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Introduction

Dihydrobenzoxazine, tetrahydrobenzoxazepine and tetrahydro-
benzoxazocine are privileged heterocyclic ring systems which
can be found in many biologically active compounds such as
dihydrobenzoxazine-bearing benoxacor A," levofloxacin B> and
URAT-1 inhibitor C;® tetrahydrobenzoxazepine-bearing CBP
bromodomain inhibitor TPOP146 D,* kinase and mTOR
inhibitor E> and anti-tumor agent F;°® and tetrahydrobenz-
oxazocine-bearing Nefopam G’ and hepatitis C virus inhibitor
H (Fig. 1).°

Reported methods for the synthesis of dihydrobenzoxazine
scaffold include cross-coupling and aromatization reactions’
and (3 + 3) cycloaddition of azomethine ylides with quinine
monoimides (Scheme 1A)."® Methods for tetrahydrobenzox-
azepine and tetrahydrobenzoxazocine ring systems require multi-
step synthesis."* For example, the Knapp group reported a five-
step synthesis of tetrahydrobenzoxazepines through reductive
amination, Boc protection, cyclization, deprotection and
reduction (Scheme 1B).* The Naganathan group assembled a
tetrahydrobenzoxazepine scaffold in five steps for synthesis of
kinase and mTOR inhibitor E.”> The Narjes group reported the
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tution-based (5 + n) annulation is introduced for the modular synthesis of dihydrobenzoxazine, tetra-
hydrobenzoxazepine and tetrahydrobenzoxazocine derivatives. After a quick water wash without further
purification, the (3 + 2) cycloaddition intermediates were used for the (5 + n) annulation to afford pro-
ducts. Green chemistry metrics analysis of the synthetic processes provided favorable results.
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Fig. 1 Biologically active compounds bearing dihydrobenzoxazine,
tetrahydrobenzoxazepine and tetrahydrobenzoxazocine scaffolds.

synthesis of tetrahydrobenzoxazocine derivatives in more than
six reaction steps (Scheme 1C).> The Ramachary group
reported a three-step synthesis of Nefopan analogues through
cascade enamine amination/isoaromatization/allylation and
ring closing metathesis (Scheme 1D)."> The (3 + 2) cyclo-
addition, also called 1,3-dipolar cycloaddition, was discovered
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Reported methods, multistep synthesis of dihydrobenzoxazines,
tetrahydrobenzoxazepines and tetrahydrobenzoxazocines
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Scheme 1 Methods for the synthesis of dihydrobenzoxazines, tetra-
hydrobenzoxazepines and tetrahydrobenzoxazocines.

by Rolf Huisgen in 1960s. He synthesized 1,2,3-triazole using
an organic azide and an alkyne."?

In recent years, our lab has developed a series of step- and
atom-economic synthesis for heterocyclic systems,'* with a
special effort on the (3 + 2) cycloaddition-initiated reaction
sequences.”® Introduced in this paper is a new sequence
involving (3 + 2) cycloaddition followed by double Sy2 substi-
tution-based (5 + n) annulation for modular synthesis of di-
hydrobenzoxazines 5 and 6, tetrahydrobenzoxazepines 7 and
tetrahydrobenzoxazocines 8 (Scheme 1). The common inter-
mediates 4 resulted from the (3 + 2) cycloaddition were used
for the post-condensation reactions to form six-, seven-, and
eight-membered ring scaffolds 5-8.

Results and discussion

Three-component (3 + 2) cycloadditions of amino esters 1,
malemides 2 and benzaldehydes adduct 3 have been well-
established for diastereoselective synthesis of proline esters
4.">'% We designed a modular approach to conduct the post-
condensation reactions of 4 for (5 + 1), (5 + 2) and (5 + 3) annu-
lations through double Sy2 reactions for the synthesis of
dihydrobenzoxazines 5 and 6, tetrahydrobenzoxazepines 7 and
tetrahydrobenzoxazocines 8. We first explored the (3 + 2) cyclo-
addition and the (5 + 1) annulation sequence. After screening
the reaction conditions, it was found that reaction of 4
(1 equiv.), diiodomethane or dibromoalkane (2.0 equiv.) and
K,CO;3 (2.5 equiv.) at 115 °C in a sealed vial for 3.5 h gave com-
pounds 5a-5e in 71-85% yields (Table 1). Using dibromomethyl
benzene as an electrophile gave 5f and 5g in 81% and 79%
yields, respectively as the major diastereomers (see the ESIf).
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Table 1 Two-step (3 + 2) cycloaddition and (5 + 1) annulation
reactions®?
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“Reaction conditions for 5: (3 + 2) cycloaddition adduct 4 (1 equiv.),
dibromomethane/diiodomethane, (dibromomethyl)benzene (2 equiv.)
and K,CO; (2.5 equiv.); Reaction condltlons for 6:4 (1 equiv.), 1,1~
carbonyldiimidazole (1.5 equiv.). ”Isolated yield for the (5 + 1)
annulation.

