PO4 (4) CH5CN 90 24°
20 — K3POy4 (4) CH5CN 90 10°

2 The reaction was performed using 0.5 mmol of 1a and 0.55 mmol of 2a in
a sealed vial.

b The reaction was performed using 0.5 mmol of 1a and 1 mmol of 2a in a sealed
vial.

¢ The reaction was run in a round-bottom flask under argon.

4 Yields refer to isolated yields.

acetoacetate (2e), benzyl acetoacetate (2f) and methoxyethyl ace-
toacetate (2g) to deliver the corresponding 4H-chromenes
3b—g with yields ranging from 66 to 79% as the sole products (Table
3, entries 2—7). It was also established that ethyl 3-oxopentanoate
(2h), ethyl 3-oxohexanoate (2i) and the 4-methyl-3-

Table 2
Reactions of 2-halobenzyl tosylates 1a—c with methyl acetoacetate 2a®
10 mol % CuBr o
4 equiv K3PO,
@\A ﬁ CH4CN, 90 °C, 24 h [ oue
(0)

1 2a 3a
Entry 1 X Yield of 3a (%)"
1 a Br 78
2 b I 82
3 c Cl 62

2 All reactions were performed using 0.5 mmol of 1 and 1 mmol of 2a in a sealed
vial.
b Yields refer to isolated yields.

oxopentanoates 2jk can be employed as B-ketoesters for the
preparation of 2,3-disubstituted 4H-chromenes 3h—k with yields
ranging from 59 to 89% (Table 3, entries 8—11). Finally, it was found
that the formation of 4H-chromenes is not restricted to unsub-
stituted 2-bromobenzyl tosylates. The required 2-bromobenzyl
tosylate 1d was obtained in 91% yield by reaction of the corre-
sponding 2-bromobenzylic alcohol with p-TsCl. The reaction of 2-
bromo-5-fluoro-1-(4-methylbenzenesulfonatemethyl)benzene
(1d) with 2a and 2b delivered the corresponding 4H-chromenes 31
and 3m in yields of 75 and 68%, respectively, (Table 3, entries 12 and
13).

The reaction can be considered as domino intermolecular C-
benzylation/intramolecular O-arylation. A plausible reaction
mechanism for the CuBr-catalyzed domino reaction is presented in
Scheme 1. It is assumed that the domino reaction starts with the
intermolecular C-benzylation of a B-ketoester (1la+2—4). The
second step, the intramolecular O-arylation between an O-atom of
the B-ketoester moiety and the aromatic carbon carrying the hal-
ogen atom is initiated by reaction of 4 with K3PO4 to give the cor-
responding potassium enolate A and K,HPO4. Then, the oxidative
addition of the arylbromide to copper takes place and B is formed
as an intermediate. This is followed by a bromide/enolate exchange
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Table 3
CuBr-catalyzed synthesis of 4H-chromenes 3a—m from 2-halobenzyl tosylates 1a,d and p-ketoesters 2a—k*

10 mol % CuBr
@\OTS
+
=
Bi

4 equiv K3PO, o
R r

or'  CHiCN.90°C,24h N OR'

O,
3 oo
\
(@)
A

Entry 1 2 3 Yield of 3 (%)°

OMe 2a OMe 3a 78

OTs
1 1a
B

r

O
o’ o
(@]
le) @]

2 1a ﬁoa 2b ©\/ﬁoa 3b 68
o) o)
i J\ i J\
3 1a ﬁo 2 Qfﬁo 3¢ 70
o ()
] o}
4 1a ﬁopsu 2d ©fﬁ0t-5u 3d 76
O (o)
o) 0
5 1a ﬁOAII 2e @\/ﬁom 3e 66
o 0
O 0
6 1a ﬁosn 2f Qfﬁosn 3f 79
9 (6]
o o)
7 1a O(CH,),0Me 2g ©\/ﬁO(CH2)ZOMe 3g 66
o o
o 0
8 1a OEt 2h | OFEt 3h 89
o o)
] o}
OEt OEt
9 1a 2i | 3i 59
o (o)
%) 0
10 1a OMe 2 | OMe 3j 82
o (6]
9] o)
11 1a OFEt 2K | OFEt 3Kk 78
9 (o)
0
F OT: F.
12 \©\/\ s 1d 2a | OMe 31 75
Br
o

Please cite this article in press as: Omar, M. A.; et al., Tetrahedron (2014), http://dx.doi.org/10.1016/j.tet.2014.06.071




M.A. Omar et al. / Tetrahedron xxx (2014) 1-14 5

Table 3 (continued )

Entry 1 2

3 Yield of 3 (%)°

13 1d 2b

(0]

2 All reactions were performed using 0.5 mmol of 1 and 1 mmol of 2 in a sealed vial.

b Yields refer to isolated yields.

(e}

(0]
KsPO,
©\/\OTS r'kOR2 C-benzylation Q/fORQ
+ - -~
Br o R L 0° R!
1a 2 4

enolate
K3POy | formation

(0}

OR?
0 \
O R
(6] R! A

CuBr
3
d oxidative
reductive i
elimination addition
? OR? R!
OR?
=
\ 0 o K
1l R
qu- 1]
Br \_/ C‘U,Br
c B Br

Scheme 1. Plausible reaction mechanism for the Cu(l)-catalyzed synthesis of the 4H-
chromenes 3.

to produce the chelated copper complex C. In the final step, C un-
dergoes reductive elimination with formation of the 4H-chromene
3 and regeneration of CuBr.

To support the reaction mechanism, a control experiment was
performed, namely the Cu(I)-catalyzed intramolecular O-arylation
of 4, the proposed intermediate of the domino reaction. For this
purpose, the benzylated -ketoester 4a was prepared by reaction of
1a with 2b under basic conditions (NaH) and then reacted with
10 mol % CuBr and 4 equiv K3PO4 in CH3CN under argon (Scheme 2).
After 24 h at 90 °C the 4H-chromene 3b was isolated in 65%. The
exclusive formation of 3b is a good indicator that 4 can act as an
intermediate in the 4H-chromene synthesis presented.

NaH, THF

e}
Br o 73% o}

Br

1a 2b 4a

intramolecular O-arylation can be performed using 2-halobenzyl
tosylates 1 as substrates with yields up to 89%. This means that
the 2-halobenzyl halides can be replaced without any problems by
the easily accessible 2-halobenzyl tosylates.

Next, it was studied whether imidazobenzothiazines 6 can be
prepared by the Cu(l)-catalyzed reaction between 2-bromobenzyl
tosylates 1 and 2-mercaptoimidazoles 5. For these trans-
formations, the Cu(l)-catalyzed reaction between 2-bromo-1-(4-
methylbenzenesulfonatemethyl)benzene (1a) and 2-mercapto
benzimidazole (5a) was selected as the model reaction. After some
initial experiments it was found that benzimidazo[1,2-a][3,1]ben-
zothiazine (6a) was formed in 77% yield when 1 equiv of 1a was
reacted with 1 equiv of 5a in the presence of 10 mol % Cul and 3 equiv
K,CO3 in DMSO for 20 h (Table 4, entry 1). In order to optimize the
reaction, the influence of the base, the Cu-source and the reaction
temperature on the outcome of the model reaction was studied.
First, the reaction was performed with different bases, such as
NaHCO3, CsyC03, Na;CO3 and K3PO4 (Table 4, entries 2—5). It was
found that the yield of 6a could be raised to 82% when 3 equiv K3PO4
were employed as base (Table 4, entry 5). The yield of 6a could not be
further improved by lowering or raising the amount of K3PO4 (Table
4, entries 6 and 7). In the absence of any base no product formation
could be observed (Table 4, entry 8). Next, the model reaction was
run in the presence of 10 mol % of different Cu(I)-sources. It could be
demonstrated that the reaction could also be performed with CuBr,
CuCl and Cuy0 as catalyst (Table 4, entries 9—11). However, in all
cases the yield was lower than with 10 mol % Cul. A reduction of the
catalyst load from 10 mol % to 5 mol % Cul did not pay off, since the
yield of 6a decreased to 69% (Table 4, entry 12). A control experiment
clearly demonstrated that no product was formed in the absence of
any copper-source (Table 4, entry 13). Then, the transformation was
studied in different solvents (Table 4, entries 14—17). The results
with 1,2-DCB, and CH3CN were promising but the yield achieved in
DMSO could not be topped (Table 4, entries 14 and 17). In a final
experiment the reaction temperature was lowered to 60 °C. At this
temperature not even a trace of 6a was formed (Table 4, entry 18).

