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www.rsc.org/ The intramolecular aza-(4+3) cycloaddition reactions of in-situ generated aza-oxyallylic cations and furans have been
reported for the construction of medium sized hydroxamate macrocycles. This method provides direct access to 12-18
membered bicyclic macrocycles. The highly functionalized macrocycles have been transformed easily in to a wide range of

highly functionalized heterocyclic scaffolds including lactones and lactams that could serve the synthesis of complex

macrocyclic natural proudcts and pharmaceuticals

Macrocyclic  motifs have demonstrated profound
pharmacological properties.  The balance between
conformational flexibility and rigidity demonstrated by

macrocyclic molecules often leads to specific and potent
activity against a variety of biological targets.1 Among the
various classes of macrocycles, nitrogen-containing
heterocycles have drawn considerable interest in chemical
synthesis as they are widely represented in natural products
and pharmaceuticals.

There are various methods reported for the construction of
macrocycles. Lactonization and lactimization reactions are
most commonly used methods.”®
cantered on constructing C-C bonds
ring-closing metathesis’
Diels-Alder reat:tions,3'15 cycloaddition
reactions, photochemical |'eactions,18 among others. Aside
from these approaches, multicomponent reactions have also
been applied for the preparation of macrocyles.w"23 Despite
the promising biological activity of various macrocycles only a
few reports have demonstrated the synthesis of five to eight
membered cyclic hydroxamates from corresponding
We report herein, the development of a direct
method of medium size hydroxamates using an aza-(4+3)
cycloaddition reaction of furans and aza-oxyallylic cations.
Additionally, we report further reactions of these highly
functionalized macrocycles that provide access to products
unique polycyclic architectures.

Some other methods are
nucleophilic
Pd-catalysed

via
substitution,5

. 13,14
reactions,

16,17

24
lactones.
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(4+3)-Cycloaddition reactions of oxyallyl cations have been
reported as efficient methods to construct seven membered
carbocycles and natural products.z‘r"28 As part of our interest in
exploring the reactivity of electrophilic nitrogen species, we
have reported the aza-(4+3) reaction of a transient aza- and
diaza-oxyallylic cation and cyclic dienes to construct seven
membered N—heterocycles.zg"32 Recently our group and Jimmy
et. al. have reported (3+2) cycloaddition of aza-oxyallyl cationic
intermediate to form pyrroloindolines.33 In the course of
studying the intramolecular cycloaddition reactions of a-
halohydroxamates to afford tricyclic lactams, we observed
further conversion of interesting macrocyclic products. We
found that acid-catalyzed ring opening of polycyclic
cycloadducts efficiently provided macrocyclic products via
rupture of the aminal bond and rearomatization to the furan
(Scheme 1).31 These observations prompted us to further
explore this strategy as a method for the construction of

o
o O
2
R*LN/O‘\
R1 ‘ ‘I Et;N (2 equiv.) g @
Br H e
o ," HFIP
\ /)
Aza-[4+3]
cycloaddition
AN acid labile
O, NH \ bond
1
1 o_ .,/
R\

novel macrocyclic
scaffolds

Scheme 1 An aza-(4 + 3) cycloaddition of a stabilized aza-oxyallylic to form macrocyclic
scaffolds.
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hydroxamate macrocycles. Herein, our efforts to expand the
reactivity of in-situ generated aza-oxyallyl cationic
intermediates by the dehydrohalogenation reaction of a-
halohydroxamates to access medium rings bicyclic
hydroxamates macrocycles are described.

HoN

Br 1) Et;N or K,CO; “o
N-hyrdoxypthalimide, DMF
o o
W 2) NH,NH,.H,0 \ )
CHCly/MeOH (9:1)
1 2
o)
%B, l EtN,
Br 3 DCM
0 o P
[ NH
OxyNH Et;N (2 equiv.)
o) HFIP Br o
\W/ \W/
5 4

Scheme 2 An intramolecular aza-[4 + 3] cycloaddition of a stabilized aza-oxyallylic with
an appended furan to form 12 membered macrocycle.