We then extended the (5 + 1) annulation reactions using
1,1"-carbonyldiimidazole (1.5 equiv.) as an electrophile. The
reactions completed in 6 h at 95 °C to give 6a, 6b and 6¢ in
87%, 92% and 91% yields, respectively (Table 1). It is note-
worthy that products 6a-6c were precipitated out from the
reaction mixtures without further purification.

After successfully conducted the (3 + 2) cycloaddition and
(5 + 1) annulation reactions for dihydrobenzoxazines 5 and 6,
we next explored the (3 + 2) cycloaddition and (5 + 2) annula-
tion reactions for tetrahydrobenzoxazepines 7. p-Alanine
methyl ester 1a, N-methylmaleimide 2a, and salicylaldehyde 3a
were used as model compounds for the development of reac-
tion conditions (Table 2). After screening of solvents, bases,
reaction temperature and time, it was found that 1.2:1.1:1 of
p-alanine methyl ester 1a, N-methylmaleimide 2a and salicyl-
aldehyde 3a respectively, using Et;N as a base and MeCN as a
solvent, under microwave heating at 125 °C for 30 min gave 4a
in 97% LC yield and high diastereoselectivity of 39:1 dr
(Table 2, entry 3). A control experiment for (3 + 2) cyclo-
addition under conventional heating revealed it needed 2 h to
complete the reaction (Table 2, entry 12). The reaction mixture
containing compound 4a was washed with 1 mL of H,O to
remove Et;N and then used for the (5 + 2) annulation reaction
by adding 2 equiv. of 1,2-dibromoethane and 2.5 equiv. of
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Table 2 Optimization of (3 + 2) cycloaddition and (5 + 2) annulation reactions?

\
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a + CH(1)a uw, T4 (°C), t; OH | base2,T,(°C).t, ©\
Q:OH ©/ 2
3a
Entry T1 (°C) Solvent Base 1 (2 eq.) ¢, (min) 4a® (%) 4a dr T2 (°C) t, (h) Base 2 (2.5 eq.) 7a” (%) 7a dr
1 115 ACN TEA 20 81 27:1 100 2 K,CO3 31 17:1
2 125 ACN TEA 25 93 32:1 110 2 K,CO3 45 19:1
3 125 ACN TEA 30 97 39:1 110 3 K,CO3 69 21:1
4 125 ACN DIPEA 30 92 36:1 110 3 TEA 0 —
5 125 ACN TEA 30 97 39:1 115 3 K,CO;3 75 29:1
6 125 ACN TEA 30 97 39:1 115 4 K,CO, 88(79)°  37:1
7 125 ACN TEA 30 97 39:1 115 (puw) 0.5 K,CO3 Trace —
8 125 PhMe TEA 30 93 37:1 120 3 K,CO3 80 32:1
9 130 ACN K,CO3 30 82 15:1 120 4 K,CO; 88 37:1
10 125 PhMe K,CO3 30 84 29:1 115 5 K,CO3 88 37:1
11 125 ACN K,CO; 30 79 17:1 110 3 DIPEA 0 —
124 125 ACN TEA 2h 97 39:1  — — — — —

“Reaction conditions: p-Alanine methyl ester 1a (1.2 equiv.), N-methylmaleimide 2a (1.1 equiv.), sahcylaldehyde 3a (1 equiv.) and Et3N (2 equiv.)

under microwave heatmg for 4a, then 1:2:2.5 of 4a: BrCH,CH,Br: K,CO; under conventional heating. b Detected by LC-MS.

9 Contol reaction using conventional heating.

K,COj; as a base. After conventional heating at 110 °C for 3 h,
the (5 + 2) annulation product 7a was obtained in 69% LC
yield (Table 2, entry 3). Microwave heating was found not good
for the step of (5 + 2) annulation (Table 2, entry 7). Further
optimization of the (5 + 2) annulation conditions revealed that
2 equiv. of 1,2-dibromoethane and 2.5 equiv. of K,CO; at
115 °C under 4 h conventional heating was the optimized con-
ditions which gave 7a in 88% LC yield and 37:1 dr (Table 2,
entry 6). It was found that Et;N and DIPEA could be used for
the (3 + 2) cycloaddition, but they were not suitable for the
(5 + 2) annulation (Table 2, entries 4 and 11). Since the (3 + 2)
cycloaddition was highly diastereoselective, compound 7a was
isolated as a single diastereomer.