With the optimized conditions in hand, the substrate scope of
the imidazobenzothiazine synthesis was evaluated. It was found
that in addition to the unsubstituted 2-bromobenzyl tosylate 1a the
substituted 2-bromobenzyl tosylates 1d and 1e could also be
reacted with 2-mercaptobenzimidazole (5a) to give the corre-
sponding benzimidazo[1,2-a][3,1]benzothiazine 6b,c in yields

10 mol% CuBr

O O

4 equiv K3PO4
CH3CN, 90 °C, 24 h

O

3b

65%

Scheme 2. Synthesis of the putative intermediate 4a and its Cu(I)-catalyzed conversion into 3b.

It can be stated that the Cu(I)-catalyzed synthesis of 4H-chro-
menes 3 by means of a domino intermolecular C-benzylation/

around 80% (Table 5, entries 2 and 3). The substrate 1e was ob-
tained in 97% yield by tosylation of the corresponding 2-
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Table 4

Optimization of the conditions for the reaction between 2-bromobenzyl tosylate
(1a) and 2-mercaptobenzimidazole (5a) for the synthesis of benzoimidazobenzo-
thiazine (6a)®

Cu-source
H base S _N
OTs N solvent, 20 h, air \V
+ />7SH N
Br N
1a 5a 6a

Entry Catalyst (mol %) Base (equiv) Solvent T(°C) Yield

of 6a (%)°

1 Cul (10) K2CO; (3) DMSO 110 77
2 Ccul (10) NaHCO; (3)  DMSO 110 59
3 Cul (10) Cs,C0; (3) DMSO 110 69
4 Ccul (10) Na,COs (3) DMSO 110 73
5 Ccul (10) K3PO,4 (3) DMSO 110 82
6 Cul (10) K3POy (4) DMSO 110 79
7 Ccul (10) K3PO4 (2) DMSO 110 58
8 Ccul (10) — DMSO 110 —
9 CuBr (10) K3POy4 (3) DMSO 110 68
10 Cucl (10) K3PO4 (3) DMSO 110 46
11 Cu,0 (10) K3PO,4 (3) DMSO 110 61
12 cul (5) K3POy4 (3) DMSO 110 69
13 — K3PO4 (3) DMSO 110 —
14 Ccul (10) K3PO,4 (3) 12-DCB 130 71
15 Ccul (10) K3POy4 (3) DME 120 55
16 Cul (10) K3POy4 (3) H,0 90 10
17 Ccul (10) K3PO4 (3) CH5CN 90 69
18 Ccul (10) K3PO,4 (3) DMSO 60 —

2 All reactions were performed using 0.5 mmol of 1a and 0.5 mmol of 5a in
a sealed vial.
b Yields refer to isolated yields.

bromobenzylic alcohol. Furthermore, it was established that the
reaction of the 2-bromobenzyl tosylates 1 is not restricted to 2-
mercaptobenzimidazole (5a) as substrate but could also be ach-
ieved with 2-mercaptoimidazole (5b). The transformations with
1d,e delivered the imidazo[1,2-a][3,1]benzothiazines 6d,e with 79
and 73%, respectively (Table 5, entries 4 and 5).

A plausible reaction mechanism for the Cul-catalyzed domino
reaction between 1a and 5a is given in Scheme 3. It is assumed that
the reaction proceeds as a domino intermolecular S-benzylation/
intramolecular N-arylation. It starts with the intermolecular S-
benzylation of 2-mercaptobenzimidazole (5a) to give the benzyl
thioether intermediate 7. The intramolecular N-arylation between
an N-atom of the benzimidazole ring begins with the generation of
A and K;HPO4. The oxidative addition of the aryl halide to copper
forms the Cu(Ill) intermediate B. This is followed by an exchange of
the halide on copper for the N-nucleophile. The resulting in-
termediate C releases the coupling product 6a and the Cu(l)-
catalyst CuX via reductive elimination.

To support the proposed reaction mechanism of the imidazo-
benzothiazine synthesis, a control experiment was performed; i.e.,
the Cu(I)-catalyzed intramolecular N-arylation of the benzyl thio-
ether 7, the putative intermediate of the domino reaction. The
benzyl thioether 7 was prepared selectively by S-benzylation of 5a
with 1a using K3PO4 as a base in 62% yield (Scheme 4). Sub-
sequently, 7 was reacted under the conditions of the Cul-catalyzed
domino reaction with 10 mol % Cul and 3 equiv K3PO4 in DMSO at
110 °C for 20 h to deliver the imidazobenzothiazine 6a as the only
product in 77%. The exclusive formation of 6a in high yield is
a strong indication that the benzyl thioether 7 is an intermediate in
the imidazobenzothiazine synthesis.

Table 5
Cul-catalyzed synthesis of imidazobenzothiazines 6a—e from 2-halobenzyl tosylates 1a,d,e and 2-mercaptoimidazoles 5a,b*
10 mol% Cul
H 3 equiv K3POy4 S _N
Xy oTs N DMSO, 110 °C 20 h, air T
| + Rl )—SH xR
A Br N ‘
R’ =
/
R|
Entry 1 5 6 Yield of 6 (%)°
S _N
OTs H \Nr
1 1a @[ >—sH 5a 6a 82
Br N
S _N
F oT \F
2 \©\A N 1d 5a N 6b 78
Br
F
S<_N
“ oT g
3 s 1e 5a N 6¢ 81
Br
Cl
S« _N
4 1d 5b N 6d 79
[ )—SH
N
F
5 1e 5b

S _N
\f
E _N\/) Ge 73
Cl

2 All reactions were performed using 0.5 mmol of 1 and 0.5 mmol of 5 in a sealed vial.

b Yields refer to isolated yields.
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Scheme 3. Plausible reaction mechanism for the Cu(I)-catalyzed synthesis of imida-
zobenzothiazine 6a.

58% yield (Table 6, entry 3). It was found that the synthesis of 2-
arylquinazolines is not restricted to the unsubstituted 2-
bromobenzyl tosylate (1a) as substrate. The substituted 2-
bromobenzyl tosylates 1d and 1e were also tolerated. The reaction
of 1d with 8a and 8b gave the corresponding quinazolines 9d and 9e
in yields of 51 and 69%, respectively, (Table 6, entries 4 and 5). The
reaction of 1e with 8a led to the formation of 9f in 53% yield.

Although a mechanistic investigation of the Cul-catalyzed qui-
nazoline synthesis has not been performed, it is plausible to regard
the transformation as a domino intermolecular N-benzylation/
intramolecular N-arylation/oxidation.>*"3°

The structures of all 4H-chromenes 3, imidazobenzothiazines 6
and quinazolines 9 were unambiguously elucidated by NMR spec-
troscopy and mass spectrometry. Full assignment of the 'H and '3C
chemical shifts and structure elucidation of all compounds was
achieved by evaluating their gCOSY, gHSQC and gHMBC spectra. As
an example, in the HMBC spectrum of 6e the quaternary carbon C-
3a showed 3J-HMBC-correlations to protons 1-H, 2-H and 5-H. The
quaternary carbon C-9a displayed strong 3jcy-correlations to the
protons 5-H and 6-H and finally carbon C-5a exhibited a %Jcy-cor-
relation to the proton 5-H (Fig. 3). Strong ROEs between protons 1-
H and 9-H as well as between 5-H and 6-H confirmed the structure
of 6e (Fig. 3).

In case of 6a a strong overlap of individual 'H NMR resonances
of the two proton aromatic spin systems (1-H)—(4-H) and (8-
H)—(11-H), e.g., 1-H and 11-H, precludes an unequivocal struc-
ture elucidation (see Supplementary data Fig. 20). However, by
means of the computed >C NMR chemical shifts at the DFT GIAO

10 mol% Cul
3 equiv K3POy, 3 equiv K3POy,
DMSO, 110 °C N DMSO, 110 °C \r
X 20 h, air s— ]@ 20 h, air
%SH —_— N
62% Br H 77%

7

Scheme 4. Synthesis of the putative intermediate 7 and its Cu(I)-catalyzed conversion into 6a.

The Cu(I)-catalyzed synthesis of benzimidazo[1,2-a][3,1]benzo-
thiazine and related skeletons 6 employing a domino in-
termolecular S-benzylation/intramolecular N-arylation can be
performed with yields up to 82% when 2-halobenzyl tosylates 1 are
used as substrates. The transformations with 2-halobenzyl tosy-
lates 1 can be run with only 10 mol % of a Cul, in the absence of any
additive and under air. These are clear advantages of 2-halobenzyl
tosylates 1 in comparison to 2-halobenzyl halides as substrates.