Table 1 Optimization of the reaction condition for substrate 5°

“All reactions were conducted by adding the base to a solution of
the a-haloamide in HFIP and stirred until complete consumption of

Entry Base Solvent Conc” Time Yield® (%)
1 TEA TFE 0.25 0.5h 15
2° TEA, LiClO,4 Ether 0.25 3h NA
3 TEA HFIP 0.25 1lh 36
4 DIPEA HFIP 0.25 3h 35
5 DBU HFIP 0.25 0.5h 50
6 TEA HFIP 0.1 1h 48
7 TEA HFIP 0.05 2h 45
8° TEA HFIP 0.1 2.5h 58
9 TEA HFIP 0.1 2.5h 36
10 Proton sponge  HFIP 0.25 3h 47

starting material. b(M). ‘Isolated vyield. “Refluxed. “Slow addition of
TEA in HFIP over 2 h at room temperature. ’Slow addition of SM in
HFIP over 2 h at room temperature.

Our studies began by preparing the hydroxylamine 2 in two
steps from the 5-furylpentanyl bromide 1. Acylation of the
hydroxylamine with 2-bromo-2-methyl-propanoylbromide 3
provided the cycloaddition precursor 4. Initial attempts to
construct macrocycles via intramolecular (4+3)-cycloaddition
reaction of in-situ generated aza-oxyallyl cation intermediate
from halohydroxamates 4 using triethyl amine as a base and
trifluoroethanol (TFE) as a solvent®** exclusively provided
solvolysis product of the a-halohydroxamate by TFE along
with 15% desired macrocycle.29 (Table 1, entry 1). Use of the
more bulky and less nucleophilic solvent
hexafluoroisopropanol (HFIP), found to be effective in

2| J. Name., 2012, 00, 1-3
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suppressing solvolysis and increasing the vyield of the
macrocyclic product. Optimization of the reaction conditions
were explored varying the concentration of a-halo-
hydroxamate, the base and the order of addition. We found
that slow addition of triethylamine to a solution of the halo-
hydroxamate in HFIP (0.1 M) to be optimal reaction condition
providing the desired macrocyclization product in 58% vyield
(Table 1, entry 8). The reaction conditions were further
optimized by examination of the effects of temperature,
solvent and catalyst loading, and the results are shown in
Table 1.

With the optimal reaction conditions in hand, we explored
the substrate scope for the synthesis of medium sized
macrocycles (Table 2). In general all the reactions proceed
smoothly to afford the desired product in satisfactory yield.
Substitution at the 2-position the substrate were found to
influence the overall rate of reaction, with tertiary halides
undergoing the reaction at a faster rate than the
corresponding secondary halides. It is hypothesized that
tertiary carbon helps to stabilize the aza-oxyallyl cation as
compared to secondary carbon, thereby accelerating the
overall rate of the reaction.

Table 2 Evaluation of the effect of variable tether length on macrocyclization reactions
of a-halohydroxamates.’

R?
R1ﬁ)k O,

Br ‘. Eth (2 equiv.)

HFIP

0
OsNH
o
\ /) \/

5, 58% 7a, 35% 7b, 52%

? 0 ?
O~__NH 0. K,H 0. hllH
o} o) o]
\ /) BN S \ /

7¢,47% 7d, 30% 7e, 38%

0 0
OxNH s NH
o o
\ \ W/

7f, 20% 79, 31%

“All reactions were conducted by adding the base to a solution of the a-haloamide in
HFIP and stirred until complete consumption of starting material (See supporting
information).
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The unsubstituted a-halohydroxamate was found to be
unreactive under the reaction conditions. The effect of tether
length between both reacting termini was next explored.
Increasing the tether length from five carbons to six carbons
substantially diminished yield of desired products (7c-e) along
with a complex mixture of side products. Extension of the
tether further diminished the yield of the macrocyles, however
still provided the large fifteen and eighteen membered
macrocycles (7f and 7g). We hypothesized that rigidifying the
tether could enhance preference for cyclization by buttressing
the reactive termini through the Thorpe-Ingold effect. To
explore this hypothesis, substrates incorporating benzene
within the tether were prepared and their macrocyclization
under the optimal reaction conditions was explored. These
substrates were found to be more effective than the less rigid
precursors and provided desired macrocycle with good vyield
(7h-j). However, increasing tether length with the backbone
again diminished the yield of desired macrocycles (7k-m).