Under the optimized conditions for sequential (3 + 2) cyclo-
addition and (5 + 2) annulation reactions, the synthesis of 10
analogues of tetrahydrobenzoxazepines 7a-7j were conducted
using different amino esters (R' = H, Me, Bn, i-Bu), male-
imides (R> = Me, Et, Pr, c-C¢H,,), and salicyladehydes (R® = H,
Br, Me, OMe, NO,) (Table 3). The reactions of four different
maleimides with amino esters (R' = Me or Bn) and salicylalde-
hydes (R* = H, 5-Me, 5-OMe) gave 7a-7g in 57-90% yields
(Table 3). The reaction of E-dimethyl fumarate instead of mal-
eimides gave product 7h as a single diastereomer in 90% yield
(see the ESIT). The stereochemistry result was similar to that in
our previous report."*? For salicyladehydes, the presence of
electron withdrawing groups like 5-Br as R® led to product 7e
in a reduced yield of 57%. The IR spectrum of the undesired
product 7e’ had a strong -OH stretching peak at around
3339 cm™". "H-NMR and "*C-NMR analyses also indicated that
7e' is a mono Sy2 reaction product (see the ESIT). This is prob-
ably due to the bromo on the phenyl ring deactivated the
second Sy2 reaction of the hydroxyl group. In other reactions,

3136 | Green Chem., 2018, 20, 3134-3139

“Isolated yield.

Table 3 Two-step (3 + 2) cycloaddition and (5 + 2) annulation
reactions?

NHzHCI

R COMe
+ o R?

\

fo)
R @ M, .coMe N
i £
N B 0=, X COMe
oo e | 5O | amr e
—/ 2 o :

R3

W oy | KeCos CHioN N
R+ oo 125°C.30min RL©/ 115°C, 4 h @L )
X 2
oH 4 7
3
\ o} i o &, o) Cy, o
N\y N N—y N—
o=, o= : = : o= :

ZO‘
&
<]
ks
=
5

(S
c

7d, 79%

~7
Gfowe o
) X
", ",
7a,79% 7b, 85%
Et
O \N\/O \ o
E>\\C02Me mone L R
79, 90% 7h, 90%
Et El

7e, 57% f, 89%
o]

\
N\%
= z
7], trace

co,Me

o=,
COQMe

(0]
7i, trace

“Reaction conditions: Amino ester 1 (1.2 equiv.), maleimide or
E-dimethyl fumarate 2a (1.1 equiv.), salicylaldehyde 3 (1 equiv.) and
Et;N (2 equiv.) in MeCN, microwave heating for 30 min for 4, then
1:2:2.5 of 4:1,2-dibromoethane : K,CO; in MeCN, thermal heating at
115 °C for 4 h, isolated yield.
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amino esters bearing H or Me as R' groups gave products
7a-7h in good yields. However, amino esters with Bn and i-Bu
only gave trace amount of products 7i and 7j as observed on
the LC-MS (see the ESIf). This is due to the steric hindrance of
the bulky Bn and i-Bu groups blocking the second Sy2 reaction
and only resulted mono Sy2 reaction products.

The reaction conditions developed for the (3 + 2) cyclo-
addition and (5 + 2) annulation sequence was readily applied
to the (3 + 2) cycloaddition and (5 + 3) annulation sequence for
making tetrahydrobenzoxazocines 8. By using 1,3-dibromo-
propane as an electrophile for (5 + 3) annulations, a series of
nine tetrahydrobenzoxazocine analogues 8a-8i were syn-
thesized in 61-92% yields (Table 4). Maleimides with Me, Et,
Pr and ¢-C¢Hy; as R had no significant impact on the product
yields. But the R® of salicyladehydes had a significant impact.
Salicyladehydes with electron-donating groups such as 5-OMe,
5-Me and 3-Me gave 8e-8g > 90% yields, whereas salicylalde-
hydes with electron-deficient 5-Br gave 8h in 61% yield. The
reaction of E-dimethyl fumarate afforded product 8i as a single
diastereomer in 92% yield.

To evaluate the greenness of the sequential (3 + 2) cyclo-
addition and (5 + n) annulations processes A, B and C shown
in Scheme 2, a series of green metrics calculations were con-
ducted which include atom economy (AE), atom efficiency
(AEf), carbon efficiency (CE), reaction mass efficiency (RME),

Table 4 Two-step (3 + 2) cycloaddition and (5 + 3) annulation
reactions?
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“Reaction conditions:

Amino ester 1 (1.2 equiv.),

maleimide or

E-dimethyl fumarate 2a (1.1 equiv.), salicylaldehyde 3 (1 equiv.) and
Et;N (2 equiv.) in MeCN, microwave heating for 30 min for 4, then
1:2:2.5 of 4:1,3-dibromopropane : K,CO; in MeCN at 115 °C for 4 h,

isolated yield.