Finally, it was studied whether 2-bromobenzyl tosylates 1 can
also be employed as substrates for the preparation of 2-
arylquinazolines 9 by copper-catalyzed reaction with benzami-
dines 8. The reaction between 2-bromo-1-(4-methylbenzene
sulfonatemethyl)benzene (1a) and benzamidine hydrochloride (8a)
was chosen as a model reaction. When equimolar amounts of 1a and
of 8a were reacted under conditions developed for the reactions of 1-
(2-bromophenyl)methanamines with benzamidine hydrochlorides
in our group,>® i.e. in the presence of 10 mol % Cul as a catalyst,
3 equiv K3PO4 as a base and 40 mol % pivalic acid as an additive in
1,2-dichlorobenzene at 110 °C for 18 h using aerial oxygen as the
oxidant, 2-phenylquinazoline (9a) was formed in 63% yield (Table 6,
entry 1). This result prompted us to synthesize some additional 2-
arylquinazolines 9 (Table 6). 2-(4-Chlorophenyl)quinazoline (9b)
was isolated in 79% yield when 1a was reacted with 4-
chlorobenzamidine hydrochloride (8b) (Table 6, entry 2). When 1a
was reacted with 3-methylbenzamidine hydrochloride (8c) the
corresponding 2-(3-methylphenyl)quinazoline (9c¢) was isolated in

mPW1PW91/6-311++G(2d,p)//mPW1PW91/6-31G(d) level of
theory®® we were able to assign the quaternary carbons being es-
sential for the elucidation process, e.g., C-4a (6 calcd 146.0, exptl
143.6 ppm) and C-12a (6 calcd 132.6, exptl 132.5 ppm). Similar
values were obtained for compound 6b: C-4a (¢ calcd 145.8, exptl
144.8 ppm) and C-12a (6 caled 132.5, exptl 133.5 ppm) and for
compound 6¢: C-7 (0 calcd 29.8, exptl 29.8 ppm), C-4a (6 calcd
145.9, exptl 143.4 ppm) and C-12a (¢ calcd 132.4, exptl 132.4 ppm).
Fortunately, 1D NOE’s between 1-H and 11-H in 6b as well as 6¢
could be observed at 500 MHz experimentally (Fig. 4).

3. Conclusions

In summary, the use of easily accessible 2-halobenzyl tosylates
as substrates in copper-catalyzed domino intermolecular sub-
stitution/intramolecular arylation processes for the efficient and
selective preparation of 4H-chromenes, imidazobenzothiazines
and quinazolines is reported for the first time. 4H-Chromenes are
formed selectively in one pot with yields up to 89% as the result of
a domino intermolecular C-benzylation/intramolecular O-arylation
upon reaction of 2-halobenzyl tosylates with B-ketoesters. The re-
action of 2-halobenzyl tosylates with 2-mercaptoimidazoles can be
regarded as a domino intermolecular S-benzylation/intramolecular
N-arylation and delivers imidazobenzothiazines with yields up to
82%. When 2-halobenzyl tosylates are reacted with benzamidines,
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Fig. 3. Important HMBC correlations of 31, 6e and 9f (red arrows: 3; blue arrows: 2]).
Important ROESY correlation of 6e (violet arrow). Fig. 4. Selective 1D DPFG NOESY spectrum of compounds 6b and 6c.
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a domino N-benzylation/N-arylation/oxidation takes place and
quinazolines are formed.

4. Experimental section
4.1. General

All chemicals were purchased from commercial suppliers. Sol-
vents used in extraction and purification were distilled prior to use.
Analytical thin layer chromatography (TLC) was performed on
precoated silica gel 60 F,45 aluminium plates (Merck) with visual-
ization under UV light and by immersion in ethanolic vanillin so-
lution followed by heating. Flash chromatography was carried out
on silica gel MN 60, 0.04—0.053 mm (Macherey & Nagel). Melting
points were determined on a Kofler melting point apparatus and
are uncorrected. IR spectra of compounds 1d, 1e, 31, 3m and 6d
were measured on a Nicolet 5700 (FT-IR spectrometer); IR spectra
of all other compounds spectra were measured on a Perkin—Elmer
Spectrum One (FT-IR spectrometer). 'H and >C NMR spectra were
recorded at 300 (75) MHz on a Varian Unity Inova instrument using
CDCl; and DMSO-dg as the solvent. The 'H and 3C chemical shifts
were referenced to residual solvent signals at 6 H/C 7.26/77.00
(CDCl3), 2.50/39.50 (DMSO-ds) and 2.05/29.9 (CD3COCD3) relative
to TMS as internal standard. HSQC-, HMBC- and COSY-spectra were
recorded on an NMR spectrometer at 300 MHz. Coupling constants
J [Hertz] were directly taken from the spectra and are not averaged.
Splitting patterns are designated as s (singlet), d (doublet), t (trip-
let), q (quartet), sex (sextet), sep (septet), m (multiplet) and br
(broad). Low resolution electron impact mass spectra (MS) and
exact mass electron impact mass spectra (HRMS) were recorded at
70 eV using a double-fousing sector field mass spectrometer. The
intensities are reported as percentages relative to the base peak
(I=100%).

4.2. Computational studies

All calculations reported in this paper were performed within
density functional theory, using the Gaussian 03 package.*’d 13C
NMR chemical shifts of selected compounds 6a—c were calculated
as follows: the rigid structures were optimized with the MM2 force
field implemented in Chem3D Pro.*' In the second step, the opti-
mized structures were subsequently reoptimized at the AM1 level
followed by the RHF/3-21G level and finally by the B3LYP/6-31G(d)
level of theory within the Gaussian 03 package. In the final step, the
gas-phase 13C NMR chemical shifts of the reoptimizedgeometries
were computed at the mPW1PW91/6-311++G(2d,p)//
mPW1PW91/6-31G(d) level of theory. The references TMS and
benzene for the MSTD approach according to Sarotti and Pelle-
grinet®®® were computed in the same manner as for the afore-
mentioned selected compounds. Theoretical >*C NMR chemical
shifts (0,) were derived by the following equation: 0,=0ef—0a+0ref
where orf and o, are the calculated NMR isotropic magnetic
shielding tensors of the reference compound and carbon a of the
compound of interest: orps=186.965 and openzene=54.4127 at the
mPW1PW91/6-311++G(2d,p)//mPW1PW91/6-31G(d) level; Orer
represents the chemical shift of the reference compound
0tms=0 ppm; Openzene=128.5 ppm (benzene plus TMS at 125 MHz).

4.3. General procedure I for the synthesis of 2-halobenzyl
tosylates 1a—e

2-Halobenzyl tosylates 1a—e were prepared from the corre-
sponding 2-halobenzyl alcohols according to the procedure of
Wallace et al.>® p-TsCl (3.2 mmol) was added to a stirred solution of
the 2-halobenzyl alcohol (2.7 mmol) in Et;0 (15 mL) at 0 °C. After
addition of freshly powdered KOH (27 mmol) in small portions, the

reaction mixture was stirred for 3 h at room temperature. The
ethereal solvent was removed in vacuo and the reaction mixture
was poured into water (50 mL). The precipitate formed was col-
lected by filtration and purified by flash chromatography over silica
gel.

4.3.1. 2-Bromo-1-(4-methylbenzenesulfonatemethyl)benzene
(1a).'% According to general procedure I, KOH (1.5 g, 27 mmol) was
added to a solution of 2-bromobenzyl alcohol (500 mg, 2.7 mmol)
and p-TsCl (610 mg, 3.2 mmol) in Et;0 (15 mL). Flash chromatog-
raphy over silica gel (petroleum ether/ethyl acetate=5:1) gave 1a as
a colourless solid in 98% yield (890 mg, 2.61 mmol): mp 79—80 °C
(lit."¢ 80.5—81.5 °C).