Table 3 Evaluation of the effect of variable tether length having rigid backbone on
macrocyclization reactions of a-halohydroxamates.’

> o
RQAN/O\ ? \\\
\ R ) Ox - NH ;
Br H :‘ Et3N(2 equiv.) ’:
o HFIP R o_ ./
\ 7 RO
6 7
o o0 9 o 9 o
O, I‘\IH O, NH O, NH
o. O. O
Et
\ /) \ \
7h, 75% Ti, 77% 7, 7%
(‘) [e] (‘) (0] ? (0]
0. NH 0. NH O, NH
0. O, Et o)
\W/ \W/ \W/
7k, 89% 7, 27% 7m, 30%

“All reactions were conducted by adding the base to a solution of the a-haloamide in
HFIP and stirred until complete consumption of starting material (See supporting
information).

The highly functionalized macrocyclic products provide
ample opportunity for the synthesis of biologically active
macrocycles. The aromatic furan ring present in macrocycles 5,
underwent efficient oxidation with m-CPBA provides to afford
epoxy lactam 9 as a major products and pyrrolidinedione 10.
The introduction of epoxy group in 9 and diketone group in 10
suggests that the reaction proceeds via ring opening of furan
to provide diketone intermediate 8, which was also observed
in crude NMR analysis during the reaction. An OsO, oxidation
of 5 provides the interesting bicyclic products 11 in good yield,

This journal is © The Royal Society of Chemistry 20xx

now with the incorporation of a hydroxylated tetrahydrofuran
ring. Friedel-Crafts acylation of the macrocyclic furan was
found to be regioselective affording 12 and 13 in good yield.

2 g
-0
m-CPBA NH . N
.
CH,Cl, 3
o o
8 10, 22%

Figure 1 Thermal ellipsoid plot of 9 and 10 at 50% probability showing relative
stereochemistry. Hydrogen atoms are represented as spheres of arbitrary radius. Grey
= carbon, red = oxygen, blue = nitrogen.

? ?
O, NH ! NH
0s0,, NMO RCOCI
o AICI e
CH3CN:H,0:Acetone 3
(1:1:2) \_/ \_
o

11,67% 5

R
12, 65%, R = Me
13, 48%, R=Ph

Scheme 4 Osmium tetroxide oxidation and Fridel-Craft acylation of macrocycle 5

Figure 2 Thermal ellipsoid plot of 11 and 12 at 50% probability showing relative
stereochemistry. Hydrogen atoms are represented as spheres of arbitrary radius. Grey
= carbon, red = oxygen, blue = nitrogen.

N-acyl hydroxamates are established to be efficiently
oxidized to electrophilic N-acyl nitrenium ions using
hypervalent iodide oxidants. We envisioned that oxidation of
the macrocyclic hydroxamates to the nitrenium ion would
promote intramolecular electrophilic aromatic substitution by
the pendant furan to form and oxidized tricyclic lactams.
Treatment of the macrocyclic products 5 with Phl(OAc), in
methanol afforded tricyclic lactam 16 in good yield. We further
explored this reactivity in other macrocycles 7b,e,h,k and 71,
which all provided desired tricyclic products in excellent yield

J. Name., 2013, 00, 1-3 | 3




P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

Organic Chemistry Frontiers

(Table 4). These orthogonal tricyclic lactams provide excellent
opportunity for the construction of biologically active classes
of  heterocycles including nucleoside mimics and
polyhydroxylated azepanes.

Table 4 Substrate scope for the oxidative lactamization of macrocycles’

MeO MeO MeO

19, 85% 20, 92% 21,82%

“All reactions were conducted by adding PhI(OAc), in to the solution of macrocycles in
methanol.