This journal is © The Royal Society of Chemistry 2018

CHO 4c
\@ MW 346.38
OH

MW 136.15

Process B, (3+2) and (5+2) sequence

ﬁ’r
N

OUO o Pho o

i N
', \.COM /
MW139.15 Proy” i COMe| L~ _Br 0=
TEA, CH,CN K NH
_TEACRON
o} Y

N\ CO,Me
NHHCI MW 187.86 EX

w, 125 °C, 30 min : oH KoCOg, CHsCN MeO &N
CO:Me  H,0 wash 115°C, 4 h )
MW 139.58 99% Prep-LC o)
+ MeO 90%
MeO._~_-CHO 49 79
| MW 376.41 MW 402.45
X \OH
MW 152.15
Process C, (3+2) and (5+3) sequence
|
- o) \ Jo
MW 111.1 ], CoMe N
+ N2 B "B COMe
NHzHCI  TEA, CHyCN K NH w2018
__TEA CHCN y
CO,Me KW, 125 °C, 30 min © 2 OH K2003 CH3CN
MW 139.58 2 soosh @i it
. ) rep-|
A 99% i
MW 372 42

CHO 40
MW 332.36
OH

MW 136.15

Scheme 2 Processes A, B & C for green metrics analysis.

optimum efficiency (OE), process mass intensity (PMI),
E-factor (E), solvent intensity (SI), and water intensity (WI) (see
ESIT for definition of metrics and detailed calculations)."”™*°
The AE for processes A, B and C were 66%, 65% and 63%,
respectively (Table 5). This was less than 100% due to the for-
mation of by-products: two molecules of imidazole for process
A, and two molecules of HBr for processes B and C. The CE,
RME and OE for process A, were 23%, 49% and 75%, while
process B had 34%, 42% and 65%, and process C had 36%,
41%, and 65% respectively. RME is one of the most useful
metric to determine the greenness of the process, since it
takes into account the reactant mass, yield and atom economy.
RME for processes A, B and C were 49%, 42% and 41%,
respectively. Product 6¢ from process A was purified by simple
precipitation, while 7g and 8e for processes B and C were puri-
fied by Angela HP-100 prep-LC system. The optimum efficiency
(OE) for processes A (75%), B (65%) and C (65%) were high.
The lower the process mass intensity (PMI) the better the
process. The PMI for processes A (43), B (40) and C (41) were
lower hence efficient (Table 6). It has been shown that solvents
constitute 80-90% of the mass intensity of a pharmaceutical
process manufactured in a batch operation, and 50% of green-
house gas emissions.'® Therefore, solvent intensity (SI) and
water intensity (WI) values were calculated. The solvent inten-
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Table 5 Green metrics (AE, AEF, CE, RME, OE and MP) for processes A—C
Isolation Yield AE AEf CE RME OE
Process  steps (%) (%) (%) (%) (%) (%)
A 1 91 66 60 23 49 75
B 1 90 65 59 34 42 65
C 1 92 63 58 36 41 65
100
a 80
8 60
g 40 mA
)
a 20 mB
0

Yield AE (%) AEf CE (%) RME OE (%)
(%) (%) (%)
Green Metrics

The higher the value (closer to 100%), the greener the reaction
process.

Table 6 Green metrics (PMI, E-factor, Sl, and WI) for processes A—C

Process PMI (g g7 E(gg™ Si(gg™) WI(gg™)
A 43 42 27 20
B 40 39 22 14
C 41 40 23 14
50
40
2 30
10
0 EB
PMI  E(g/g) Sl(g/g) WI(g/g) C
(s/8)

Green Metrics

The lower the value, the better the reaction process.

sity (SI) for processes A, B and C were 27, 22 and 23 respect-
ively. Similarly, the water intensity (WI) for process A (20), and
14 for both processes B and C were lower. Therefore, the three
processes were efficient since less solvents including water
were used.

Conclusions

We have developed a sequential (3 + 2) cycloaddition of azo-
methine ylides followed by (5 + n) annulation for modular syn-
thesis of six-, seven- and eight-membered dihydrobenzox-
azines, tetrahydrobenzoxazepines and tetrahydrobenzox-
azocines, respectively. This two-step synthesis is diastereo-
selective and highly efficient. The atom- and step-economy were
obtained from the three-component (3 + 2) cycloadditions and
the sequential double Sy2 substitutions. The intermediates
from the (3 + 2) cycloadditions were quickly washed with water
to remove the base and then used for the (5 + n) annulations.

3138 | Green Chem., 2018, 20, 3134-3139
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The (5 + 1) annulation products were purified by precipitation or
flash chromatography, while the (5 + 2) and (5 + 3) annulation
products were purified by flash chromatography or prep-LC.
A series of green chemistry metrics analysis for the reaction pro-
cesses was performed and provided favourable results.
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