4.3.2. 2-lodo-1-(4-methylbenzenesulfonatemethyl)benzene
(1b). According to general procedure I, KOH (1.5 g, 27 mmol) was
added to a solution of 2-iodobenzyl alcohol (632 mg, 2.7 mmol) and
p-TsCl (618 mg, 3.2 mmol) in Et;0 (15 mL). Flash chromatography
over silica gel (petroleum ether/ethyl acetate=5:1) gave 1b as
a yellow solid in 95% yield (995 mg, 2.56 mmol): mp 55—57 °C; Ry
0.56 (petroleum ether/EtOAc=5:1); IR (ATR) 7 1354 (C=S), 1169,
924, 885, 853, 802, 763, 666 cm™'; UV (MeCN) Amax (log ) 227
(4.26) nm; "H NMR (300 MHz, CDCl3) 6 2.44 (s, 3H, CH3), 5.08 (s, 2H,
CH3y), 7.00 (ddd, 3] (3-H, 4-H)=7.7 Hz, *] (4-H, 5-H)=7.7 Hz, 3] (4-H,
6-H)=1.9 Hz, 1H, 4-H), 7.28—7.38 (overlapped, 4H, 4-H, 5-H, 3’-H
and 5'-H), 7.78 (dd, 3] (3-H, 4-H)=7.7 Hz, ¥ (3-H, 5-H)=1.9 Hz, 1H, 3-
H), 7.83 (brdd, 3] (2’-H, 3’-H)=6.4 Hz, 3] (5'-H, 6/-H)=6.4 Hz, 2H, 2'-
H and 6'-H); 3C NMR (75 MHz, CDCl3) 6 21.6 (CH3), 75.2 (CHy), 98.1
(C-2),128.1 (C-2’ and C-6'), 128.4 (C-5), 129.8 (C-3’ and C-5'), 129.9
(C-6),130.4 (C-4),132.9(C-1"),135.9 (C-1), 139.0 (C-3), 144.9 (C-4');
MS (EI, 70 eV) m/z (%) 288 (10) [M]", 261 (84) [M—I]", 188 (77), 216
(100), 155 (19) [C7H70,S]*, 91 (38); HRMS (EI) Calculated for
C14H13103S 387.9630, found 387.9640.

4.3.3. 2-Chloro-1-(4-methylbenzenesulfonatemethyl)benzene
(1c). According to general procedure I, KOH (1.5 g, 27 mmol) was
added to a solution of 2-chlorobenzyl alcohol (385 mg, 2.7 mmol)
and p-TsCl (618 mg, 3.2 mmol) in Et;0 (15 mL). Flash chromatog-
raphy over silica gel (petroleum ether/ethyl acetate=5:1) gave 1c as
a colourless solid in 90% yield (719 mg, 2.43 mmol): mp 91-93 °C;
Rf0.51 (petroleum ether/EtOAc=5:1); IR (ATR) » 1351 (C=S), 1171,
925, 883, 857, 805, 763, 665 cm™!; UV (MeCN) Amax (log &) 267
(3.04), 221 (4.23) nm; 'H NMR (300 MHz, CDCl3) 6 2.43 (s, 3H, CH3),
5.15 (s, 2H, CH3), 7.20—7.20 (overlapped, 2H, 4-H, 5-H), 7.34—-7.30
(overlapped, 3H, 6-H, 3’-H and 5’-H) 7.37 (dd, 3] (3-H, 4-H)=7.3 Hz,
41 (3-H, 5-H)=2.7 Hz, 1H, 3-H), 7.82 (brdd, 3] (2’-H, 3’-H)=6.4 Hz, 3]
(5'-H, 6/-H)=6.4 Hz, 2H, 2-H and 6’-H); 13C NMR (75 MHz, CDCls)
6 21.6 (CH3), 68.8 (CH,), 127.0 (C-5), 128.0 (C-2’ and C-6'), 129.5 (C-
6), 129.8 (C-3’ and C-5'), 130.2 (C-4), 130.3 (C-3), 131.2 (C-2), 132.2
(C-1'),133.6 (C-1), 144.9 (C-4'); MS (EI, 70 eV) m/z (%) 296 (1) [M]",
261 (1) [M—=CI]*, 156 (8) [C;HgO,S] ™, 141 (100) [M—C7Hg0,S]™, 125
(88) [C7HGCI]*, 92 (23); HRMS (EI) Calculated for Cy4H13ClOsS
296.0274, found 296.0319.

4.3.4. 2-Bromo-5-fluoro-1-(4-methylbenzenesulfonatemethyl)ben-
zene (1d). According to general procedure I, KOH (1.5 g, 27 mmol)
was added to a solution of 2-bromo-5-fluorobenzyl alcohol
(553 mg, 2.7 mmol) and p-TsCl (618 mg, 2.3 mmol) in Et;0 (15 mL).
Flash chromatography over silica gel (petroleum ether/ethyl
acetate=5:1) gave 1d as a colourless solid in 91% yield (880 mg,
2.45 mmol): mp 58—60 °C; Rr0.49 (petroleum ether/EtOAc=5:1); IR
(ATR) 7 1353 (C=S), 1174, 957, 873, 834, 661, 571 cm~'; UV (MeCN)
Amax (log £) 273 (3.19), 224 (4.19) nm; 'H NMR (300 MHz, CDCls)
0 2.44 (s, 3H, CH3), 5.09 (s, 2H, CHy), 6.90 (ddd, 3] (3-H, 4-H)=8.3 Hz,
3] (5-F, 4-H)=8.3 Hz, 4] (4-H, 6-H)=3.0 Hz, 1H, 4-H), 712 (dd, 3] (5-F,
6-H)=8.8 Hz, 4 (4-H, 6-H)=2.8 Hz, 1H, 6-H), 7.34 (brdd, 3] (2’-H, 3'-
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H)=6.4 Hz, 3] (5'-H, 6/-H)=6.4 Hz, 2H, 3’-H and 5-H), 7.45 (brdd, 3|
(3-H, 4-H)=8.3 Hz, 4] (5-F, 3-H)=3.5 Hz, 1H, 4-H), 7.83 (brdd, 3] (2/-
H, 3’-H)=6.4 Hz, 3| (5'-H, 6'-H)=6.4 Hz, 2H, 2’-H and 6/-H); >*C NMR
(75 MHz, CDCl3) 6 21.6 (CH3), 70.0 (CHy), 116.5 (d, 4] (C—F)=3.2 Hz,
C-2),116.8 (d, %] (C—F)=24.3 Hz, C-6), 117.2 (d, %] (C—F)=22.2 Hz, C-
4),128.0 (C-2’ and C-6'),129.8 (C-3 and C-5), 132.6 (C-1"),134.0 (d,
3] (C—F)=8.1 Hz, C-3),135.1 (d, 3] (C—F)=8.1 Hz, C-1), 145.1 (C-4"),
161.9 (d, J (C—F)=246.1 Hz, C-5); MS (El, 70 eV) m/z (%) 357 (1)
[M]*, 279 (7) [M=Br]*, 203 (6) [M—C7H70,S]*, 187 (9), 155 (3)
[C;H70,S]*, 92 (11); HRMS (EI) Calculated for Ci4HipBrFOsS
357.9675, found 357.9685.

4.3.5. 2-Bromo-5-chloro-1-(4-methylbenzenesulfonatemethyl)ben-
zene (1e). According to general procedure I, KOH (1.5 g, 27 mmol)
was added to a solution of 2-bromo-5-chlorobenzyl alcohol
(598 mg, 2.7 mmol) and p-TsCl (618 g, 2.3 mmol) in Et;0 (15 mL).
Flash chromatography over silica gel (petroleum ether/ethyl
acetate=5:1) gave 1e as a colourless solid in 97% yield (970 mg,
2.6 mmol): mp 108—109 °C; Ry 0.37 (petroleum ether/EtOAc=6:1);
IR (ATR) 7 1348 (C=S), 1187, 1121, 946, 823, 659, 561 cm~'; UV
(MeCN) Amax (l0g £) 227 (4.26) nm; 'H NMR (300 MHz, CDCl3) 6 2.44
(s, 3H, CH3), 5.08 (s, 2H, CHy), 7.14 (dd, 3J (3-H, 4-H)=8.3 Hz, ¥J (4-H,
6-H)=2.4 Hz, 1H, 4-H), 7.33 (overlapped, 3H, 6-H, 3’-H and 5’-H),
7.42 (brd, 3] (3-H, 4-H)=8.3 Hz, 1H, 3-H), 7.82 (brdd, 3 (2'-H, 3'-H)=
6.5 Hz, 3] (5'-H, 6/'-H)=6.5 Hz, 2H, 2’-H and 6'-H); *C NMR (75 MHz,
CDCl3) 6 21.6 (CH3), 70.0 (CHy), 120.5 (C-2), 128.0 (C-2' and C-6'),
129.7 (C-6),129.9 (C-3’ and C-5),130.2 (C-4), 132.7 (C-1), 133.7 (C-
5),133.8 (C-3), 134.7 (C-1), 145.1 (C-4'); MS (EL 70 eV) m/z (%) 375
(13) [M]*, 295 (64) [M—Br]*, 220 (63) [M—C;H;0,S]", 204 (90)
[M—C7H7055], 155 (19) [C;H705S], 91 (38); HRMS (EI) Calculated
for C14H12BrCl0sS 373.9374, found 373.9353.