Given the oxidative susceptibility of the furan ring, we
pursued the bromination reaction of a few selected
macrocycles (5, 7b, 7c and 7h). Treatment of the macrocycles
with bromine in methanol/ether provided the unique tricyclic
imidate products (Figure 3) in good yield and as a single
diastereoisomer. The stereochemistry of the product 24 was
confirmed by X-ray crystallography. These highly
functionalized products represent important building blocks
that could be used to prepare a number of lactones natural

. . . 36-38 . . 39

products including  ascorbigen, microphynolides,
. 40 4. . 41 . . 42
amarusine,” dichotomains,” helioscopin.

o N
(o} l\‘lH “.
," bromine
R oS methanol
R/
22

24, 59%

4| J. Name., 2012, 00, 1-3

26, 52% 27, 46%

Figure 3 Bromination of macrocycles and thermal ellipsoid plot of 20 at 50%
probability showing relative stereochemistry. Hydrogen atoms are represented as
spheres of arbitrary radius. Grey = carbon, red = oxygen, blue = nitrogen, purple =
bromine.

Conclusions

In summary, we have developed a novel macrocyclization
method for the preparation of aza-macrocyclic compounds in
fair to good yield. Intramolecular (4+3)-cycloaddition reactions
of in-situ generated aza-oxyallylic cation intermediates
followed by ring opening of bicyclic products provide medium
sized macrocycles. The imbedded furan core undergoes a
variety of different functionalization reactions, including
regioselective Friedel-Crafts acylation/benzoylation, and a
diversity of oxidative cyclizations using as m-CPBA, osmium
tetroxide, Phl(OAc), and Br,/MeOH. These methods provide
access to a wide range of biologically interesting architectures
including polycyclic lactams, polyhydroxylated caprolactam,
oxazines, and lactones. Further application of these strategies
in total synthesis of the natural products is in under
investigation in our group and will be reported in the future.

Crystal structure determination of compounds 9-12 and 20.

Crystal data for 9 (CCDC no. 1429958): C;3H,sNOs, M = 269.29,
monoclinic, @ = 10.9816(5), b = 9.2222(4), ¢ = 13.0751(6) A, U =
1261.57(10) A3, T =100.15 K, space group P2;/n (no. 14), Z = 4, 21
450 reflections measured, 2 898 unique (R;,; = 0.0452) which were
used in all calculations. The final wR(F,) was 0.1382 (all data).

Crystal data for 10 (CCDC no. 1429956): C,3H.sNO,, M = 253.29,
monoclinic, a = 11.3134(5), b = 9.4290(4), ¢ = 12.7345(6) A, U =
1268.29(10) As, T =100 K, space group P2;/n (no. 14), Z= 4, 21 397
reflections measured, 2 947 unique (Rj,; = 0.0433) which were used
in all calculations. The final wR(F,) was 0.2774 (all data).

Crystal data for 11 (CCDC no. 1429955): C,,H,3;Cl,NOs, M = 356.23,
monoclinic, a = 11.7775(8), b = 8.7429(6), ¢ = 16.8595(12) A, U =
1670.0(2) ,&3, T =100(2) K, space group P2,/n (no. 14), Z = 4, 23 957
reflections measured, 3 102 unique (R;,; = 0.0652) which were used
in all calculations. The final wR(F,) was 0.1240 (all data).

Crystal data for 12 (CCDC no. 1429957): C,5H,;NO,, M = 558.65,
monoclinic, a = 17.0197(5), b = 16.2710(5), ¢ = 10.1414(3) A, U =
2773.26(14) AS, T =100 K, space group P2,/c (no. 14), Z=4, 41 363
reflections measured, 5 170 unique (R;,; = 0.0413) which were used
in all calculations. The final wR(F,) was 0.1275 (all data).

This journal is © The Royal Society of Chemistry 20xx
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Crystal data for 24 (CCDC no. 1429954): C;sH,,BrNOs, M = 378.26,

triclinic, a = 8.8508(8), b = 10.0352(8), ¢ =

10.7879(9) A, U =

811.83(12) A%, T = 99.65 K, space group P-1 (no. 2), Z = 2, 14 678
reflections measured, 3 029 unique (R;,; = 0.0794) which were used
in all calculations. The final wR(F,) was 0.0722 (all data).
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