4.4. General procedure II for the Cu(l)-catalyzed synthesis of
4H-chromenes 3a—m

An oven-dried 10 mL vial was equipped with a magnetic stir bar
and charged with CuBr (7 mg, 0.05 mmol), K3P04 (424 mg, 2 mmol),
the 2-bromo-1-(4-methylbenzenesulfonatemethyl)benzene de-
rivative 1 (0.5 mmol) and the p-ketoester 2 (1 mmol) under air. The
vial was sealed, evacuated and backfilled with argon three times,
then dry CH3CN (2 mL) was added. The reaction mixture was stirred
at 90 °C for 24 h. After cooling to room temperature, the reaction
mixture was partitioned between CHyCl, (30 mL) and brine
(20 mL). The aqueous phase was extracted with CH»Cl (2x20 mL).
The combined organic layers were dried over anhydrous Na;SO4
and concentrated in vacuo. The residue thus obtained was purified
by flash column chromatography over silica gel to afford the de-
sired product.

4.4.1. Methyl 2-methyl-4H-chromene-3-carboxylate
(3a).°" According to general procedure II, a mixture of CuBr
(7 mg, 0.05 mmol), K3PO4 (424 mg, 2 mmol), 2-bromo-1-(4-
methylbenzenesulfonatemethyl)benzene (1a) (170 mg, 0.5 mmol)
and methyl acetoacetate (2a) (116 mg, 1 mmol) was reacted in dry
CH3CN (2 mL) in a sealed vial at 90 °C for 24 h. Flash chromatog-
raphy over silica gel (cyclohexane/Et,0=15:1) gave 3a as a colour-
less solid in 78% yield (79 mg, 0.39 mmol): mp 40—42 °C (lit.>"
40—42 °C).

4.4.2. Ethyl 2-methyl-4H-chromene-3-carboxylate (3b).>” According
to general procedure II, a mixture of CuBr (7 mg, 0.05 mmol), K3POy4
(424 mg, 2 mmol), 2-bromo-1-(4-methylbenzenesulfonatemethyl)
benzene (1a) (170 mg, 0.5 mmol) and ethyl acetoacetate (2b)
(130 mg, 1 mmol) was reacted in dry CH3CN (2 mL) in a sealed vial at
90 °C for 24 h. Flash chromatography over silica gel (cyclohexane/

Et,0=15:1) gave 3b as a colourless oil in 68% yield (74 mg,
0.34 mmol).

4.4.3. Isopropyl 2-methyl-4H-chromene-3-carboxylate
(3c). According to general procedure II, a mixture of CuBr (7 mg,
0.05 mmol), KsPOs; (424 mg, 2 mmol), 2-bromo-1-(4-
methylbenzenesulfonatemethyl)benzene (1a) (170 mg, 0.5 mmol)
and isopropyl acetocaetae (2¢) (147 mg, 1 mmol) was reacted in dry
CH3CN (2 mL) in a sealed vial at 90 °C for 24 h. Flash chromatog-
raphy over silica gel (cyclohexane/Et,0=15:1) gave 3c as a colour-
less oil in 70% yield (81 mg, 0.34 mmol): Ry 0.54 (cyclohexane/
Et,0=5:1); IR (ATR) 7 2987, 1687, 1622, 1567, 1455, 1449, 1217, 1097,
939, 880, 832, 771 cm™!; UV (MeCN) Amax (log ) 280 (4.12), 232
(3.97) nm; "H NMR (300 MHz, CDCl3) 6 1.30 (d, 3] (2"-H, 3”-H or 4"-
H)=6.3 Hz, 6H, 3”-H and 4”-H), 2.37 (br s, 3H, 1’-H), 3.58 (s, 2H, 4-
H), 5.11 (sept, 3] (2-H, 3”-H or 4”-H)=6.3 Hz, 1H, 2-H), 6.90 (dd, 3]
(7-H, 8-H)=7.9 Hz, 4 (6-H, 8-H)=1.0 Hz, 1H, 8-H), 7.01 (ddd, 3] (5-H,
6-H)=7.3 Hz, 3] (6-H, 7-H)=7.2 Hz, 4] (6-H, 8-H)=1.0 Hz, 1H, 6-H),
7.09 (br d, 3] (5-H, 6-H)=7.3, ¥ (5-H, 7-H)=1.5 Hz, 1H, 5H), 7.15
(brddd, 3J (7-H, 8-H)=7.9 Hz, 3] (6-H, 7-H)=7.2 Hz, %] (5-H, 7-H)=
1.5 Hz, 1H, 7-H); 13C NMR (75 MHz, CDCl3) § 19.2 (C-1"), 21.9 (C-2"),
22.0(C-4"), 24.8 (C-4), 67.4 (C-2),101.2 (C-3), 115.9 (C-8), 120.6 (C-
4a), 123.9 (C-6), 127.4 (C-7), 128.7 (C-5),150.1 (C-8a), 160.2 (C-2),
167.1 (C-17); MS (EI, 70 eV) mjz (%) 232 (3) [M]*, 189 (46)
[M—CsH7]™, 173 (100) [M—0CsH-]*, 135 (10); HRMS (EI) Calculated
for C14H1603 232.1099, found 232.1089.

4.4.4. tert-Butyl 2-methyl-4H-chromene-3-carboxylate
(3d).”’ According to general procedure I, a mixture of CuBr
(7 mg, 0.05 mmol), KsPO4 (424 mg, 2 mmol), 2-bromo-1-(4-
methylbenzenesulfonatemethyl)benzene (1a) (170 mg, 0.5 mmol)
and tert-butyl acetoacetate (2d) (158 mg, 1 mmol) was reacted in
dry CH3CN (2 mL) in a sealed vial at 90 °C for 24 h. Flash chroma-
tography over silica gel (cyclohexane/Et;0=15:1) gave 3d as a col-
ourless oil in 76% yield (93 mg, 0.38 mmol).

44.5. Allyl 2-methyl-4H-chromene-3-carboxylate (3e).”" According
to general procedure II, a mixture of CuBr (7 mg, 0.05 mmol), K3PO4
(424 mg, 2 mmol), 2-bromo-1-(4-methylbenzenesulfonatemethyl)
benzene (1a) (170 mg, 0.5 mmol) and allyl acetoacetate (2e)
(142 mg, 1 mmol) was reacted in dry CH3CN (2 mL) in a sealed vial
at 90 °C for 24 h. Flash chromatography over silica gel (cyclohex-
ane/Etp0=15:1) gave 3e as a colourless oil in 66% yield (75 mg,
0.32 mmol).

4.4.6. Benzyl 2-methyl-4H-chromene-3-carboxylate (3f).°" According
to general procedure II, a mixture of CuBr (7 mg, 0.05 mmol), K3POy4
(424 mg, 2 mmol), 2-bromo-1-(4-methylbenzenesulfonatemethyl)
benzene (1a) (170 mg, 0.5 mmol) and benzyl acetoacetate (2f)
(198 mg, 1 mmol) was reacted in dry CH3CN (2 mL) in a sealed vial at
90 °C for 24 h. Flash chromatography over silica gel (cyclohexane/
Et;0=15:1) gave 3f as a pale yellow oil in 79% yield (110 mg,
0.39 mmol).

4.4.7. (2-Methoxyethyl) 2-methyl-4H-chromene-3-carboxylate
(3g). According to general procedure II, a mixture of CuBr (7 mg,
0.05 mmol), KsPOs (424 mg, 2 mmol), 2-bromo-1-(4-
methylbenzenesulfonatemethyl)benzene (1a) (170 mg, 0.5 mmol)
and 2-methoxyethyl acetoacetate (2g) (165 mg, 1 mmol) was
reacted in dry CH3CN (2 mL) in a sealed vial at 90 °C for 24 h. Flash
chromatography over silica gel (cyclohexane/Et,0=15:1) gave 3g as
a colourless oil in 66% yield (82 mg, 0.33 mmol): Ry 0.42 (cyclo-
hexane/Et;0=5:1); IR (ATR) 7 3267, 2948, 1707, 1624, 1570, 1457,
1377, 1289, 1260, 1054, 877, 763 cm™'; UV (MeCN) Amax (l0g €) 329
(3.53), 281 (3.95), 231 (3.96) nm; 'H NMR (300 MHz, CDCl3) 6 2.38
(s,3H,1'-H), 3.41 (s, 3H, 4”-H), 3.62 (s, 2H, 4-H), 3.65 (t, 3] (2"-H, 3"-
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H)=4.7 Hz, 2H, 3"-H), 4.32 (t, 3] (2"-H, 3"-H)=4.7 Hz, 2H, 2"-H), 6.88
(dd, 3] (7-H, 8-H)=8.1 Hz, %] (6-H, 8-H)=1.1 Hz, 1H, 8-H), 7.07 (ddd,
3] (5-H, 6-H)=7.5 Hz, 3] (6-H, 7-H)=7.2 Hz, ¥ (6-H, 8-H)=1.1 Hz, 1H,
6-H), 7.08 (brd, 3] (5-H, 6-H)=7.5 Hz, ¥ (5-H, 7-H)=1.5 Hz, 1H, 5-H),
713 (brddd, 3] (7-H, 8-H)=8.1 Hz, 3] (6-H, 7-H)=7.2 Hz, 4] (5-H, 7-
H)=1.5 Hz, 1H, 7-H); 3C NMR (75 MHz, CDCl3) 6 19.3 (C-1"), 24.7
(C-4), 58.9 (C-4"), 63.2 (C-3"), 70.6 (C-2"), 100.6 (C-3), 115.9 (C-8),
120.4 (C-4a), 124.1 (C-6),127.4 (C-7),128.7 (C-5), 150.1 (C-8a), 161.1
(C-2), 1675 (C-1"); MS (EI, 70 eV) mjz (%) 248 (5) [M]*, 203 (3)
[M—CH,0CH3]*, 189 (57) [M—CH,CH,0CH3]*, 173 (100), 145 (11),
89 (11), 45 (47); HRMS (EI) Calculated for C14H1604 248.1049, found
248.1035.

4.4.8. Ethyl 2-ethyl-4H-chromene-3-carboxylate (3h).°" According
to general procedure II, a mixture of CuBr (7 mg, 0.05 mmol), K3PO4
(424 mg, 2 mmol), 2-bromo-1-(4-methylbenzenesulfonatemethyl)
benzene (1a) (170 mg, 0.5 mmol) and 3-oxopentanoate (2h)
(165 mg, 1 mmol) was reacted in dry CH3CN (2 mL) in a sealed vial
at 90 °C for 24 h. Flash chromatography over silica gel (cyclohex-
ane/Et,0=15:1) gave 3h as a pale yellow solid in 89% yield (103 mg,
0.44 mmol): mp 44—46 °C (lit.°> 45—47 °C).

4.4.9. Ethyl 2-propyl-4H-chromene-3-carboxylate (3i)."? According
to general procedure II, a mixture of CuBr (7 mg, 0.05 mmol), K3PO4
(424 mg, 2 mmol), 2-bromo-1-(4-methylbenzenesulfonatemethyl)
benzene (1a) (170 mg, 0.5 mmol) and ethyl 3-oxohexanoate (2i)
(161 mg, 1 mmol) was reacted in dry CH3CN (2 mL) in a sealed vial
at 90 °C for 24 h. Flash chromatography over silica gel (cyclohex-
ane/Et;0=15:1) gave 3i as a pale yellow oil in 59% yield (72 mg,
0.29 mmol).

4.4.10. Methyl 2-isoropyl-4H-chromene-3-carboxylate
(3j)°" According to general procedure I, a mixture of CuBr
(7 mg, 0.05 mmol), K3PO4 (424 mg, 2 mmol), 2-bromo-1-(4-
methylbenzenesulfonatemethyl)benzene (1a) (170 mg, 0.5 mmol)
and methyl 4-methyl-3-oxopentanoate (2j) (144 mg, 1 mmol) was
reacted in dry CH3CN (2 mL) in a sealed vial at 90 °C for 24 h. Flash
chromatography over silica gel (cyclohexane/Et;0=15:1) gave 3j as
a colourless oil in 82% yield (95 mg, 0.41 mmol).

4.4.11. Ethyl 2-isopropyl-4H-chromene-3-carboxylate
(3k).> According to general procedure II, a mixture of CuBr
(7 mg, 0.05 mmol), K3PO4 (424 mg, 2 mmol), 2-bromo-1-(4-
methylbenzenesulfonatemethyl)benzene (1a) (170 mg, 0.5 mmol)
and ethyl 4-methyl-3-oxopentanoate (2k) (158 mg, 1 mmol) was
reacted in dry CH3CN (2 mL) in a sealed vial at 90 °C for 24 h. Flash
chromatography over silica gel (cyclohexane/Et,0=15:1) gave 3k as
a pale yellow oil in 78% yield (95 mg, 0.39 mmol).

4.4.12. Methyl 2-methyl-6-fluoro-4H-chromene-3-carboxylate
(31). According to general procedure II, a mixture of CuBr (7 mg,
0.05 mmol), K3PO4 (424 mg, 2 mmol), 2-bromo-5-fluoro-1-(4-
methylbenzenesulfonatemethyl)benzene (1d) (179 mg, 0.5 mmol)
and methyl acetoacetate (2a) (116 mg, 1 mmol) was reacted in dry
CH3CN (2 mL) in a sealed vial at 90 °C for 24 h. Flash chromatog-
raphy over silica gel (petroleum ether/EtOAc=20:1) gave 3l as
a colourless oil in 75% yield (83 mg, 0.37 mmol): Rf0.41 (petroleum
ether/EtOAc=5:1); IR (ATR) ¥ 3345, 1717, 1685, 1376, 1212, 1093,
955, 775 cm™'; UV (MeCN) Amax (log ) 273 (3.93) nm; 'H NMR
(300 MHz, CDCl3) 6 2.37 (t, %J (1'-H, 1'-H)=1.2 Hz, 3H, 1’-H), 3.60 (br
s, 2H, 4-H), 3.76 (s, 3H, 2”-H), 6.78 (brdd, 3] (6-F, 5-H)=8.2 Hz, %] (5-
H, 7-H)=2.0 Hz, 1H, 5-H), 6.78 (overlapped, 2H, 7-H and 8-H); >C
NMR (75 MHz, CDCl3) 6 19.2 (C-1'), 25.0 (C-4), 51.4 (C-2"), 99.7 (C-
3),114.2 (d, 3] (C—F)=23.8 Hz, C-7), 114.7 (d, *] (C—F)=23.8 Hz, C-5),
117.2 (d, 3] (C—F)=8.8 Hz, C-8),122.0 (d, 3] (C—F)=7.5 Hz, C-4a), 146.1
(d, %] (C—F)=1.9 Hz, C-8a), 157.3 (C-2), 160.7 (d, '] (C—F)=28.8 Hz, C-

6), 167.8 (C-17); MS (EI, 70 eV) m/z (%) 222 (18) [M]*, 207 (100)
[M—CH;]*, 189 (58), 163 (16) [M—COOCH;]*, 133 (36), 115 (10);
HRMS (EI) Calculated for C1oHq1FO3 222.0692, found 222.0680.

4.4.13. Ethyl 2-methyl-6-fluoro-4H-chromene-3-carboxylate
(3m). According to general procedure II, a mixture of CuBr (7 mg,
0.05 mmol), K3PO4 (424 mg, 2 mmol), 2-bromo-5-fluoro-1-(4-
methylbenzenesulfonatemethyl)benzene (1d) (179 mg, 0.5 mmol)
and ethyl acetoacetate (2b) (130 mg, 1 mmol) was reacted in dry
CH3CN (2 mL) in a sealed vial at 90 °C for 24 h. Flash chromatog-
raphy over silica gel (petroleum ether/EtOAc=20:1) gave 3m as
a colourless oil in 68% yield (80 mg, 0.34 mmol): Rf0.42 (petroleum
ether/EtOAc=5:1); IR (ATR) 7 3267, 2947, 1707, 1409, 1289, 1239,
1084, 1054, 762 cm™!; UV (MeCN) Amax (log £) 276 (4.66) nm; 'H
NMR (300 MHz, CDCl3) 6 1.32 (t, 3] (2”-H, 3”-H)=7.2 Hz, 3H, 3"-H),
2.36 (t, ¥ (1'-H, 1"-H)=1.2 Hz, 3H, 1’-H), 3.58 (br s, 2H, 4-H), 3.58 (s,
3H, 2”-H), 4.22 (q, 3] (2-H, 3"-H)=7.2 Hz, 2H, 2-H), 6.79 (brdd, 3J
(6-F, 5-H)=8.0 Hz, %] (5-H, 7-H)=2.7 Hz, 1H, 5-H), 6.84 (overlapped,
2H, 7-H and 8-H); 1*C NMR (75 MHz, CDCl3) 6 14.3 (C-3"), 19.2 (C-
1), 25.1 (C-4), 60.2 (C-2"),100.0 (C-3), 114.2 (d, % (C—F)=23.5 Hz, C-
7), 114.7 (d, ¥ (C—F)=23.5 Hz, C-5), 117.2 (d, 3] (C—F)=8.7 Hz, C-8),
122.1 (d, 3] (C—F)=7.8 Hz, C-4a), 146.2 (d, ¥ (C—F)=2.3 Hz, C-8a),
157.3 (C-2), 160.5 (d, J (C—F)=9.9 Hz, C-6), 167.4 (C-1"); MS (EI,
70 eV) m/z (%) 236 (8) [M]*, 207 (100) [M—CH,CHs5]™, 189 (54), 163
(16) [M—COOCH,CH3]*, 133 (26), 115 (10); HRMS (EI) Calculated for
C13H14FO3 236.0849, found 236.0835.

4.5. Ethyl 2-acetyl-3-(2-bromophenyl)propionate (4a)®®

In an oven dried round-bottomed flask ethyl acetoacetate (2b)
(520 mg, 4 mmol) was dissolved in dry THF (5 mL) under argon.
After cooling to 0 °C, NaH (60%) (80 mg, 2 mmol) was added in
several portions within 15 min. The reaction mixture was allowed
to warm to room temperature and 2-bromo-1-(4-
methylbenzenesulfonatemethyl)benzene (1a) (681 mg, 2 mmol)
was added dropwise. After stirring at room temperature for 12 h
the reaction mixture was poured into saturated NH4Cl (50 mL) and
extracted with CHyCl; (3x20 mL). The combined organic layers
were dried over MgSQy, filtered and the solvent was removed un-
der reduced pressure. The residue thus obtained was purified by
flash column chromatography over silica gel (petroleum ether/
EtOAc=20:1) to afford ethyl 2-acetyl-3-(2-bromophenyl)pro-
pionate (4a) as a colourless oil in 73% yield (435 mg, 1.4 mmol).

4.6. General procedure III for the Cu(I)-catalyzed synthesis of
imidazobenzothiazines 6a—e

An oven-dried 10 mL vial was equipped with a magnetic stir bar
and charged with Cul (9 mg, 0.05 mmol), K3PO4 (318 mg, 1.5 mmol),
a  2-bromo-1-(4-methylbenzenesulfonatemethyl)benzene de-
rivative 1 (0.5 mmol) and a 2-mercaptoimidazole derivative 5
(0.5 mmol) under air. After sealing the vial, dry DMSO (2 mL) was
added by syringe and the reaction mixture was stirred at 110 °C (oil
bath temperature) for 20 h. After cooling to room temperature, the
vial was opened and the reaction mixture was partitioned between
CH,Cl; (30 mL) and brine (20 mL). The aqueous phase was
extracted with CH,Cl; (2x20 mL). The combined organic layers
were dried over anhydrous MgSO4 and concentrated in vacuo. The
residue was purified by flash chromatography on silica gel to afford
the desired product.

4.6.1. Benzimidazo[1,2-a][3,1]benzothiazine (6a).’® According to
general procedure III, a mixture of Cul (9 mg, 0.05 mmol), K3PO4
(318 mg, 1.5 mmol), 2-bromo-1-(4-methylbenzenesulfonate
methyl)benzene (1a) (170 mg, 0.5 mmol) and 2-mercapto-benz-
imidazole (5a) (77 mg, 0.5 mmol) was reacted in dry DMSO (2 mL)
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in a sealed vial at 110 °C for 20 h. Flash chromatography over silica
gel (petroleum ether/EtOAc=2:1) gave 6a as a colourless solid in
82% yield (97 mg, 0.40 mmol): mp 118—119 °C (lit. %% 112—113 °C).

4.6.2. 9-Fluorobenzimidazo[1,2-a][3,1]benzothiazine
(6b). According to general procedure III, a mixture of Cul (9 mg,
0.05 mmol), K3PO4 (318 mg, 1.5 mmol), 2-bromo-5-fluoro-1-(4-
methylbenzenesulfonatemethyl)benzene (1d) (179 mg, 0.5 mmol)
and 2-mercaptobenzimidazole (5a) (77 mg, 0.5 mmol) was reacted
in dry DMSO (2 mL) in a sealed vial at 110 °C for 20 h. Flash chro-
matography over silica gel (petroleum ether/EtOAc=2:1) gave 6b as
a colourless solid in 78% yield (99 mg, 0.40 mmol): mp 146—148 °C;
R 0.32 (petroleum ether/EtOAc=3:1); IR (ATR) 7 3123, 2984, 1499,
1434, 1319, 1239, 1124, 843, 710, 673 cm™'; UV (MeCN) Amax (10g )
282 (3.97), 262 (4.57) nm; 'H NMR (300 MHz, CD3COCD3) 6 4.31 (s,
2H, CHy), 7.28—7.31 (overlapped, 1H, 3-H), 7.32—7.34 (overlapped,
1H, 2-H), 7.35 (overlapped, 1H, 10-H), 7.45 (dd, 3] (F-9, 8-H)=8.7 Hz,
4] (8-H, 10-H)=2.7 Hz, 1H, 8-H), 7.62—7.67 (m, 1H, 4-H), 7.89—7.94
(m, 1H, 1-H), 7.99 (dd, 3] (10-H, 11-H)=8.8 Hz, 4] (F-9, 8-H)=4.7 Hz,
1H, 11-H); 13C NMR (75 MHz, CD5COCD3) ¢ 29.8 (C-7), 112.4 (C-1),
116.0 (d, % (C—F)=23.8 Hz, C-8), 116.1 (d, % (C—F)=22.8 Hz, C-10),
119.9 (d, C-4), 120.7 (d, 3] (C—F)=8.7 Hz, C-11), 123.8 (C-2), 124.1 (C-
3),129.7 (d, 3] (C—F)=7.9 Hz, C-7a),132.7 (d, ¥ (C—F)=2.6 Hz C-11a),
133.5 (C-12a), 144 (C-4a), 150.9 (C-5a), 160.7 (d, | (C—F)=244.0 Hz,
C-9); MS (El, 70 eV) m/z (%) 256 (20) [M]", 198 (12); HRMS (EI)
Calculated for C14HgFN,S 256.0470, found 256.0475.

4.6.3. 9-Chlorobenzimidazo[1,2-a][3,1]benzothiazine
(6¢).5¢ According to general procedure I1I, a mixture of Cul (9 mg,
0.05 mmol), K3PO4 (318 mg, 1.5 mmol), 2-bromo-5-chloro-1-(4-
methylbenzenesulfonatemethyl)benzene (1e) (187 mg, 0.5 mmol)
and 2-mercaptobenzimidazole (5a) (77 mg, 0.5 mmol) was reacted
in dry DMSO (2 mL) in a sealed vial at 110 °C for 20 h. Flash chro-
matography over silica gel (petroleum ether/EtOAc=2:1) gave 6¢c as
a colourless solid in 81% yield (111 mg, 0.40 mmol): mp
178—179 °C (lit.5% 175—177 °C).

4.6.4. 7-Fluoroimidazo[1,2-a][3,1]benzothiazine (6d). According to
general procedure III, a mixture of Cul (9 mg, 0.05 mmol), K3POy4
(318 mg, 1.5 mmol), 2-bromo-5-fluoro-1-(4-methylbenzene
sulfonatemethyl)benzene (1d) (179 mg, 0.5 mmol) and 2-
mercaptoimidazole (5b) (51 mg, 0.5 mmol) was reacted in dry
DMSO (2 mlL) in a sealed vial at 110 °C for 20 h. Flash chromatog-
raphy over silica gel (petroleum ether/EtOAc=1:1) gave 6d as
a colourless solid in 79% yield (81 mg, 0.39 mmol): mp 98—99 °C; Ry
0.26 (petroleum ether/EtOAc=2:1); IR (ATR) 7 3123, 2984, 1499,
1434, 1319, 1239, 1124, 843, 710, 673 Cm’l; UV (MeCN) Anax (log €)
278 (3.97), 248 (4.02), 203 (4.56) nm; 'H NMR (300 MHz, CDCl3)
6 3.97 (s, 2H, CHy), 7.04 (brdd, 3] (F, 6-H)=6.1 Hz, ¥ (6-H, 8-H)=
2.7 Hz, 1H, 6-H), 7.10 (brdd, 3] (F, 8-H)=8.0 Hz, 3] (8-H, 9-H)=8.0 Hz,
4] (6-H, 8-H)=2.7 Hz, 1H, 8-H), 7.14 (d, 3] (1-H, 2-H)=1.5 Hz, 1H, 2-
H), 7.24 (brdd, 3] (8-H, 9-H)=8.0 Hz, %] (F, 9-H)=4.7 Hz, 1H, 9-H),
7.45 (d, 3] (1-H, 2-H)=1.5 Hz, 1H, 1-H); '3C NMR (75 MHz, CDCl3)
6 29.7 (C-5), 115.2 (d, ¥ (C—F)=23.5 Hz, C-6), 115.6 (d, %] (C—F)=
23.0 Hz, C-8),116.0 (C-1),119.3 (d, 3] (C—F)=8.5 Hz, C-9),126.2 (d, 3]
(C—F)=7.7 Hz, C-5a), 129.8 (C-2), 131.29 (d, 4] (C—F)=3.0 Hz, C-9a),
140.1 (C-3a), 160.1 (d, 'J (C—F)=248.2 Hz, C-7); MS (EI, 70 eV) m/z
(%) 206 (100) [M], 148 (64); HRMS (EI) Calculated for C;oH7FN5S
206.0314, found 206.0305.

4.6.5. 7-Chloroimidazo[1,2-a][3,1]benzothiazine (6e).5" According to
general procedure III, a mixture of Cul (9 mg, 0.05 mmol), K3POy4
(318 mg, 1.5 mmol), 2-bromo-5-chloro-1-(4-methylbenzene
sulfonatemethyl)benzene (1e) (187 mg, 0.5 mmol) and 2-
mercaptoimidazole (5b) (51 mg, 0.5 mmol) was reacted in dry
DMSO (2 mL) in a sealed vial at 110 °C for 20 h. Flash

chromatography over silica gel (petroleum ether/EtOAc=1:1) gave
6e as a colourless solid in 73% yield (80 mg, 0.36 mmol): mp
114—115 °C (1it.5 108—110 °C).

4.7. 2-(2-Bromobenzylsulfonyl)-1H-benzimidazole (7)*

A mixture of K3PO4 (318 mg, 1.5 mmol), 2-bromo-1-(4-
methylbenzenesulfonatemethyl)benzene (1a) (179 mg, 0.5 mmol)
and 2-mercaptobenzimidazole (5a) (77 mg, 0.5 mmol) was reacted
in dry DMSO (2 mL) in a sealed vial at 110 °C for 20 h. Flash chro-
matography over silica gel (petroleum ether/EtOAc=4:1) gave 7 as
a colourless solid in 62% yield (99 mg, 0.31 mmol): mp 185—186 °C
(lit.* 195-198 °C).

4.8. General procedure IV for the copper-catalyzed synthesis
of quinazolines 9a—f

An oven-dried 10 mL vial was equipped with a magnetic stir bar
and charged with Cul (9 mg, 0.05 mmol), K3PO4 (318 mg, 1.5 mmol),
pivalic acid (20 mg, 0.2 mmol), a 2-bromo-1-(4-methylbenzene
sulfonatemethyl)benzene derivative 1 (0.5 mmol) and an amidi-
nium salt 8 (0.5 mmol) under air. After sealing the vial, dry 1,2-
dichlorobenzene (3 mL) was added by syringe and the reaction
mixture was stirred at 110 °C (oil bath temperature) for 18 h. After
cooling to room temperature, the vial was opened and the reaction
mixture was partitioned between CH,Cl; (30 mL) and brine
(20 mL). The aqueous phase was extracted with CH,Cl; (2x20 mL).
The combined organic layers were dried over anhydrous MgSOg4
and concentrated in vacuo. The residue was purified by flash
chromatography on silica gel to afford the desired product.

4.8.1. 2-Phenylquinazoline (9a).°°® According to general procedure
IV, a mixture of Cul (9 mg, 0.05 mmol), K3PO4 (318 mg, 1.5 mmol),
pivalic acid (20 mg, 0.2 mmol), 2-bromo-1-(4-methylbenzene
sulfonatemethyl)benzene (1a) (170 mg, 0.5 mmol) and benzami-
dine hydrochloride (8a) (78 mg, 0.5 mmol) was reacted in dry 1,2-
dichlorobenzene (3 mL) in a sealed vial at 110 °C for 18 h. Flash
chromatography over silica gel (petroleum ether/EtOAc=10:1) gave
9a as a colourless solid in 63% yield (64 mg, 0.31 mmol): mp
100—102 °C (lit.>®* 101-103 °C).

4.8.2. 2-(4-Chlorophenyl)quinazoline (9b).>*® According to general
procedure IV, a mixture of Cul (9 mg, 0.05 mmol), K3PO4 (318 mg,
1.5 mmol), pivalic acid (20 mg, 0.2 mmol), 2-bromo-1-(4-
methylbenzenesulfonatemethyl)benzene (1a) (170 mg, 0.5 mmol)
and 4-chlorobenzamidine hydrochloride (8b) (147 mg, 0.5 mmol)
was reacted in dry 1,2-dichlorobenzene (3 mL) in a sealed vial at
110 °C for 18 h. Flash chromatography over silica gel (petroleum
ether/EtOAc=10:1) gave 9b as a colourless solid in 79% yield
(95 mg, 0.39 mmol): mp 137—138 °C (lit.*** 139—141 °C).

4.8.3. 2-(3-Methylphenyl)quinazoline (9¢).3°" According to general
procedure IV, a mixture of Cul (9 mg, 0.05 mmol), K3PO4 (318 mg,
1.5 mmol), pivalic acid (20 mg, 0.2 mmol), 2-bromo-1-(4-
methylbenzenesulfonatemethyl)benzene (1a) (170 mg, 0.5 mmol)
and 3-methylbenzamidine hydrochloride (8c) (90 mg, 0.5 mmol)
was reacted in dry 1,2-dichlorobenzene (3 mL) in a sealed vial at
110 °C for 18 h. Flash chromatography over silica gel (petroleum
ether/EtOAc=10:1) gave 9c as a colourless solid in 58% yield (63 mg,
0.28 mmol): mp 101-102 °C.

4.8.4. 6-Fluoro-2-phenylquinazoline (9d)>%® According to general
procedure IV, a mixture of Cul (9 mg, 0.05 mmol), K3PO4 (318 mg,
1.5 mmol), pivalic acid (20 mg, 0.2 mmol), 2-bromo-5-fluoro-1-(4-
methylbenzenesulfonatemethyl)benzene (1d) (101 mg, 0.5 mmol)
and benzamidine hydrochloride (8a) (78 mg, 0.5 mmol) was
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reacted in dry 1,2-dichlorobenzene (3 mL) in a sealed vial at 110 °C
for 18 h. Flash chromatography over silica gel (petroleum ether/
EtOAc=10:1) gave 9d as a colourless solid in 51% yield (57 mg,
0.25 mmol): mp 149—150 °C (lit.>%* 150—151 °C).

4.8.5. 6-Fluoro-2-(4-chlorophenyl)quinazoline (9e).>*® According to
general procedure IV, a mixture of Cul (9 mg, 0.05 mmol), K3PO4
(318 mg, 1.5 mmol), pivalic acid (20 mg, 0.2 mmol), 2-bromo-5-
fluoro-1-(4-methylbenzenesulfonatemethyl)benzene (1d)
(179 mg, 0.5 mmol) and 4-chlorobenzamidine hydrochloride (8b)
(147 mg, 0.5 mmol) was reacted in dry 1,2-dichlorobenzene (3 mL)
in a sealed vial at 110 °C for 18 h. Flash chromatography over silica
gel (petroleum ether/EtOAc=10:1) gave 9e as a colourless solid in
69% yield (89 mg, 0.34 mmol): mp 182—183 °C (1it.>°* 185187 °C).

4.8.6. 6-Chloro-2-phenylquinazoline (9f).>°? According to general
procedure IV, a mixture of Cul (9 mg, 0.05 mmol), K3PO4 (318 mg,
1.5 mmol), pivalic acid (20 mg, 0.2 mmol), 2-bromo-5-chloro-1-(4-
methylbenzenesulfonatemethyl)benzene (1e) (187 mg, 0.5 mmol)
and benzamidine hydrochloride (8a) (78 mg, 0.5 mmol) was reac-
ted in dry 1,2-dichlorobenzene (3 mL) in a sealed vial at 110 °C for
18 h. Flash chromatography over silica gel (petroleum ether/
EtOAc=10:1) gave 9f as a colourless solid in 53% yield (63 mg,
0.26 mmol): mp 159160 °C (lit.>>? 157159 °C).
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